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ABSTRACT: The impact of different levels of uncertainty in geosynthetic clay liner (GCL) shear

strength on landfill stability is evaluated in this study. The uncertainty in shear strength of the

interface governing landfill stability is defined using statistical parameters obtained from a significant

database of GCL internal and GCL–geomembrane interface large-scale direct shear tests.

Uncertainty in GCL shear strength arises from material variability within a single product type

and between different product types. For a given product type, uncertainty arises from material

differences among specimens from the same manufacturing lot as well as among specimens from

different manufacturing lots. In addition, uncertainty was observed to arise from differences in test

procedures such as hydration, consolidation and shear displacement rate. A framework for

incorporating the observed laboratory shear strength variability into realistic field applications is

presented. Reliability-based stability analyses were used to assess the impact of uncertainty in

laboratory GCL shear strength test results on conventional design methodologies. Specifically, the

impact of uncertainty on the relationships between the conventional safety factor and the probability

of failure is assessed. Owing to the high shear strength variability observed in the database, high

probability of failure values were found to correspond to safety factors typically used in geotechnical

practice.
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1. INTRODUCTION

A large database, referred to herein as the GCLSS

database, was assembled using 414 GCL internal and

427 GCL–geomembrane (GM) interface large-scale

(305 mm by 305 mm) direct shear tests. The tests were

conducted between 1992 and 2003 by a single indepen-
dent laboratory using test procedures consistent with

ASTM D6243. Shear strength results were obtained for

a wide range of GCL types (unreinforced, needle-

punched, thermal-bonded and stitch-bonded), GM types

[high density polyethylene (HDPE), very low density

polyethylene (VLDPE), linear low density polyethylene
(LLDPE) and polyvinyl chloride (PVC) polymers and
textured or smooth surfaces], normal stresses (sn from
2.4 kPa to 2759 kPa for internal testing, sn from 2.4 kPa
to 965 kPa for interface testing), conditioning procedures
(hydration times, th, from 0 to 168 h and consolidation
times, tc, from 0 to 48 h), and shear displacement rates
(shearing duration from 1.25 h to 35 days). Analysis of
the effect of different variables on GCL internal and
interface shear strength, as well as investigation of the
sources of internal and interface shear strength vari-
ability, is reported elsewhere (McCartney et al. 2002a,
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2000b). However, the relatively high GCL internal and
GCL–GM interface shear strength variability noted in
the data accentuated the need to evaluate the impact of
such variability in the design of engineering systems
involving GCLs. The main focus of this study is on the
GCL internal and GCL-textured HDPE GM interface
shear strength data for a single needle-punched, non-
thermally locked GCL, hereafter referred to as GCL A.
However, data from other GCLs (needle-punched with
thermal locking, stitch-bonded, and unreinforced) and
other GMs [smooth and textured LLDPE, very flexible
polyethylene (VFPE), and PVC] will also be assessed.
Only the woven carrier geotextile side of the GCL was
tested for interface shear strength. The GCLSS database
is sufficient in scale to provide statistical characterization
of the GCL internal and interface shear strength
parameters and to develop probabilistic distributions
for parameters needed for implementation of reliability-
based analyses.

The objectives of this paper are:

. to provide statistical characterization of the sources of
GCL internal and GCL–GM interface laboratory
shear strength;

. to develop relationships between the safety factor and
the probability of failure for slopes including a GCL
interface;

. to evaluate the impact of GCL shear strength varia-
bility arising from different sources of uncertainty on
the conventional safety factor used in design.

2. CONVENTIONAL AND RELIABILITY

FRAMEWORKS FOR QUANTIFYING

UNCERTAINTY

The conventional definition of the safety factor FS is
used in this study, which can generically be defined as:

FS ¼
Available shear strength

Shear stress required for equilibrium
ð1Þ

This definition is consistent with conventional limit
equilibrium analysis, for which extensive experience has
evolved for the analysis of reinforced and unreinforced
slopes (Zornberg et al. 1998). The use of Equation 1 for
an unreinforced veneer, such as that shown in Figure 1,
leads to the classic expression for the safety factor:

FS ¼
c

gT sinc
þ
tanf
tanc

ð2Þ

where c is the soil cohesion intercept, tanf is the tangent
of the soil friction angle, c is the slope inclination, T is
the veneer thickness, and g is the total soil unit weight. It
should be noted that the FS of an unreinforced veneer
depends on the veneer geometry (inclination, thickness)
and on the material properties (GCL internal and
interface shear strength parameters, soil unit weight),
all of which may be considered random variables. In
conventional design methodologies, uncertainty in GCL
shear strength is managed by calculating the available
shear strength using the mean values of the shear

strength parameters c and tanf, and reducing the
maximum applied shear stress using the FS in Equation
1. However, as will be discussed, accounting for the
variability in shear strength parameters may be relevant,
particularly if non-project-specific information is used.
Difficulties arise in conventional design methodologies as
the choice of the FS is typically based on experience and
judgement, without an objective framework to assess the
impact of different sources of uncertainty on the stability
of the system.

Reliability-based analysis provides quantification of
the safety of a system by examining the variability of the
relevant parameters as well as their interdependence
(correlation). The reliability index is a simple measure
used to quantify the level of reliability of a given design
as a function of the selected FS and the uncertainty of
relevant parameters. The reliability index b is defined as
follows (Ang and Tang 1984):

b ¼
mStrength � mStressffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2Strength þ s2Stress

q ð3Þ

where mStrength is the expected or mean value for the
available shear strength, mStress is the expected or mean
value for the shear stress mobilized in the slope, and
sStrength and sStress are the standard deviations character-
izing the uncertainty in the available shear strength and
the mobilized shear stress, respectively. The reliability
index increases as the likelihood of slope failure
decreases and the level of safety increases. The prob-
ability of failure pf of the slope can be obtained
approximately from the reliability index through the
following relationship:

pf ffi F �bð Þ ð4Þ

where F is the standard normal probability distribution
(Ang and Tang 1975). In this paper, pf is designated as
the probability of the event that the available shear
strength is less than the shear stress required for
equilibrium (i.e. FS<1). This does not necessarily
mean that collapse of the system occurs only when the
available shear strength is exceeded. The standard
deviations in the shear strength and the mobilized
shear stress can be conveniently expressed as a fraction

T 

GCL 

Geomembrane 

Y

Figure 1. Definition of variables for veneer stability analysis
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of the mean values using coefficients of variation as
follows:

b ¼
mStrength � mStressffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

d2Strengthm
2
Strength þ d2Stressm

2
Stress

q ð5Þ

where dStrength is the coefficient of variation of the
strength, which is the standard deviation divided by the
mean, and dStress symbolises the coefficient of variation
of the mobilized stress. The coefficient of variation of the
mobilized shear stress in Equation 5, dStress, reflects the
uncertainty in slope angle, density of materials loading
the slope, and other external forces that could be applied
on the slope. In static analyses, which are the focus of
this paper, the coefficient of variation, dStress, is expected
to be small.

The reliability index is related to the conventional FS,
as the allowable value for the expected mobilized stress is
obtained by reducing the expected available shear
strength by the FS:

mStress �
mStrength
FS

ð6Þ

Therefore the reliability index in Equation 5 can be
simplified using Equation 6 by relating the reliability
index to the FS and the coefficients of variation for the
available shear strength and the mobilized shear stress,
as follows:

b ¼
mStrength � mStrength=FSffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

d2Strengthm
2
Strength þ d2Stress mStrength=FS

� �2q ð7Þ

b ¼
1� 1=FSffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

d2Strength þ d2Stress=FS
2

q ð8Þ

3. VARIABILITY OF SHEAR STRENGTH

PARAMETERS

3.1. Sources of uncertainty in GCL shear strength

The overall coefficient of variation for the available shear
strength in Equation 8, dStrength, includes the following

sources of uncertainty: (1) uncertainty in the shear
strength from laboratory testing for the GCL, referred to
as dLabStrength, and (2) uncertainty in the use of laboratory-
measured shear strengths to reflect the available shear
strength that can be mobilized in the field, referred to as
OModel

Strength. If it is assumed that there is no systematic bias
in the measured shear strength (i.e. specimen con-
ditioning procedures are representative of field con-
ditions), then the total uncertainty in the available shear
strength in the field, dStrength, is

dStrength ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dLabStrength

� �2
þ OModel

Strength

� �2r
ð9Þ

Evaluation of the laboratory GCL internal and GCL–
GM interface shear strength results in the GCLSS
database indicates that dLabStrength arises from three main
sources, summarized in Figure 2:

(1) differences in laboratory procedures and equipment;
(2) material variability; and
(3) variations in specimen conditioning procedures (i.e.

hydration time th, consolidation time tc, and shear
displacement rate SDR).

