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This document consists of six Appendices.

Appendix A provides definitions of geotechnical terms used in the paper.

Appendix B provides strain softening R, values of typical geosynthetic interfaces reported by

Koerner and Narejo (2005).

Appendix C provides a review of 35 years of literature regarding interface shear strength.

Appendix D provides a review of bottom liner slope stability failures spanning a period of 25

years.

Appendix E provides a proof that flattening bottom liner sideslope may worsen slope stability.

Appendix F discusses risk, reliability, and consequences relative to containment facility slope
stability.
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Appendix A — Definitions

The following are definitions of terms used in the present paper that are useful to define to avoid

confusion.

Interface [shear] strength: the present paper is concerned with the shear strength of geo-
synthetic surfaces, called interfaces, that slide past other geosynthetic interfaces or soils.
Unless explicitly stated otherwise, any reference to ‘strength’ in the present paper should
be interpreted to mean ‘shear strength.” In the context of the present paper, interface
shear strength is also meant to include the internal shear strength of multi-component
geosynthetics such as geosynthetic clay liners (GCLs) and geocomposite drainage layers.
Shear strength (7) is typically a function of the effective normal stress (07,), and the units
of the shear strength at a particular effective normal stress are kPa. A graph of the shear
strength versus the effective normal stress is called a ‘shear strength envelope.” A
straight-line approximation of the shear strength envelope, commonly referred to as the
Mohr-Coulomb failure criterion, over the normal stress range of interest, is commonly
used to mathematically characterize the shear strength envelope by parameters in which
the slope of the line is called the ‘friction angle’, ¢, with units of degrees, and the y-
intercept of the line is called ‘cohesion’, ¢, with units of kPa. (Note: Sometimes the term
‘adhesion’ is used in lieu of cohesion for the y-intercept for geosynthetic interfaces. The
term ‘cohesion’ is used in the present paper.)

Normal stress, sometimes also referred to as normal load. The normal stress, o, acts
perpendicular to the direction of shearing, with units of kPa. Unless otherwise explicitly
stated, the normal stress is assumed to be the ‘effective’ normal stress, o”,, which means
that any fluid pore pressures acting on the interface are subtracted from the total normal
stress.

Peak [shear] strength: The highest strength measured during the shearing process under
a given normal stress is called the peak strength, 7, which typically requires a relative
displacement on the order of 2-20 mm in order to be completely mobilized, depending on
the interface. The slope of a straight-line approximation of the peak shear strength enve-
lope over the normal stress range of interest is called the ‘peak friction angle’, ¢,, with
units of degrees.

Post-peak [shear] strength: Any strength value that occurs past the point of peak strength
is referred to as a post-peak strength. By convention, the term ‘post-peak strength’ is
often inferred to mean a strength that is in between peak and large-displacement strengths.
Large-displacement (LD) [shear] strength: By convention, the post-peak value of shear

strength that occurs at approximately 75 mm of relative shear displacement is referred to
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71 as the LD shear strength, 7;p, so-established because that is the shear distance specified

72 by ASTM D5321 (Standard Test Method for Determining the Shear Strength of Soil-

73 Geosynthetic and Geosynthetic-Geosynthetic Interfaces by Direct Shear), and also corre-

74 sponds to the maximum travel distance of many commercial devices. The slope of a

75 straight-line approximation of the LD shear strength envelope over the normal stress

76 range of interest is called the ‘LD friction angle’, @.p, with units of degrees. There may

77 also be an LD cohesion value that is different than the peak value. Note: it is common in

78 the industry, unfortunately, that the term ‘residual’ is used synonymously with the con-

79 dition for LD. Technically these are different values, so it is imprecise to use these terms

80 interchangeably. Nonetheless, it remains a fact that such usage can be readily found both

81 in the literature and in vernacular usage in the geosynthetics industry.

82 - Residual [shear]strength: The lowest post-peak value of shear strength that does not de-

83 crease with continued shear displacement is referred to as the residual shear strength, 7.

84 The amount of relative displacement required to achieve 7. typically exceeds the ability

85 of conventional direct-shear testing devices to measure in a single test. Specialized ring-

86 shear devices are sometimes used to measure residual shear strength of interfaces based

87 on the often-unstated assumption that the residual strength is not direction-dependent.