In turn, three main sources of material variability can be
identified (McCartney et al. 2002b):

(2-i) intra-product shear strength variability of a single
type of GCL (or GCL–GM combination) for the
case in which the GCL (or the GCL and GM)
specimens are obtained from a single manufactur-
ing lot;

(2-ii) overall intra-product shear strength variability of
a single type of GCL (or GCL–GM combination)
for the case in which the GCL (or the GCL and
GM) specimens are obtained from different
manufacturing lots; and

(2-iii) inter-product variability among different types of
GCL (or GCL–GM combinations).

When Source (2-i) is isolated (i.e. the effects of Sources
(1) and (3) are held constant), this source is referred to as
the shear strength repeatability. That is, the laboratory

 

(1) Uncertainty due to differences in laboratory
equipment and procedures

GCL internal and 
GCL/geomembrane 
interface shear 
strength uncertainty

(2) Uncertainty
due to material 
variability

(2-i) Intra-product repeatability of a single 
GCL/geomembrane type (single-lot specimens)

(2-ii-a) 
Reinforcement 
variability
(2-ii-b) Bentonite 
variability

(2-ii) Intra-product 
overall material 
variability of a single 
GCL/geomembrane type 
(different-lot specimens)

(2-iii) Inter-product variability between different
GCL/geomembrane types or manufacturers

(3) Uncertainty due to specimen conditioning and 
shear displacement rate

Figure 2. Classification of the sources of variability in GCL internal and GCL–GM interface shear strength
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GCL shear strength variability arises from testing nearly
identical, same-lot specimens while controlling all vari-
ables that may affect the GCL’s strength. It should be
noted that different GCL types have different internal
reinforcement types and carrier geotextile surface treat-
ments, whereas different GMs have different polymer
types and surface texturing. Accordingly, the overall
intra-product variability of a single GCL from different
manufacturing lots can arise from:

(2-ii-a) variability in internal GCL reinforcement (or in
GCL–GM interlocking connections); and

(2-ii-b) variability in bentonite composition (or in the
amount of bentonite extruded from the GCL
into the GM interface).

Stability analyses of systems including a GCL can
be conducted using GCL shear strength information
obtained from a database to define dLabStrength. However,
shear strength parameters should be selected to
account appropriately for the different sources of
uncertainty. Among the sources of uncertainty in
shear strength identified in Figure 2, Source (1) is
not evaluated in this study, as the shear strength
information in the GCLSS database was obtained
from a single laboratory using consistent testing
procedures. Source (2-i) should be accounted for
when the actual type of GCL to be used during
construction has been selected. Also, Source (2-i)
should be accounted for when testing the overall
accuracy and consistency of the testing program.
Source (2-ii) should be accounted for when the actual
type of GCL to be used during construction has been
selected, but several GCL manufacturing lots are
expected to be used in design. Engineering applications
involving GCLs may incorporate one or more GCL
manufacturing lots in a single slope, so designers
should differentiate whether the variability in shear
strength arises from Source (2-i) or from Source (2-ii).
Source (2-iii) should be accounted for when the type
of GCL to be used during construction has not been
selected. Finally, Source (3) should be accounted for
when there is uncertainty regarding the GCL specimen
conditioning representative of field conditions (e.g. if
the conditions in the field are uncertain or have not
been defined).

In the following sections, GCL internal and interface
shear strength data will be assessed to develop a
framework for quantifying dStrength for use in re-
liability-based stability analyses. Section 3.2 presents a
quantification of the laboratory shear strength varia-
bility arising from the different sources of uncertainty
using data sets from the GCLSS database. Section 3.3
presents a framework for isolating the shear strength
variability arising from the different sources of uncer-
tainty to define representative values of dLabStrength for
different design scenarios. Section 3.4 provides repre-
sentative values of OModel

Strength based on past evaluations of
the relationship between laboratory and back-calculated
stress-strength results.

3.2. Laboratory shear strength variability

characterization

3.2.1. Sets of tests used for characterization of shear
strength variability
GCL internal and interface shear strength information in
the GCLSS database is grouped in this study into eight
sets to evaluate shear strength variability arising from
sources of uncertainty (2-i), (2-ii), (2-iii) and (3). This
section initially focuses on Source (2-i) as obtained from
quantification of the single-lot repeatability specific to
the GCL A product line (tested for internal and
interfacial shear strength). Next, the effects of isolating
Source (2-ii) for GCL A and the combined effect of
Sources (2-ii) and (3) for GCL A are evaluated. Finally,
the combined effect of Source (2-iii) for all GCLs in the
database is evaluated. This information will be used
to aid in the definition of dLabStrength for different situa-
tions expected in design and quality assurance testing
programs.

Internal and interface test results obtained using the
same GCL and GM types (from the same lots) and the
same conditioning procedures are used to characterize
uncertainty Source (2-i). Internal and interface test
results obtained using the same GCL and GM types
(from different lots) and the same conditioning pro-
cedures are used to characterize uncertainty Source (2-
ii). Internal and interface test results obtained using the
same GCL type (from different lots) and different
conditioning procedures are used to characterize the
combined effect of uncertainty Sources (2-ii) and (3).
Finally, internal and interface test results obtained using
all of the different GCL types and different conditioning
procedures are used to characterize the combined effect
of uncertainty Sources (2-iii) and (3). Table 1 sum-
marizes the numbers of test results, conditioning pro-
cedures, and normal stress (sn) ranges for the eight sets.
They are:

. Set 1: involves a total of nine test results from GCL
specimens obtained from the same manufacturing lot.
Specifically, three needle-punched GCL A internal tp
envelopes were defined using three levels of sn (48.3,
213.7 and 386.1 kPa). The same conditioning pro-
cedures (i.e. same th, tc and SDR; see Table 1) were
used in all tests. Set 1 allows statistical characteriza-
tion of internal shear strength parameters for the case
in which uncertainty in the internal shear strength
arises from Source (2-i).

. Set 2: involves a total of 10 test results from GCL and
GM specimens obtained from the same manufacturing
lot. Specifically, two GCL A–GM interface tp
envelopes were defined using five levels of sn (9.6,
47.9, 95.8, 191.5 and 287 kPa). The GM is a textured
HDPE GM. The same conditioning procedures (see
Table 1) were used in all tests. Set 2 allows statistical
characterization of interface shear strength parameters
for the case in which uncertainty in the GCL interface
shear strength arises from Source (2-i).

. Set 3: involves a total of 141 test results from GCL
specimens obtained from different manufacturing lots.
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Specifically, 34 needle-punched GCL A internal tp
envelopes were defined using three levels of sn (34.5,
137.9 and 310.3 kPa). The same conditioning pro-
cedures (see Table 1) were used in all tests. Set 3 allows

statistical characterization of internal shear strength
parameters for the case in which uncertainty in the
internal shear strength arises from Source (2-ii).

. Set 4: involves a total of 162 test results from GCL
and GM specimens obtained from different manu-

facturing lots. Specifically, 41 GCL A–GM interface
tp envelopes were defined using three sn values (34.5,
137.9 and 310.3 kPa). The GM is a textured HDPE
GM. The same conditioning procedures (see Table 1)
were used in all tests. Set 4 allows statistical

characterization of interface shear strength parameters
for the case in which uncertainty in the GCL interface
shear strength arises from Source (2-ii).

. Set 5: involves a total of 137 test results from GCL
specimens obtained from different manufacturing lots.
Specifically, eight internal tp envelopes were defined

using the same GCL type (GCL A), but each envelope
was obtained using different conditioning procedures
(see Table 1). Also, 52 additional tests are included in
the analysis that did not belong to complete failure
envelopes (i.e. tests with given conditioning pro-

cedures were tested at one sn value only). Although
the GCLSS database includes 270 test results for GCL
A, the behavior of GCL shear strength is observed to
change with sn (McCartney et al. 2002b). Accordingly,
only the shear strength values below sn=100 kPa
were selected. Set 5 allows statistical characterization

of shear strength parameters for the situation in which
uncertainty in the GCL internal shear strength arises
from Sources (2-ii) and (3).