88 The slope of a straight-line approximation of the residual shear strength envelope over

89 the normal stress range of interest is called the ‘residual friction angle’, @, with units of

90 degrees. The residual cohesion value is often assumed to be zero.

91 - Bottom liner system. Bottom liner systems, including base and side-slope lining systems,

92 as discussed in this paper, are characterized by high normal stresses that exist beneath

93 waste or mining ore fills. The range of normal stresses in a bottom liner system can range

94 from as low as 15 kPa near the perimeter, to more than 2 MPa in deep heap leach pads.

95 - Sideslope. In a general sense a sideslope could be considered as any reach of a bottom

96 liner system with a slope greater than the LD shear strength assigned to that reach. The

97 sideslope is generally referred to in the present paper as the lined slope at the back of the

98 waste or mining ore mass under consideration.

99 - Veneer liner system. A veneer liner system refers to a relatively thin layer(s) of soil (gen-
100 erally ranging from about 0.3 to 1.5 m thick) that is spread over one or more geosynthetic
101 layers, resulting in a relatively uniform low normal stress regime on the geosynthetics.
102 Examples of this include the gravel-drainage layer and/or the protective-cover-soil layer
103 for a bottom liner, the gravel-drainage layer and/or the protective-cover-soil layer for a
104 cover system, the ‘overliner’ layer in a heap leach pad, or the protective-cover-soil layer

105 on a pond liner system.

106
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Appendix B — Strain-softening R, values of typical geosynthetic interfaces reported by
Koerner and Narejo (2005)
The magnitude of strain softening, Ry, is defined by Gilbert and Byrne (1996) as the ratio of

residual to peak shear strength:

Ry == (1

Tp

Given that much of the geosynthetics literature and testing results are based on LD rather than
the true residual, this term can receive a modified subscript as Ry..p when it is known that the
basis is LD. A value of Ry = 100% would mean that the geosynthetic interface would not lose
any of its shear strength after exceeding the peak strength and would not be considered strain-
softening. A value of Ry = 60% would mean that the geosynthetic interface would lose 40% of
its shear strength after exceeding the peak strength, a significant loss of strength that would define
that interface as highly strain-softening.

Koerner and Narejo (2005) provide peak and LD shear strength data on 48 different geosyn-
thetic interfaces that was collected from the Geosynthetic Accreditation Institute’s database of
proficiency test results from 3,260 large-scale direct shear tests performed by many laboratories
in general accordance with ASTM D5321. All of the data points for each type of interface are
plotted and interpreted according to a best-fit Mohr-Coulomb failure criterion. Most of the tests
were performed over a normal stress range of up to 700 kPa, although certain interfaces were only
tested up to as little as 24 kPa. Because of the large variability in materials, changing materials
and manufacturing processes by manufacturers, and unknown details in test setup protocols for
each of the tests that were performed (e.g. wetting and flooding conditions are not described), the
data should not be used for a final design, but it does give an indication of the range and patterns
of results that can be expected for geosynthetic interfaces. Relative to the subject of the present
paper, the data supports the idea that most geosynthetic interfaces are strain-softening. Of the 48
interfaces tested, only three interfaces indicated an Ry..p value > 95%: textured HDPE geomem-
brane/unsaturated cohesive soil; CSPE-R geomembrane/woven geotextile; and nonwoven geo-
textile/granular soil.

Designers of important projects, or projects where stability is critical and the determination of
the potential for strain softening is crucial, are advised do their own testing using project-specific
materials and test conditions, and not to base their final designs on values plucked from the liter-
ature. For example, Hillman and Stark (2001) present data showing that Ry, = 100% for smooth
PVC/ nonwoven geotextile interface for a normal stress of up to 400 kPa, presumably under dry
conditions, since the paper does not mention wetting or flooding. The present author has seen
similar results for this interface that were obtained under flooded conditions. Meanwhile, the