. Set 6: involves a total of 252 test results from GCL
and GM specimens obtained from different manu-

facturing lots. Specifically, 12 GCL A–GM interface
tp envelopes were defined using the same GCL type

(GCL A) and different conditioning procedures (see
Table 1). As GCL–GM interface shear strength does
not change appreciably with sn, shear strength values
corresponding to sn ranging from 2.4 to 689 kPa were

included. The GM used in all failure envelopes is
always a textured HDPE product. Set 6 allows
statistical characterization of shear strength par-
ameters for the case in which uncertainty in the
GCL interface shear strength arises from Sources (2-ii)

and (3).
. Set 7: involves a total of 230 test results from GCL

specimens obtained from different manufacturing lots,
which were not categorised into failure envelopes for
this analysis. This set encompasses results for GCLs

with different reinforcement types (needle-punched
with and without thermal locking, stitch-bonded,
and unreinforced). As the behavior of GCL shear
strength changes with sn, only the shear strength
values below sn=100 kPa were selected. Set 7 allows
statistical characterization of shear strength par-

ameters for the situation in which uncertainty in the
GCL internal shear strength arises from Sources (2-iii)
and (3).

. Set 8: involves a total of 424 test results from GCL
and GM specimens obtained from different manu-

facturing lots, which were not categorised into failure
envelopes for this analysis. This set encompasses
results for the interface between GCLs with different
reinforcement types (needle-punched with and without
thermal locking, stitch-bonded, unreinforced) and
GMs with different surface finishes (textured and

smooth) and polymers (HDPE, VFLPE, LLDPE,
PVC). Three outliers were removed because of
unrepresentative testing conditions. As GCL–GM
interface shear strength does not change appreciably
with sn, shear strength values corresponding to sn
ranging from 2.4 to 689 kPa were included. Set 6
allows statistical characterization of shear strength

Table 1. Sets of GCL internal and GCL/textured HDPE GM interface shear strength parameters used in reliability analyses

Set

number

Set description Variability description Number

of tests

Test conditions

th
(h)

tc
(h)

SDR

(mm/min)

sn range
(kPa)

1 GCL A internal Intra-product repeatability (same-lot),

constant conditioning procedures

9 24 0 0.5 63–386

2 GCLA – textured HDPEGM interfaces Intra-product repeatability (same-lot),

constant conditioning procedures

10 24 0 0.2 9.6–287

3 GCL A internal Intra-product (different-lot), constant

conditioning procedures

141 168 48 0.1 35–310

4 GCLA – textured HPDEGM interfaces Intra-product (different-lot), constant

conditioning procedures

162 168 48 0.1 35–310

5 GCL A internal Intra-product (different-lot) different

conditioning procedures

133 0–168 0–24 0.05–1.0 2.4–100

6 GCLA – textured HDPEGM interfaces Intra-product (different-lot) different

conditioning procedures

252 0–168 0–48 0.01–1.0 6.9–689

7 All GCL(a) internal Inter-product, different conditioning

procedures

230 0–168 0–24 0.05–1.0 2.4–100

8 All GCL(a) – GM(b) interfaces Inter-product, different conditioning

procedures

424 0–168 0–48 0.01–1.0 6.9–689

(a)Needle-punched with and without thermal-locking, stitch-bonded unreinforced
(b) Smooth and textured HDPE, LLDPE, VFPE, PVC
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parameters for the case in which uncertainty in the
GCL interface shear strength arises from Sources (2-
iii) and (3).

The GCL shear strength variability arising from the
different sources of uncertainty is quantified using linear
regression. The shear strength variability for Sets 1–6 is
first characterized by defining individual failure envel-
opes within each of the different sets based on groupings
of GCL specimens from the same manufacturing lots
(i.e. in Sets 1–4) and specimens tested with similar
conditioning procedures (i.e. in Sets 5 and 6). For each
set, dLabStrength is quantified by calculating the coefficient of
variation for the cohesion intercept, dc, and the tangent
of the friction angle, dtanf, for the group of individual
failure envelopes. In addition, the shear strength vari-
ability in Sets 1–8 is characterized by defining a global
failure envelope for each set. For each set, dLabStrength is
defined from the outputs of a linear regression analysis
for different values of sn. Although characterization of
the variability using individual failure envelopes is more
appropriate if the repeatability [Source (2-i)] is small
relative to the other sources, it is more complicated than
characterizing the variability using a global failure
envelope. Both approaches have limitations in incorpor-
ating the shear strength variability into dLabStrength. Specifi-
cally, the accuracy of the linear regression analyses
depends on the suitability of the linear model to fit the
data and the suitability of extrapolating shear strength
variability observed at discrete sn values to the range of
sn in the envelopes.

3.2.2. Shear strength variability characterization by an
individual failure envelope approach
Table 2 presents the shear strength parameters for the
three GCL internal envelopes used in Set 1 and the
parameters for the two GCL–GM interface shear
strength envelopes used in Set 2, along with mean,
standard deviation, and the coefficients of variation for
the cohesion intercept dc and the tangent of the friction
angle dtanf for Sets 1 and 2. Figures 3a and 3b show the
peak GCL A internal and interface shear strength values
for Sets 1 and 2 respectively. The failure envelopes are
defined using the expected (mean) value of the shear
strength parameters [i.e. m(tanf) and m(c)] shown in the
figures. Owing to the limited number of failure envelopes
in Sets 1 and 2, the statistical information should be used
with caution. Nonetheless, it is reasonable to assume

that, for the same constant conditions and nearly

identical GCL specimens, the shear strength variability

can be characterized by the coefficients of variation in

Table 2.

Table 3 presents the shear strength parameters for the

47 GCL internal envelopes used in Set 3 and the

parameters for the 54 GCL–GM interface shear strength

envelopes used in Set 4. Table 3 also shows the mean,

standard deviation, dc and dtanf values, and the

correlation coefficient r(c, tanf) between c and tanf
for both sets. The frequency density distributions for c

and tanf representing the peak shear strength for Set 3

are presented in Figures 4a and 4b, and Figures 4c and

4d show the same information for Set 4. Visual

interpretation of the frequency density distributions

shown in the figures indicates that a log-normal distri-

bution is a reasonable model for c and tanf for both the

Table 2. Analysis of individual GCL internal and interface failure envelopes to find dc and dtan/ for Sets 1 and 2

GCL A

Envelope number

c

(kPa)

tanf GCL A-textured HDPE

GM Envelope number

c

(kPa)

tanf

Set (1-1) 49.21 0.43 Set (2-1) 1.32 0.37

Set (1-2) 48.16 0.45 Set (2-2) 2.19 0.36

Set (1-3) 39.51 0.43

Mean 45.63 0.44 Mean 1.76 0.36

Standard deviation 5.32 0.01 Standard deviation 0.61 0.01

d(a) 0.12 0.03 d(a) 0.35 0.03

(a) Caution should be used due to limited data
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Figure 3. GCL A shear strength repeatability (intra-product,

same-lot, same conditioning procedures): (a) GCL A internal

peak shear strength envelope (Set 1); (b) peak shear strength

envelope for interface between GCL A and a textured HDPE

GM (Set 2)
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GCL internal and interface data. The functional inter-
dependence between tanf and c may be of interest as
conventional shear strength parameter characterization
involves two random variables (tanf and c) over a range

of sn. Figures 5a and 5b present the correlation analyses
for the GCL internal and GCL–GM interface shear
strength parameters defined using Sets 3 and 4 respect-
ively. A weak positive trend is noted for the GCL

Table 3. Analysis of individual GCL internal and interface failure envelopes to find dc and dtan/ for Sets 3 and 4

GCL A Envelope

number

c

(kPa)

tanf GCL A textured HDPE

GM Envelope number

c

(kPa)

tanf

Set (3-1) 16.55 0.48 Set (4-1) 4.92 0.38

Set (3-2) 27.78 0.57 Set (4-2) 1.48 0.38

Set (3-3) 26.59 0.49 Set (4-3) 7.29 0.29

Set (3-4) 38.81 0.59 Set (4-4) 7.19 0.33

Set (3-5) 17.63 0.69 Set (4-5) 5.12 0.30

Set (3-6) 27.29 0.60 Set (4-6) 6.89 0.37

Set (3-7) 29.45 0.55 Set (4-7) 5.32 0.49

Set (3-8) 30.63 0.65 Set (4-8) 15.07 0.28

Set (3-9) 27.97 0.47 Set (4-9) 12.12 0.30

Set (3-10) 18.62 0.56 Set (4-10) 5.61 0.40

Set (3-11) 29.45 0.56 Set (4-11) 2.07 0.37

Set (3-12) 36.25 0.39 Set (4-12) 12.71 0.29

Set (3-13) 39.60 0.40 Set (4-13) 0.98 0.38

Set (3-14) 45.41 0.53 Set (4-14) 10.64 0.51

Set (3-15) 22.56 0.65 Set (4-15) 12.31 0.44

Set (3-16) 44.82 0.49 Set (4-16) 20.78 0.42

Set (3-17) 36.84 0.48 Set (4-17) 3.55 0.43

Set (3-18) 24.72 0.62 Set (4-18) 5.81 0.43

Set (3-19) 15.29 0.43 Set (4-19) 6.89 0.37

Set (3-20) 15.21 0.43 Set (4-20) 1.77 0.38

Set (3-21) 8.35 0.40 Set (4-21) 1.40 0.46

Set (3-22) 11.17 0.46 Set (4-22) 4.69 0.37

Set (3-23) 15.68 0.43 Set (4-23) 4.97 0.37

Set (3-24) 12.69 0.43 Set (4-24) 1.37 0.51

Set (3-25) 13.45 0.48 Set (4-25) 4.95 0.38

Set (3-26) 17.98 0.47 Set (4-26) 15.24 0.33

Set (3-27) 17.01 0.43 Set (4-27) 6.47 0.34

Set (3-28) 24.47 0.30 Set (4-28) 7.48 0.36

Set (3-29) 12.29 0.50 Set (4-29) 4.29 0.39

Set (3-30) 16.50 0.39 Set (4-30) 4.22 0.38

Set (3-31) 13.36 0.43 Set (4-31) 3.42 0.40

Set (3-32) 13.69 0.41 Set (4-32) 4.58 0.42

Set (3-33) 10.45 0.44 Set (4-33) 11.46 0.34

Set (3-34) 37.13 0.67 Set 4-34) 4.49 0.32

Set (3-35) 10.13 0.45 Set (4-35) 4.31 0.36

Set (3-36) 8.77 0.43 Set (4-36) 4.41 0.37

Set (3-37) 9.64 0.39 Set (4-37) 4.51 0.38

Set (3-38) 16.92 0.38 Set (4-38) 4.69 0.37

Set (3-39) 11.51 0.47 Set (4-39) 4.82 0.33

Set (3-40) 11.01 0.41 Set (4-40) 1.86 0.41

Set (3-41) 15.44 0.41 Set (4-41) 10.19 0.36

Set (3-42) 23.95 0.40 Set (4-42) 10.85 0.34

Set (3-43) 26.90 0.31 Set (4-43) 0.91 0.42

Set (3-44) 7.89 0.42 Set (4-44) 2.26 0.40

Set (3-45) 5.68 0.42 Set (4-45) 7.10 0.39

Set (3-46) 16.99 0.38 Set (4-46) 2.98 0.41

Set (3-47) 6.55 0.41 Set (4-47) 6.30 0.34

Set (4-48) 7.13 0.34

Set (4-49) 6.84 0.32

Set (4-50) 7.63 0.34

Set (4-51) 3.80 0.41

Set (4-52) 3.51 0.33

Set (4-53) 2.78 0.35

Set (4-54) 2.18 0.34

Mean, m 20.58 0.47 Mean, m 6.05 0.37

Standard deviation, s 10.59 0.09 Standard deviation, s 4.07 0.05

d 0.51 0.20 d 0.67 0.14

rðtanf; cÞ 0.4 rðtanf; cÞ �0:3

Note: th ¼ 168 h, sh ¼ 20:1 kPa, tc ¼ 48 h, SDR ¼ 0:1mm/min
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internal shear strength data, and a weak negative trend is

noted for the GCL–GM shear strength data.

Table 4 shows the shear strength parameters for the

failure envelopes used in Sets 5 and 6. Table 4 also

includes information regarding the mean, standard

deviation and d of the cohesion intercept and friction

angle for the failure envelopes in each set. As expected,

higher values of dc and dtanf were obtained for Sets 5 and

6 than those obtained for Sets 1–4. This is because Sets 1

and 4 are subsets of Sets 5 and 6, and consequently

incorporate more sources of uncertainty. It should be

noted that dc for Set 6 is nearly 0.8, which is very high.

However, because the cohesion intercept is typically

negligible for GCL–GM interface failure envelopes, this

variability will not have a significant effect on stability

evaluations. Figure 6 shows the GCL A internal peak

shear strength (Set 5). The spread in the shear strength

data is large, but is constant with sn, at least for the

range of sn in this data set. Figure 7 shows the GCL A-

textured HDPE GM interface peak shear strength (Set

6). Unlike the GCL internal shear strength, the spread in

the GCL–GM interface shear strength increases with sn.
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3.2.3. Shear strength variability characterization by a

global failure envelope approach

Instead of grouping the shear strength values in each set

into individual failure envelopes based on similar lots or

conditioning procedures, the GCL shear strength vari-

ability can also be analysed by performing a global linear

regression on the shear strength values in each data set.

Subsequently, the outputs of the regression analysis can

be used to determine the value of dLabStrength at a specified sn
(instead of the coefficient of variation for the shear

strength parameters dc and dtanf). Shear strength varia-

bility corresponding to all eight sets is analysed using this

approach. The peak internal shear strength of all GCLs

in the database below sn=100 kPa (Set 7) is shown in

Figure 8. The spread in the shear strength data is larger

than that observed in Set 5, but it is relatively constant

with sn. The peak shear strength of all GCL–GM

interfaces in the database (Set 8) is shown in Figure 9.

Similar to Set 6, the spread in the GCL–GM interface

shear strength increases with sn.
Table 5 presents the linear regression results for the

eight sets in Table 1. For all sets, a weighted least-

squares regression with a linearly increasing standard

deviation provided the best fit for the data. One of the

outputs of a linear regression model is the standard

deviation value (i.e. a measure of how the data are

distributed around the best-fit line), which, combined

with the parameters of the best-fit line (c and tanf in

Table 5), can be used to find a value of dLabStrength for any sn
within the sn bounds of the best-fit line. For the weighted
least-squares regression, the standard deviation is a

function of sn, whereas for a conventional least-squares

regression it is not. In addition to the values of c and

tanf, Table 5 shows the values of the mean, m (the value

calculated from the best-fit line), standard deviation, s,

and dLabStrength for sn=20 kPa and sn=100 kPa, which
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are representative of landfill cover and liner systems

respectively. For the higher sn of 100 kPa, the values of

dLabStrength are slightly greater for each set of GCL internal

shear strength data, but relatively constant for each set

of GCL–GM interface shear strength data.

3.3. Assessment of uncertainty in laboratory GCL shear

strength

3.3.1. Sources of uncertainty in laboratory shear strength

variability

In this section, a framework is presented for isolating

and interpreting the shear strength variability arising

from the different sources of uncertainty discussed in

Section 3.1. The eight sets of data listed in Table 1 can be

used to isolate these sources. Section 3.2 presented a

quantification of the shear strength variability for each

set. The laboratory shear strength variability corre-
sponding to each source of uncertainty can be identified
so that it may be incorporated into realistic stability
analyses. The framework will present equations for the
internal shear strength data (Sets 1, 3, 5 and 7) for
conciseness, but the same equations can be used for
interface shear strength. The variability defined using Set
1 results is expected to be representative of that of GCL
internal shear strength when the specific manufacturing
lot and the conditioning procedures are clearly estab-
lished (e.g. if field conditions are well understood, and
the conditioning procedures reflect this understanding).
Accordingly, the coefficient of variation for same-lot
GCL internal laboratory shear strength under constant
conditioning procedures, dLab;Same-lot