Koerner and Narejo (2005) database shows Ry..p = 79% for that interface at the same normal
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stress range, with the acknowledgement that the wetting conditions were unknown for the data-
base. The present author investigated a veneer system failure involving a similar interface be-
tween the smooth side of a PVC geomembrane and the nonwoven geotextile side of a GCL, and
found that at 5 kPa, low normal stress Ry.z.p = 100% when tested submerged but not sprayed at
the interface. However, when the interface was sprayed before assembling the geomembrane
against the nonwoven side of the GCL in the test setup, the result from separate tests conducted
at two different laboratories was Ry.1p = 67-86%. Furthermore, much more important than the
R.rpvalues in that case, was the fact that spraying the interface reduced the peak shear strength
by 60% (36° versus 16° friction), a condition which mimicked field condensation, and a result
that perfectly predicted the failure. Apparently, assembling the liner interface in a dry mode and
applying the normal stress sealed it adequately from becoming hydrated/lubricated in the flooded
test condition, such that the flooded test actually reflected the condition of a dry interface. The
lesson learned was that generally speaking, all geosynthetic interfaces being tested should be
sprayed with water during the test assembly in order to mimic the inevitable condensation that
occurs in the field, in addition to performing the test in a flooded condition. This illustrates the
importance of performing project-specific testing and not relying upon published test results.

The other notable geosynthetic interface that may not incur significant strain softening is a
geonet against an HDPE geomembrane, whether textured or smooth. While the Koerner and
Narejo (2005) results indicate Ry..p = 76-81% for such an interface, the present author has seen
convincing laboratory results indicating that the value of Ry..p could be close to 100%, depending
on the specific materials and test conditions. Here again, project-specific testing is strongly rec-
ommended.

It is interesting that geosynthetic-geosynthetic interfaces known to have a low potential for
strain softening are generally lower-strength interfaces. This is good to know and consider when
designing an intentionally weak interface where preferential slippage will occur.

It is the high-strength interfaces where reinforced GCLs (with both internal and exterior inter-
faces) and where textured geomembranes are used that have the highest magnitude of strain-sof-
tening potential, and that can experience more than 50% post peak strength loss. These interfaces
include textured HDPE geomembranes against geotextiles or products with geotextile surfaces,
such as geocomposites that have outer layers comprised of non-woven geotextiles, and reinforced
GCLs that have outer layers comprised of geotextiles. These also happen to be among the most
common geosynthetic interfaces used in containment liner systems. For example, Stark and Rich-
ardson (2000) described textured geomembrane interfaces as experiencing a 50-60% post-peak
strength loss (meaning R=40-50%). The results of Koerner and Narejo (2005) indicate Ry..p =
52-63% for these interfaces.
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Appendix C — Review of 35 years of literature regarding interface shear strength

This Appendix attempts to provide a succinct review of the literature related to the subject matter
for a period spanning over one third of a century. The literature review is broken down into
thematic sub-sections, not necessarily in chronological order, so as to create a context for a suit-
able evaluation of the subject matter of this paper as follows:

1. Initial literature related to the Kettleman Hills landfill failure.

2. Literature related to numerical analyses that could model progressive failure.

3. Three categories of states-of-practice for performing stability analyses with regard to the

selection of interface shear strengths.

C1: Foundational literature related to Kettleman Hills Landfill failure and the identification of
geosynthetic interfaces as being strain-softening, leading to progressive failure.
On March 19, 1988, perhaps the most well-known landfill slope failure in history involving geo-
synthetic interfaces occurred when Phase IA of landfill B-19 at the Kettleman Hills hazardous
waste facility in southern California failed, causing 490,000 m® of waste to slide translationally
on various interfaces of the liner system approximately 11 m (Koerner and Wong, 2011).

Both the base and sideslope of the failure surface took place along relatively weak geosynthetic
interfaces involving a smooth HDPE geomembrane. The typical cross-sectional geometry of the
failure included a 27 m high 2(H):1(V) sideslope with an approximately 150 m long base that
daylighted at the toe, with the outer waste slope at an inclination of 3(H):1(V) (Byrne, 1994), as
illustrated in Figure C1. A cross-section of the approximately 3 m thick liner system is shown in

Figure C2.

f 3 —
27.4m 1 Waste fill - %1

b
\‘

Failure entirely along
base liner system

Figure CI1. Representative schematic cross-section of the Kettleman Hills landfill slope prior to failure

(adapted from Filz et al., 2001).
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Figure C2. Detail of Kettleman Hills landfill liner system. (1 foot = 0.3 m)

This failure occurred almost exactly 35 years before the present paper was written. One of the
repercussions of that failure was a sustained focus by the containment industry upon the tech-
niques and approaches used to evaluate geosynthetic interface shear strengths and to perform
slope stability evaluations for lined containment facilities. That effort and focus continue to this
day. A familiarity with the historical evaluation of that failure is important for anyone wishing
to understand the context of how the containment industry has arrived at its current stpo9ate of
practice with regard to the establishment of geosynthetic interface shear strengths and slope sta-
bility analyses.

Seed et al. (1990) were the first to identify the geosynthetic interfaces in the Kettleman Hills
failure as potentially ‘strain-softening’; they suggested that the failure mechanism “probably in-
volved...some degree of progressive failure.” These and other early investigators (Byrne et al.,
1992; and Stark and Poeppel, 1994) deduced that the amount of strain necessary to exceed peak
strengths and promote progressive failure was produced in the Kettleman Hills failure, with the
strain being attributed primarily to construction activities and waste settlement. This finding re-
sulted in general recommendations by several designers in the early 1990s (e.g. Somasundaram

and Khilnani, 1991; Druschel and Underwood, 1993; Lopes et al., 1993) which suggested that the
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residual or degraded interface strength is the most representative shear strength for use in stability
analyses of lined containment facilities because of the very small interface displacements that
would be required at geosynthetic interfaces.

The primary lessons learned and the outcomes from this failure, in the context of the present
paper, were (1) the recognition of the strain-softening behavior of geosynthetic interfaces, and (2)
the failure investigations spawned numerous numerical analyses that have given invaluable in-
sight into the non-uniform mobilization of shear stresses and strain distributions that promote
progressive failure. These lessons made it clear that the standard limit equilibrium models that
were, and continue to be, used to evaluate slope stability are limited when peak strengths are used
with strain-softening interfaces, and should therefore be used with caution when evaluated by
experienced geotechnical engineers who should be familiar with these limitations.

C2: Development of numerical continuum analyses

The keys to understanding the potential development of progressive failure are knowledge of (a)
the distribution and magnitudes of mobilized shear stresses at all locations along the critical in-
terface, and (b) how much relative displacement (shear deformation) will occur, so that the strain-
softening effects on strain-softening interfaces can be assessed. The power of numerical contin-
uum analyses is that if the material properties are well known from laboratory and field measure-
ments (e.g. material stiffnesses, Poisson’s ratios, and shear-deformation characteristics), and the
spatial and temporal variations of the interfaces can be modeled, and the physical conditions of
geometry and transient forces (e.g. pore pressures, seismic) can be reasonably assumed, then nu-
merical approaches have the possibility to show where stresses and strains will exceed the peak
values, and to predict the distribution of relative displacements. Such assessments would be use-
ful at different stages of development, such as during construction, at intermediate filling stages,
after the containment facility is filled, after the fill settles, and perhaps at critical moments of peak
pore pressures or dynamic excitation when those issues are relevant.

Byrne (1994) presented the first numerical analysis of the Kettleman Hills failure using a finite
difference program called FLAC (Fast Lagrangian Analysis of Continua, marketed by the Itasca
Consulting Group, Inc.). The shear deformation characteristics of the geosynthetic interfaces
from that project were determined from laboratory testing and then used as input into the numer-
ical analysis. While the analysis did not directly consider strain softening at the geosynthetic
interface, it was able to demonstrate that a mechanism of progressive failure occurred because the
distribution and magnitude of mobilized shear stresses caused peak strength to be progressively
exceeded along portions of the geosynthetics during filling of the landfill cell. This analysis cor-
roborated the explanation of the Kettleman Hills failure that had been previously surmised by the