Strength , is defined as:

dLab;Same-lot
Strength ¼ dLab;Set 1Strength ð10Þ
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where dLab;Set1Strength is the coefficient of variation calculated
for Set 1. The coefficient of variation for same-lot GCL–
GM interface laboratory shear strength under constant
conditioning procedures can be defined in a similar
manner using the variability of Set 2 results. The
variability defined using Set 3 results is expected to be
representative of that of GCL internal shear strength
when the conditioning procedures are clearly established
but the manufacturing lot is not, or when a project
requires GCLs from several manufacturing lots for a
single slope. Accordingly, the coefficient of variation for
different-lot GCL internal laboratory shear strength
under constant conditioning procedures, dLab;Different-lot

Strength

is defined as

dLab;Different-lot
Strength ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dLab;Set 3Strength

� �2
� dLab;Set 1Strength

� �2r
ð11Þ

where dLab;Set 3Strength is the coefficient of variation calculated
for Set 3. The coefficient of variation for different-lot
GCL–GM interface laboratory shear strength under
constant conditioning procedures can be defined in a
similar manner using the variability of Set 4 results. The
variability defined using Set 5 results is expected to be
representative of the overall GCL A internal shear
strength when the conditioning procedures are not
defined (e.g. if field conditions are not understood, or
conditioning procedures do not reflect field conditions).
Accordingly, the coefficient of variation for different-lot
GCL internal laboratory shear strength under varying
conditioning procedures, dLab;ConditionsStrength , is defined as

dLab;ConditionsStrength

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dLab;Set 5Strength

� �2
� dLab;Set 3Strength

� �2
� dLab;Set 1Strength

� �2r
ð12Þ

where dLab;Set 5Strength is the coefficient of variation calculated
for Set 5. The coefficient of variation for different-lot
GCL–GM interface laboratory shear strength under
varying conditioning procedures can be defined in a
similar manner using the variability of Set 6 results. The
variability defined using Set 7 results is expected to be
representative of the internal shear strength of all GCLs,
reinforced and unreinforced, when the conditioning
procedures are not defined. Accordingly, the coefficient

of variation for intra-product GCL internal laboratory
shear strength, dLab;Intra-productStrength , is defined as

dLab;Intra-productStrength

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dLab;Set 7Strength

� �2
� dLab;Set 5Strength

� �2
� dLab;Set 3Strength

� �2
� dLab;Set 1Strength

� �2r
ð13Þ

where dLab;Set 7Strength is the coefficient of variation calculated
for Set 7. The coefficient of variation for intra-product
GCL–GM interface laboratory shear strength can be
defined in a similar manner using the variability defined
using Set 8 results.

Table 6 provides a summary of the coefficients of
variation in GCL internal and GCL–GM interface
laboratory shear strength calculated from the values of
dc and dtanf obtained using the individual failure
envelope analyses for Sets 1–6 in Tables 2, 3 and 4.
For GCL internal shear strength, an increase in the
uncertainty in c and tanf is observed when moving from
same-lot specimens to different-lot specimens. Con-
ditioning procedures led to significant uncertainty in
tanf but negligible uncertainty in c. For GCL–GM
interface shear strength, an increase in the uncertainty in
c and tanf is observed when moving from same-lot
specimens to different-lot specimens. Conditioning pro-
cedures also led to a significant increase in uncertainty
for both c and tanf. Table 6 also provides a summary of
the coefficients of variation in GCL internal and GCL–
GM interface laboratory shear strength calculated from
the values of dLabStrength corresponding to sn=20 kPa and
sn=100 kPa. They were obtained using the linear
regression approach for Sets 1–8 (Table 5). For GCL
internal shear strength, an increase in dLabStrength is observed
when moving from same-lot specimens to different-lot
specimens. Conditioning procedures led to significant
uncertainty in dLabStrength for GCL internal shear strength.
For GCL–GM interface shear strength, an increase in
dLabStrength is observed when moving from same-lot speci-
mens to different-lot specimens. Conditioning pro-
cedures led to slight uncertainty in dLabStrength for GCL–
GM interface shear strength. In summary, the results of
the two approaches used to define uncertainty are
consistent, and indicate that the GCL and GM speci-

Table 6. Summary of dLabStrength values for different sources of uncertainty

Material

description

Source of uncertainty FE approach to

dLabStrength

Linear regression approach

dc dtanf
dLabStrength

at sn ¼ 20 kPa

dLabStrength

at sn ¼ 100 kPa

GCL internal

Intra-product repeatability (same-lot) 0.10 0.03 0.02 0.06

Intra-product material variability (different-lot) 0.50 0.19 0.14 0.30

Conditioning variability 0.02 0.36 0.33 0.48

Inter-product material variability N/A N/A 0.36 0.66

Intra-product repeatability (same-lot) 0.35 0.03 0.05 0.07

GCL–GM Intra-product material variability (different-lot) 0.57 0.13 0.11 0.16

interface Conditioning variability 0.23 0.19 0.09 0.06

Inter-product material variability N/A N/A 0.27 0.27
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mens from different manufacturing tend to have greater
shear strength variability than those from similar lots,
different GCL and GM products lead to significant
variability in shear strength, and conditioning pro-
cedures have a greater effect on GCL internal shear
strength than on GCL–GM interface shear strength.

3.3.2. Framework for assessment of uncertainty in
laboratory shear strength
As laboratory GCL shear strength testing is not only
expensive but also time consuming, a rational plan must
be established to assess the value of dLabStrength that will be
used in a project. This section presents a framework for
incorporating the laboratory shear strength variability
arising from different sources of uncertainty calculated
in the previous section into the value of dLabStrength. First,
the different motivations for a testing program should be
investigated. Stability analyses of landfill covers or base
liners including GCL products should ideally be
conducted after characterizing the shear strength of
relevant interfaces from a project-specific testing pro-
gram in which the field conditions are understood and
reflected in the conditioning procedures in the laboratory
(e.g. Sets 1 and 4). This may involve shear strength
testing of the relevant interfaces using GCL specimens
from the manufacturing lots to be used during construc-
tion. Such an approach implies that the GCL material
must be sole-sourced in design specifications, which is
often not cost-effective owing to a lack of flexibility
during the bidding process. Because of cost and time
considerations, of the interest in flexibility regarding
product selection, and of the availability of increasingly
large shear strength databases, designers have often
avoided project-specific testing programs. Instead, the
use of product-specific shear strength results (e.g. Sets 5
and 6) or intra-product results (e.g. Sets 7 and 8)
compiled in databases such as the GCLSS database
have been appealing alternatives when the field con-
ditions are not identified, or the product to be used in the
project is not selected.

In addition to selecting a project-specific or product-
specific data set, the uncertainty in the laboratory shear
strength data best representing the conditions in the field
depends on the size of the project. If the project is small
enough so that the cover or liner slope may be
constructed using a single GCL manufacturing lot, the
inter-product repeatability will characterize the shear
strength variability. On the other hand, if the project
requires several GCL manufacturing lots to construct
the slope, the inter-product material variability will
characterize the variability. Testing experience at SGI
laboratory suggests that, when multiple rolls are
required for a project, the rolls are typically supplied
from different manufacturing lots. In addition, manu-
facturers typically use different sources of sodium
bentonite and carrier geosynthetics over time. Conse-
quently, a slope requiring several rolls may have
uncertainty in shear strength arising from the intra-
product material variability. Depending on the size of
the project, a testing program must include enough tests

to encompass the variability expected within a manu-
facturing lot (dLab;Same-lot

Strength ) as well as within different
manufacturing lots (dLab;Different-lot

Strength ).
If no project-specific testing is conducted for GCL

shear strength, the uncertainty may be quantified from
the coefficients of variation discussed in Section 3.3.1. In
other words, if no project-specific tests are conducted,
the uncertainty is represented by the variability for tests
on a representative range of possible products without
knowledge of the specific field conditions and how those
conditions would affect the laboratory shear strength. As
a worst-case scenario, the uncertainty associated with no
tests, dLab;No tests

Strength , is defined as

dLab;No tests
Strength

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dLab;Inter-productStrength

� �2
þ dLab;ConditioningStrength

� �2
dLab;Different-lot
Strength

� �2
þ dLab;Same-lot

Strength

� �2r

(14)

In this situation, the constituent sources of uncertainty in
dLab;No tests
Strength can be obtained from a database such as the

one presented in this study. Project-specific testing will
logically lead to a reduction in the expected laboratory
shear strength variability.

The contribution to the shear strength variability
related to inter-product variations can be eliminated by
selecting a specific GCL product to be used in the
project. This implies that the GCL material must be sole-
sourced in the design specifications and that changes in
the product between design and construction are not
allowed. Uncertainty related to conditioning may be
reduced by conducting tests using conditioning pro-
cedures representative of those in the field. In the
following discussions, it is assumed that the project-
specific tests conducted adequately reflect the field
conditions.

3.4. Uncertainty in using laboratory strength to

represent mobilized strength

An additional contribution to the coefficient of variation
in the available shear strength arises from differences
between the strength mobilized in the field and that
measured in a laboratory test. This source of uncer-
tainty, which has been commonly attributed to un-
certainty in the slope stability model, is represented by
the coefficient of variation OModel

Strength. The laboratory tests
are assumed to provide an unbiased estimate of the
strength available in the field. That is, the conditioning
procedures such as hydration time, consolidation time,
shear displacement rate, and applied normal stress
during hydration, consolidation and shearing, are
deemed representative of the expected conditions in the
field. However, even if test results are unbiased, there is
still added uncertainty when laboratory results are used
in interpreting field behavior.

The value for OModel
Strength can be established based on

laboratory testing programs that were conducted coin-
cidentally with failure back-analyses. For example,
Bjerrum (1973) and Terzaghi et al. (1996) compared
the undrained shear strength in the field based on a back-
analysis of failures in natural clay slopes with those
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measured using field vane tests. After accounting for

biases related to the plasticity of the soil, the scatter in

the back-analysed (field-mobilized) versus laboratory

measured strength was quantified by a coefficient of

variation of approximately 0.21. Also in natural clay

slopes, Skempton (1985) compared the drained, residual

shear strength obtained from back-analysis of reacti-

vated slope failures with the strength measured in

laboratory tests. The scatter in the relationship between

mobilized and measured strength corresponded to a

coefficient of variation of approximately 0.15. In landfill

liners, Gilbert et al. (1998) used a coefficient of variation

of approximately 0.13 to reflect model uncertainty in the

slope failure for the Kettleman Hills landfill, which

occurred along a smooth GM-compacted clay liner

interface. Additional uncertainty was associated with the

mobilization of large-displacements, which led to the

need to use the residual strength obtained from

laboratory tests. Finally, in a landfill cover failure that

took place between a reinforced GCL and a smooth

geomembrane, the strength mobilized in the field was

within 25% of that estimated from laboratory shear tests

(Liu et al. 1997). In this case, the normal stress was

extremely small (a few kPa), and most of the model

uncertainty was related to the magnitude of porewater

and gas pressures present at the time of failure. In

summary, based on reported field cases, OModel
Strength is

expected to range from 0.1 and 0.2 for a typical case.

4. EFFECT OF UNCERTAINTY IN

SHEAR STRENGTH ON THE

RELATIONSHIP BETWEEN

PROBABILITY OF FAILURE AND

SAFETY FACTOR

4.1. Motivation and assumptions

Geotechnical systems designed with safety factor (FS)

values typically used in practice may correspond to

different safety levels: that is, different values of the

probability of failure pf. However, the project-specific

and product-specific GCL internal and interface shear

strength results can be used in this study to correlate the

pf with the FS defined using conventional limit equi-

librium analyses. Accordingly, the analyses presented in

this section aim at obtaining the pf that corresponds to

the different levels of uncertainty discussed in Section 3

using reliability-based analyses. First, a correlation will

be established between reliability-based and conven-

tional stability analyses. Specifically, the pf calculated

using a first-order, second moment reliability method

will be correlated with the FS defined using conventional

veneer limit equilibrium analyses. Second, the pf
calculated using a general reliability-based approach

will be used to quantify the effect of uncertainty in GCL

shear strength on the pf. This is useful to assess the

benefit of conducting project-specific laboratory testing.

4.2. First-order, second moment analysis of a veneer

slope

In this section, a first-order, second moment (FOSM)
reliability analysis is used to define the value of pf for a
veneer slope over a range of slope inclination values. In
addition, conventional limit equilibrium analyses are
conducted to define the veneer FS. The reliability-based
approach has been employed by Christian et al. (1994)
and Duncan (2000) for different geotechnical applica-
tions to relate the variability in shear strength par-
ameters with the pf. This approach has also been used
recently for landfill design applications (Koerner and
Koerner 2001; Sabatini et al. 2002). The first-order,
second moment reliability approach was selected as it
allows the incorporation of uncertainty into the conven-
tional expression for FS, such as that used in veneer
stability analyses. A simple veneer stability analysis is
useful to illustrate the relationship between pf and FS.
Figure 1 illustrates a typical GCL-lined veneer with a
conventional safety factor given by Equation 2. It is
recognised that the results of stability analyses often
involve more complex geometry of the liner system (e.g.
in two-dimensional problems). However, for given
project-specific and product-specific shear strength
properties, veneer stability analyses are expected to
provide good insight into relationships between pf and
FS. The statistical information for the shear strength
parameters characterized by the individual failure
envelope approach in Section 3.2.2 (i.e. dc and dtanf)
for the first six sets of intra-product GCL internal and
interface shear strength data are incorporated into the
reliability-based veneer stability analysis.

The Appendix presents the first-order, second moment
reliability methodology used to calculate the uncertainty
in FS. The reliability methodology provides an exact
solution for the mean and the variance of FS (but not the
probability distribution) for a linear function of non-
normal variables. The following assumptions are made
for the stability analyses conducted in this study:

. The relevant failure plane along which failure occurs
involves the GCL component (i.e. the failure occurs
internally through the GCL or along the GCL–GM
interface, depending on the set under investigation).

. The thickness of the GCL is negligible when compared
with the thickness of the soil veneer. Accordingly, the
different interfaces analysed in the veneer system have
similar loading conditions.

. The correlation between c and tanf is considered. As
the data from Sets 3 and 4 are significant in number
and the conditioning procedures used are representa-
tive of field conditions, it is assumed that the
correlation between c and tanf obtained for these
sets is representative of GCL internal and GCL–GM
interface shear strength. So, the correlation coefficient
between c and tanf from Set 3 (Table 3) is used for
Sets 1 and 5, and the correlation coefficient between c
and tanf from Set 4 (Table 3) is used for Sets 2 and 6.

. The veneer soil and geometry variables are also
characterized as random variables. As the veneer soil
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and geometry are the same for each of the first six sets,
defining them as random variables does not affect the
comparison. However, using random veneer soil and
geometry values provides a realistic representation of
variability in the field. Specifically, a soil unit weight g
with a mean of 20 kN/m3 and a standard deviation of
1.5 kN/m3, a veneer thickness T with a mean of 1 m
and a standard deviation of 0.1 m, and a slope
inclination c with a mean of 208 and a standard
deviation of 18 were adopted. The mean values
adopted in this example slope correspond to a sn of
roughly 20 kPa being applied to the GCL.

. The uncertainty associated with using laboratory
strength to represent the field mobilized shear strength
OModel

Strength is assumed to be 0.1 based on the discussion in
Section 3.4.

. Failure along the relevant failure plane is assumed to
be governed by the peak shear strength. Accordingly,
only peak shear strength values are used in the
analyses presented herein. The important decision on
whether failure along a GCL-lined system is governed
by peak or residual (large-displacement) shear
strength parameters is beyond the scope of this
paper, as this very important topic has been addressed
in recent studies (e.g. Gilbert 2001; Thiel 2001).
Consequently, use of this assumption should not be
construed as an endorsement by the authors of the use
of peak shear strength parameters in the design of
systems involving GCLs. Nonetheless, quantification
of the pf (in addition to the FS) can provide additional
decision-making information regarding the appropri-
ate shear strength parameters to adopt in design.