1990-1994 papers mentioned in Section 2.1. Byrne’s analysis and evaluation using FLAC was a
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groundbreaking and landmark paper which demonstrated that the non-uniform distribution of mo-
bilized shear stresses, exceedances of peak strengths, and progressive failure could not be pre-
dicted by limit equilibrium models. Byrne (1994) also presented the first example of a numerical
analysis of stability along a strain-softening textured geomembrane/geotextile interface for an
assumed geometry containing a 2(H):1(V) backslope 30 m high with a 60 m long base and a
3(H):1(V) waste fill slope. The geosynthetic interface shear strength was assumed to have
strengths of 25° and 12° friction for peak and residual, respectively. While the analysis results
predicted that that configuration would be stable with pre-peak interface strength conditions pre-
served, the analysis also indicated that creep reduction of the strength over time, or relatively
minor seismic loading, would cause progressive failure along the slope that would in turn over-
stress the base resistance, resulting in collapse of the structure. A similar analysis was presented
in Byrne (1994), which modeled a reinforced GCL interface and showed how increased loading
of the waste mass could eventually cause a portion of the GCL to fail and precipitate progressive
failure, resulting in complete collapse. Byrne (1994) expressed concern regarding the long-term
ageing and creep shear and seismic performance of geosynthetic interfaces. He recommended
that if factors other than residual strength are assumed in the design process, then sensitivity anal-
yses should be performed so that the implications of peak and residual shear strengths on stability
can be understood, and the reliability of the design determined.

Reddy et al. (1996) performed finite element analyses of an MSW lined landfill geometry rem-
iniscent of that in the Kettleman Hills failure. They compared the slope stability results for as-
sumed smooth and textured geomembrane interfaces having peak interface strengths of 11° and
30°, respectively, for three different waste stiffnesses, for different back slope inclinations ranging
from 3(H):1(V) to 2(H):1(V), and for MSW waste heights from 4 to 30.5 m. They did not model
strain softening, but only investigated the distribution of stresses and displacements predicted by
the numerical analyses based on peak strength parameters for the liner and waste materials. This
too was a groundbreaking paper in that it presented not only the non-uniform distribution of mo-
bilized shear stresses with greater clarity and ease of understanding than the presentation by Byrne
(1994), but also addressed the distribution and magnitudes of liner interface displacement. The
analyses presented by Reddy et al. (1996) indicated that while the distribution of mobilized shear
stresses was not significantly affected by the interface strength, the amount of relative displace-
ment was affected greatly. Their results indicated displacements to be approximately 7 times
greater for a smooth geomembrane as compared to a textured geomembrane interface (45 vs 6.5
mm, respectively) along the base of a landfill having 30 m of waste. Interestingly, the maximum
displacement was about 100% greater on the base (45 mm) than on the sideslope (22 mm) for the
smooth geomembrane, but this pattern was reversed for the textured geomembrane, where the

maximum displacement on the base (5 mm) was about 15% less than on the sideslope (6.5 mm).
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This type of result is logical because of the way the waste over the base buttresses the waste above
the sideslope, but it is not predictable when limit equilibrium analyses are employed.

Gilbert and Byrne (1996) and Gilbert et al. (1996) provided a complex analytical model that
was corroborated by numerical analyses that emphasized the strain-softening nature of geosyn-
thetic interfaces, and emphasized that the available shear strength will depend on the deformations
(i.e. relative displacements) along those interfaces. Due to the compression and lateral spreading
of the waste material on the slope and base of landfill, strains and slippage occur along the liner
system interfaces. This mobilizes shear resistance, and with strain-softening interfaces this slip-
page can promote progressive failure. The analytical model considers the waste stiffness as com-
pared to the geosynthetic interface stiffness, along with the strain-softening characteristics of the
interfaces to determine the likelihood that progressive failure might occur. Gilbert and Byrne
(1996) strongly recommended that a factor of safety greater than one be achieved in all contain-
ment slope designs, assuming that residual strengths are mobilized along the liner system.

Filz et al. (2001) later performed essentially the same task as that which was accomplished by
Byrne (1994) by using numerical methods to explain the Kettleman Hills failure. Filz et al. (2001)
also further advanced the concept of progressive failure by clearly demonstrating that the non-
uniform mobilization of shear strength could not be predicted by limit equilibrium analyses. They
compared the numerical results obtained using limit equilibrium results and concluded that, in the
narrow case of the geometry and material interface properties similar to those in the Kettleman
Hills case history, a shear strength set 10% higher than the measured residual shear strength would
be appropriate for a limit equilibrium analysis.