Because the mean values mc and mtanf for Sets 1–6 are
different, comparison between the results of a first-order,
second moment reliability analysis incorporating the
means and standard deviations of these data sets would
be difficult to interpret. For this reason, the values of c
and tanf defined for a single example GCL internal
envelope and a single example GCL-GM envelope from
the GCLSS database (each with three shear strength
data points) are used as the mean values in the following
first-order, second moment reliability-based veneer
stability analysis. Figure 10 shows the GCL A internal

and interface failure envelopes. The GCL internal and
GCL-GM interface specimens have similar conditioning

procedures. The mean values of c and tanf for the
example GCL A internal failure envelope are used in

association with different standard deviation values of c
and tanf defined using the dc and dtanf values reported

in Tables 2, 3 and 4 for Sets 1, 3, and 5, respectively.
Similarly, the mean values of c and tanf for the GCL A-

GM interface are used in association with different
standard deviation values of c and tanf defined using

the dc and dtanf values reported in Tables 2, 3 and 4 for
Sets 2, 4, and 6, respectively. This procedure exemplifies

how the variability data presented in this paper may be
used in a practical situation, and allows a straightfor-
ward assessment of the effect of the increasing variability

associated with the different sets.
Table 7 shows the results of the first-order, second

moment reliability analysis for veneer stability obtained
using the variability data from Sets 1–6. The conven-

tional FS was calculated using the c and tanf values
from the example failure envelopes in Figure 10. For the

GCL internal failure envelope the calculated FS is 3.69,
which is higher than that typically adopted in engin-

eering design. For the GCL–GM interface failure
envelope the calculated FS is 1.23, which is within the

range of typical FS values adopted in design. From a
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Figure 10. Example internal GCL A and GCL A-GM interface

failure envelopes (without variability) for FOSM infinite slope

analysis

Table 7. Results of the first-order, second moment example with and without correlation

Set

number

Set description mFS FOSM method with correlation FOSMmethod without correlation

sFS b pf sFS b pf

1 GCL A internal 3.69 0.31 15.45 0 0.30 16.10 0

2 GCL A – textured HDPE GM interface 1.23 0.09 2.97 1:49� 10�3 0.09 2.80 2:55� 10�3

3 GCL A internal 3.69 1.10 4.32 7:70� 10�6 0.97 4.92 4:33� 10�7

4 GCL A – textured HDPE GM interface 1.23 0.17 1.48 6:94� 10�2 0.19 1.27 1:02� 10�1

5 GCL A internal 3.69 1.44 3.28 5:25� 10�4 1.23 3.88 5:29� 10�5

6 GCL A – texured HDPE GM interface 1.23 0.26 0.90 1:83� 10�1 0.29 0.78 2:19� 10�1

Note: mc ¼ 208, sc ¼ 18
mT ¼ 1m, sT ¼ 0:05m
mg ¼ 20 kN/m3, sg ¼ 1:5 kN/m3

Internal example envelope: mtanf ¼ 0:74, mc ¼ 11:31 kPa

Interface example envelope: mtanf ¼ 0:39, mc ¼ 1:03 kPa
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deterministic point of view, the slope is stable with

respect to both GCL internal and GCL–GM interface

shear strength.

Table 7 includes the standard deviation of the FS, the

reliability index and the pf for two cases: accounting for

the correlation between c and tanf and not accounting

for this correlation. For GCL internal shear strength

without correlation, the pf increases from approximately

0.0 for the repeatability data (Set 1) to approximately

8� 10�6 for the different-lot data with similar con-

ditioning procedures (Set 3). The pf is as high as 5� 10�4

for the different-lot data with different conditioning

procedures (Set 5). Increasing the variability in GCL

internal shear strength leads to a marked increase in pf
for the veneer system. Accounting for the positive

correlation between c and tanf (Table 3) led to a

similar trend with lower pf. For GCL–GM interface

shear strength without correlation, the pf increases from

1:5� 10�3 for the repeatability data (Set 2) to 6:9� 10�2

for the different-lot data with similar conditioning

procedures (Set 4). The pf is as high as 0.18 for the

different-lot data with different conditioning procedures

(Set 6). Also, in this case, increasing the variability in

GCL–GM interface shear strength leads to an increase in

pf for the veneer system. The results in this example lead

to an unacceptable pf for the given slope conditions.

Accounting for the negative correlation between c and

tanf observed for GCL–GM interface shear strength

(see Table 3) leads to the same trend with higher pf.

Figure 11 shows the relationship between pf and FS

obtained using the GCL internal shear strength par-

ameters shown in Figure 10 with the dc and dtanf values

that correspond to Sets 1, 3 and 5. For example, a pf of

1072 corresponds to an FS of approximately 1.20 for Set

1, 1.5 for Set 3 and 1.75 for Set 5. For this level of safety,

the results obtained for the same-lot and different-lot

specimens tested under constant test conditions corre-

spond to an FS of 1.5, which is typically used as a design
criterion for landfill slopes. The additional uncertainty in
shear strength present in Set 5 because the test conditions
are variable requires a higher FS to reach the same level
of safety. Figure 12 was developed similarly to Figure 11
and shows the relationship between pf and FS obtained
using the GCL–GM interface shear strength parameters
shown in Figure 10 with the dc and dtanf values that
correspond to Sets 2, 4 and 6. Figure 12 illustrates that a
pf of 10

�2 corresponds to an FS of 1.23 for Set 2, 1.85 for
Set 4, and 2.25 for Set 6. While the effect of uncertainty
related to conditioning procedures is not as significant as
in the case of internal shear strength (Figure 11), the FS
values associated with a pf of 10

72 can be significantly
greater than the typical value of 1.5 conventionally
adopted in design when different-lot specimens are used.

4.3. General reliability-based analysis to quantify the

effect of uncertainty

The safety factor FS that is needed to reach the same
level of safety (i.e. the same probability of failure pf)
when considering increasing levels of shear strength
variability (e.g. from the variability of Set 1 to that of Set
3 to that of Set 5, or from the variability of Set 2 to that
of Set 4 to that of Set 6) is investigated in this section. To
quantify the effect of the level of variability, the analyses
presented in this section assume that the variability in
laboratory shear strength equals that in the field (i.e.
OModel

Strength is neglected). Specifically, the effect of changing
levels of variability on the FS required for design is
evaluated using the values of dLabStrength of the shear
strength corresponding to a sn=20 kPa, obtained
from the linear regression analysis (Table 6). A value
of 0.1 is used for dStress to reflect a typical static landfill
stability analysis, and no correlation is used in this
analysis. The reliability index is obtained using Equation
8, and the pf is calculated using Equation 4.
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Figure 13 shows the pf that corresponds to increasing

values of dStrength, obtained for an FS of 1.5. As

expected, the pf increases with increasing uncertainty.

This relationship may be used to determine the FS

required for different values of dLabStrength, in order to reach

the same pf. For example, if the value of dLabStrength for Set 3

(0.13) gives a pf of 26 1072 for an FS of 1.5, the FS

corresponding to this value of pf will be lower for the

situation in which there is a lower value of dLabStrength of

0.02 (Set 1), but the FS corresponding to this value of pf
will be higher for the situation in which there is a higher

value of dLabStrength of 0.36 (Set 5). Specifically, Figure 13

shows that for a dLabStrength of 0.02 (Set 1), a lower FS (1.22)

allows the same pf as that for Set 3. Similarly, for a

dLabStrength of 0.36 (Set 5), a higher FS (3.20) is required to

reach the same pf as that for Set 3. Consequently, a

decrease in FS of 0.28 allows the same level of safety for

a decrease in dLabStrength of 0.12 (from Set 3 to Set 1). Also,

an increase in safety factor of 1.70 is required for the

same level of safety for an increase in dLabStrength of 0.22

(from Set 3 to Set 5). The impact on the shear strength

variability corresponding to variable conditioning pro-

cedures requires a higher FS to reach the same level of

safety as Set 3 than typically used FS values.

Figure 14 shows similar information, obtained using

the variability data from Sets 2, 4 and 6. In this situation,

if the value of dLabStrength for Set 4 (0.12) gives a pf of

96 1073 for an FS of 1.5, the FS corresponding to this

value of pf will be lower for the situation in which there is

a lower value of dLabStrength of 0.05 (Set 2), but the FS

corresponding to this value of pf will be higher for the

situation in which there is a higher value of dLabStrength of

0.16 (Set 6). Specifically, Figure 14 shows that for a

dLabStrength of 0.05 (Set 2), a lower FS (1.30) allows the same
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pf as that for Set 4. Similarly, for a dLabStrength of 0.16 (Set

6), a higher FS (1.78) is required to reach the same pf as

that for Set 4. Consequently, a decrease in FS of 0.20

allowed for the same level of safety for a decrease in

dLabStrength of 0.07 (from Set 4 to Set 2). Also, an increase in

FS of 0.28 is required for the same level of safety for an

increase in dLabStrength of 0.04 (from Set 4 to Set 6).