Jones and Dixon (2005) presented one of the most insightful numerical studies that has been
published to model the behavior of a strain-softening textured geomembrane/geotextile interface
in response to waste settlement. The base case was a landfill with a 3(H):1(V) waste fill slope, a
3(H):1(V) lined sideslope with a height of 30 m, and a lined flat base with a length of 100 m.
Numerical modelling of the shear strength of the textured geomembrane/geotextile interface were
input based on laboratory test data having peak and residual friction angles of 24.5° and 12.8°,
and cohesions of 3.2 and 2.5 kPa, respectively. The effects of varying the sideslope inclination
from 3(H):1(V) to 1:1, and the waste height from 10-60 m were investigated for a waste stiffness
that would achieve a long-term settlement of around 20%. The mobilized shear strengths and
displacements along the interface were calculated in response to stresses induced by the elastic
settlement of the waste body. Their results indicated that displacements along the base of the
landfill occurred to varying extents, resulting in pre-peak to post-peak strength conditions, but in
no case did the interfaces for any of the cases reach an LD strength condition along the base. For
the sideslope, however, deformations exceeded the peak strength condition by differing amounts

depending on the sideslope gradient. For the 30 m high 1:1 and 1.5(H):1(V) sideslopes, and for
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the 2(H):1(V) sideslopes that were 40 m and higher, very large displacements were predicted over
the entire sideslope, some exceeding 3 m at the crest, which would result in residual shear
strengths along the entire sideslope. The result would likely be tearing of the geomembrane (in-
tegrity failure) at the crest of the slope. For the 2(H):1(V) and 3(H):1(V) sideslopes that were 30
m high, the maximum displacements were less than 25 mm and were predicted for the lower half
of the sideslopes, which would put them in a post-peak strength regime. The maximum displace-
ments were about 32 mm for the 3(H):1(V) sideslopes that were 60 m high, resulting in a more
degraded post-peak strength.

An interesting comparison can be made between the results of Jones and Dixon (2005) and
those of Reddy et al. (1996), both of whom used nearly identical geometries (approximately 100
m long base, 30 m high waste, and various sideslope inclinations) for their numerical studies.
One of the main differences in their assumptions regarded the peak shear strength of the textured
geomembrane/geotextile interface. Jones and Dixon (2005) assumed 24.5° friction and 3.2 kPa
cohesion, whereas Reddy et al. (1996) assumed a more ambitious 30° friction and 12 kPa cohe-
sion. For the case of a 2(H):1(V) backslope, the Jones and Dixon (2005) results predicted that
79% of the base area and 93% of the sideslope would be in post-peak strength mode, whereas the
Reddy et al. (1996) results predicted that the entire geosynthetic interface would remain in a pre-
peak condition with no strength degradation. The Reddy et al. (1996) results point to the value
of having a higher peak strength, as it is potentially strong enough to resist the initiation and
propagation of strain softening that leads to progressive failure. That said, the assumed peak
strength should be realistic and reliable.

Another interesting evaluation performed by Jones and Dixon (2005) compared two sets of
limit equilibrium results. The first set of limit equilibrium results used a ‘rule based’ method of
employing peak strength on the base and LD strength on the sideslope. The second set of limit
equilibrium results were based on average shear strengths on the base and sideslope that were
obtained from the numerical analyses. Compared to the results obtained using the shear strengths
obtained from the numerical continuum analyses, the ‘rule based’ factors of safety were under-
estimated (i.e. conservative) by 13% for the geometries of the 3(H):1(V) sideslopes, had a negli-
gible difference for the 2(H):1(V) sideslopes, and were over-estimated by 13% for the 1:1 side-
slopes. A close review of the estimated shear strength distributions in the numerical results (Table
4 of their paper) indicates that there is a complex distribution of mobilized shear stresses along
the base and sideslopes as a result of displacements, a distribution that is not comprehended by
the simplistic ‘rule based’ approach. This is why there are varying amounts of discrepancy be-
tween the two approaches. As the ratio of the base length to sideslope length decreases, there is
more strain-softening activity on both the base and sideslope. Also, as the steepness of the side-

slope increases for a fixed base length, there is increased strain-softening activity on both the base
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and sideslope. The reason that the two approaches gave the same results for 2(H):1(V) sideslopes
was simply a result of offsetting errors. Essentially, the numerical results showed that all of the
cases exhibited some degree of post-peak shear strength reduction along the base, and most of the
cases showed some degree of shear strength that was greater than residual on the sideslopes.
Based on the simple geometry evaluated in that study, it was concluded that the ‘rule based’ ap-
proach of employing peak strength on the base and LD strength on the sideslope is a simplistic
approximation that allows limit equilibrium analyses to provide an approximately correct answer
that is usually, but not always, on the conservative side. This conclusion largely vindicates the
recommendations of Stark and Poeppel (1994), which come to a similar conclusion, and are pre-
sented in more detail in Section 3.1.