The significant variability that is associated with

product-specific shear strength data (obtained using

GCL and GM products from different manufacturing

lots with different conditioning procedures) leads to

probabilities of failure that may be unacceptably high for

FS values typically used in geotechnical practice. This

emphasises the need to conduct shear strength testing

programs to define project-specific shear strength values.

The program should be conducted using specific con-

ditioning procedures (i.e. variability noted in Sets 3 and

4). In summary, a conventional FS (e.g. FS=1.5) may

not constitute a good measure of the actual slope safety

when using product-specific shear strength information

of GCLs.

5. CONCLUSIONS

The implications of uncertainty in geosynthetic clay liner

(GCL) shear strength are evaluated in this study. A

recently compiled GCL internal and GCL–GM interface

shear strength database provided a unique opportunity

to characterize sources of uncertainty in GCL shear

strength. The impact of shear strength variability arising

from these different sources of uncertainty on the

stability of GCL-lined systems was assessed using

reliability-based methods. Further, a rational framework

for testing programs in design and quality assurance

programs was developed based on the different sources

of uncertainty in shear strength.

A classification of different sources of uncertainty in
GCL shear strength was developed. Use of this
classification led to the following conclusions:

. Uncertainty in GCL shear strength arises from
material variability within a single product type
(intra-product) and between different product types
(inter-product). Coefficients of variation in shear
strength for intra-product shear strength ranged
from approximately 0.02 to 0.35, and coefficients of
variation in shear strength for inter-product shear
strength ranged from approximately 0.3 to 0.7.

. For a given product type, uncertainty arises from
material differences among specimens from the same
manufacturing lot as well as among specimens from
different manufacturing lots. The coefficient of vari-
ation in shear strength for same-lot specimens ranged
from approximately 0.02 to 0.10, whereas coefficients
of variation in shear strength for different-lot speci-
mens ranged from approximately 0.14 to 0.36.

. In addition to material variability, uncertainty arises
from differences in test procedures such as hydration,
consolidation and shear displacement rate. The
coefficient of variation in shear strength was found
to increase from approximately 0.15 when test con-
ditions were held constant to 0.35 when different test
conditions are incorporated.

A framework was developed for quantifying the shear
strength variability arising from different sources of
uncertainty based on the number of project-specific tests
developed. The following conclusions can be drawn:

. Project-specific testing was found to decrease the shear
strength variability used in design. When no project-
specific testing is conducted, and shear strength values
are obtained from product-specific databases, the
coefficient of variation used in design is the same as
that for inter-product variability (0.4 to 0.7). How-
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ever, when project-specific testing is conducted, the
coefficient of variation used in design decreases to
approximately 0.05 to 0.1 for projects with a single
manufacturing lot and to approximately 0.15 to 0.20
for projects using different manufacturing lots.

. For projects with a single manufacturing lot, the de-
crease in shear strength variability is inversely propor-
tional to the square root of number of tests conducted,
with little decrease beyond three tests. For projects
with multiple manufacturing lots, the shear strength
variability does not decrease significantly beyond a
single test per each of the manufacturing lots.

Reliability-based stability analyses were used to assess
the impact on conventional design methodologies of
uncertainty in laboratory GCL shear strength test
results. The following conclusions can be drawn:

. A higher FS than that typically used in geotechnical
practice (1.5) was needed to ensure the same prob-
ability of failure when using shear strength variability
from product-specific tests.

. For a cover veneer with a conventional FS greater
than 3 for typical GCL internal shear strength
parameters (conservative) and a conventional safety
factor less than 1.25 for GCL–GM interface shear
strength (unconservative), incorporating variability
arising from different sources of uncertainty led to a
significant increase in the probability of failure from
approximately zero to 1074 for internal failure and
from approximately zero to 1072 for interface failure.

. Positive correlation between c and tanf was found to
lead to a higher probability of failure for GCL internal
shear strength, whereas negative correlation between c
and tanf was found to lead to a lower probability of
failure for GCL–GM interface shear strength.

. When no project-specific testing is conducted, and
shear strength values are obtained from product spe-
cific databases, the high associated uncertainty requires
an FS used in design that is higher than typically used
values. When project-specific testing is conducted, the
corresponding decrease in uncertainty allows the FS
used in design to be lowered, within typical ranges of
FS values used in geotechnical practice.

. The penalty for not conducting project-specific testing
and instead using product-specific data was found to
be significant, owing to the high uncertainty in shear
strength.
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NOTATIONS

Basic SI units are given in parentheses.

c GCL cohesion intercept (N/m2)
FS conventional safety factor (dimensionless)

DFS change in FS (dimensionless)
pf probability of failure (dimensionless)
sX standard deviation of random variable X

(dimensions of X)
SDR shear displacement rate (m/s)

tc time of consolidation (s)
th time of hydration (s)
T veneer thickness (m)
b reliability index (dimensionless)
dX coefficient of variation of variable X (di-

mensionless)
g veneer soil unit weight (N/m3)

mX mean value of random variable X (dimen-
sions of X)

r(c, tanf) correlation coefficient between c and f
(dimensionless)

sn normal stress used during shearing (N/m2)
tp peak shear strength (N/m2)
f GCL friction angle (8)
F standard normal cumulative density func-

tion (dimensionless)
c slope inclination (8)

OModel
Strength coefficient of variation relating laboratory

and field (dimensionless)

APPENDIX A: FIRST-ORDER, SECOND

MOMENT RELIABILITY

METHODOLOGY

This appendix presents the first-order, second moment
reliability methodology used in Section 4.2. Further
details may be obtained from Ang and Tang (1984),
Duncan (2000) and Christian et al. (1994).

1. Define the mean safety factor mFS for the infinite slope
(Equation 2) using the mean value of each variable
(slope inclination c, veneer thickness T, cover soil
unit weight g, and shear strength parameters c and f).

2. Define the standard deviations of each random
variable

3. Compute the safety factor with each variable in-
creased by one standard deviation, FSþi , and
decreased by one standard deviation, FS�i , while
keeping all remaining variables equal to their mean
values. Find the difference between these two safety
factors, DFSi ¼ FSþi � FS�i . The standard deviation
of the laboratory strength sLabStrength is defined as
follows:

sLabStrength ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DFSc

2

� �2

þ
DFSf

2

� �2

þ2rðtanf; cÞ
DFStanf

2

� �
DFSc

2

� �s

ðA-1Þ

where DFSc is the safety factor difference for the
cohesion, DFStanf is the safety factor difference for
the tangent of the friction angle, and rðtanf; cÞ is the
correlation between c and tanf defined as:

rðtanf; cÞ ¼
mc tanf � mtanfmc

stanfsc
(A-2)
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where mc tanf is the mean value of the product of tanf
and c, mtanf and mc are the mean values of the
probability distributions for tanf and c, and stanf
and sc are the standard deviations of tanf and c. The
correlation coefficient ranges from �1 to þ1, with a
coefficient of 0 implying statistically independent
random variables. A perfectly positive (þ1) or
perfectly negative (�1) coefficient implies that the
data is linear with a positive or negative slope,
respectively.

4. The standard deviation of the strength sStrength can
then be found using the model uncertainty OModel

Strength.
The model uncertainty can be treated like another
random variable with a mean value of 1.0 and a
coefficient of variation of OModel

Strength. Thus, s
Model
Strength is

equal to 1:0� OModel
Strength. Accordingly, sStrength can be

defined as:

sStrength ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sLabStrength

2
þ sModel

Strength

2
q

(A-3)

5. The standard deviation of the stress sStress is then
defined as follows:

sStress ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DFSc

2

� �2

þ
DFST

2

� �2

þ
DFSg

2

� �2
s

(A-4)

where DFSc is the safety factor difference for the
slope inclination, DFST is the safety factor difference
for the veneer thickness, and DFSg is the safety factor
difference for the soil unit weight.

6. The standard deviation of the safety factor sFS is then
defined as follows:

sFS ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sStrength

2 þ sStress2
q

(A-5)

7. Calculate the coefficient of variation of the safety
factor, dFS, as:

dFS ¼
sFS

FS
(A-6)

8. The reliability index for a log-normally distributed
safety factor (bln) can be calculated as follows (Ang
and Tang 1984):

bln ¼

ln
FSffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ dFS2
p

 !
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lnð1þ dFS2Þ

p (A-7)

9. Calculate the probability of failure, pf, using the
calculated reliability index from Equation (4).
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