Stark (2022) presented a webinar which presented the results of numerical analyses similar in
concept to the Jones and Dixon (2005) study in modeling the behavior of a strain-softening tex-
tured geomembrane/geotextile interface in response to waste settlement on bottom liner systems
of varying geometries. Stark (2022) presented a landfill example and varied the base length of
the lined landfill from 61-152 m, the sideslope gradient from 3(H):1(V) to 6(H):1(V), and the
horizontal sideslope length from 80-240 m. For the particular geometries and interface strengths
modeled, the results indicated that peak strength could be used on the base unless the ratio of
base-to-sideslope length was less than 0.5, in which case the post-peak strength (between peak
and large-displacement) should be used, or if less than 0.4, then large-displacement strength
should be used. The results for the sideslope liner indicated that for the longest (240 m) and
steepest (3(H):1(V)) slope the residual strength should be used, for intermediate combinations the
large displacement strengths should be used, and for combinations of shorter/flatter slopes the
post-peak strengths (between peak and large displacement) could be used. Even though the gen-
tlest case of an 80 m long 6(H):1(V) slope indicated that the peak strength would be preserved,
Stark (2022) still recommended using a post-peak strength for the slope. Given the nature of a
webinar, many details could not be presented, and it is expected that the results of the research

presented there will soon be published (perhaps even before the present paper).

C3: Literature representing three categories of approaches to the issue of peak versus residual
shear strength, and that of progressive failure in bottom liner systems
Three categories of states-of-practice for performing stability analyses are defined regarding the
selection of interface shear strengths for bottom liner systems:
1. State-of-practice that recommends that post-peak shear strengths should always be used
along parts of or the entirety of the critical slip surface.
2. State-of-practice that allows that peak strength is an acceptable design basis, but which

also recognizes that post-peak shear strengths should be considered for certain conditions.



427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462

This content has not been peer-reviewed or edited by Emerald Publishing.
The accuracy and content of this supplementary file is the sole responsibility of the
author.

3. State-of-practice that suggests that peak strength is a generally viable design basis.

C3.1 State-of-practice that recommends that post-peak shear strengths should always be used
along parts of or the entirety of the critical slip surface

Papers that promoted a design practice that advocated always using LD or residual shear strengths
in the slope stability design of lined containment facilities began appearing in the 1990s after the
Kettleman Hills failure. These papers included Somasundaram and Khilnani (1991), who pro-
moted the employment of large displacement (50 mm) strength for all interfaces for a specific
landfill project in California, on account of the small amount of displacement it would take to
exceed peak strength; Byrne (1994), which was previously discussed; Stark and Poeppel (1994),
who provided the design guidance described below; and Gilbert and Byrne (1996), who strongly
recommended that a factor of safety greater than one be achieved in all containment slope designs,
assuming that residual strengths are mobilized along the liner system.

The design guidance provided by Stark and Poeppel (1994) was perhaps the most pragmatic
and easily understood that has been offered to the lined containment design profession to this day.
It can be summarized as follows:

e For landfill bottom liners, assign residual shear strengths to the sideslopes and peak shear
strengths to the base of the liner system, and satisfy a static factor of safety greater than
L.5.

e  Assign residual strengths to the sideslopes and base of the liner system and satisfy a static
factor of safety greater than unity (which is the same design guidance recommended by
Gilbert and Byrne, 1996, and again quite succinctly by Gilbert, 2001).

Because the title of the Stark and Poeppel (1994) paper focused on a test method (torsional ring
shear) rather than the subject of design guidance, the impact of the paper on the design profession
was likely more muted than it could have been. This deficiency was corrected by Stark and Choi
(2004), who presented the same design guidance to the industry along with further discussion,
and a title more directly related to peak versus residual shear strength recommendations for land-
fill liners. In addition, they also addressed considerations related to low-normal stress cover sys-
tems that will be discussed in Section 6.

Additional publications followed in the 2000s that conformed to the recommendations from
the papers from the 1990s that prescribed the use of large-displacement or residual shear strengths.
Thiel (2001) acknowledged that a variety of approaches could be used for evaluating slope sta-
bility and favored the recommendations of Stark and Poeppel (1994) and Gilbert and Byrne
(1996) described above. Because strain softening may occur in many areas in an unpredictable
manner, Thiel (2001) recommended that designers should attempt to position the critical slip

plane above the primary geomembrane to the extent feasible for a given project. Filz et al. (2001)
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stated, with regard to geosynthetic interfaces, “it is unsafe to use peak strengths in combination
with customary values of safety factor when designing MSW landfills” because of the softening
behavior of the interfaces. Kavazanjian et al. (2006) generally promoted the first half of the Stark
and Poeppel (1994) approach, stating: “The use of a post-peak shear strength for sideslope liner
systems would appear to be a reasonable and prudent measure considering the large deformations
side slope liner systems are usually subjected to due to waste placement and postplacement waste
settlement. However, the rationale for using a post-peak strength for the base liner system is less
clear...” Jones and Dixon (2003) prepared a comprehensive international literature review and
guidance on the stability of landfill lining systems for the UK Environment Agency, which in-
cluded discussion of the strain-softening characteristics of geosynthetic interfaces, and the pro-
clivity of these types of interfaces to lead to progressive failure scenarios. They suggested that the
practice of applying residual shear strengths on the sideslopes and peak strength on the base ‘is a
valid assessment of global stability’ of a liner system when using limit equilibrium.

Two state regulatory agencies published design guidance for landfills that required the use of
large displacement or residual shear strength parameters for landfill bottom liner system inter-
faces. Beginning in the mid- to late-1990s the California Department of Water Resources recom-
mended that large-displacement shear strengths at 75 mm of displacement be used for all bottom
liner systems, which is presumed to be on the interface having the lowest peak strength, and a
final buildout static factor of safety of 1.5 (to one decimal place) (Driller, 2022). The Ohio EPA
(2004) recommended the use of residual shear strengths on the interface having the lowest peak
strength for all bottom liner systems having a slope greater than 5% and required a minimum

static factor of safety of 1.50 (to two decimal places).

C3.2: State-of-practice that allows that peak strength is an acceptable design basis, but which
recognizes that post-peak shear strengths might be considered for certain conditions

Daniel and Scranton (1996) is a USEPA publication that reported on an update of the EPA-spon-
sored Cincinnati GCL test plot study. A general Q&A session elicited the question: “Should de-
signs for waste containment structures be based on peak or residual shear strengths?” The docu-
mented response from the three project managers of the study (Robert Koerner, Dave Daniel, and
Rudy Bonaparte) indicated that the decision should be project-specific while ‘checking the design
for residual strengths’, and that if the safety factor using residual strengths is greater than one then
the design should be acceptable. The same three project managers reiterated this position in an-
other EPA publication (Bonaparte et al. 2002), stating that “careful consideration must be given
to the shear strength deformation conditions used in design (i.e., peak, large displacement, or

residual).”
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Thiel (2001) discusses a range of issues related to the selection of peak versus residual shear
strength for geosynthetic interfaces on bottom liner systems, and also addresses progressive fail-
ure mechanisms. Thiel (2001) concludes that even though a case could be made for using peak
strengths in certain circumstances with an appropriately high factor of safety, there should be a
check to ensure that the factor of safety is greater than 1.0, assuming that hydrated residual shear
strengths exist along the entire lining system. The latter condition usually controls the design.

Sabatini et al. (2002) stated that using peak strength for geosynthetic interfaces was a state of
the practice being used in the USA at that time, but their paper appeared to limit the discussion of
the use of peak strength to the flat base portions of bottom liner systems, because it did not ex-
plicitly consider shear strength variability on a sideslope. In addition, they cautioned that a lined
sideslope “influence could be much more significant for other waste mass geometries” relative to
the potential for progressive failure. Elsewhere, Sabatini et al. (2002) also supported the use of
large-displacement interface shear strengths for all geometries as a secondary check in order “to
address the potential for progressive failure due to waste-settlement-induced liner system shear
stresses, construction-induced shear stresses, and/or interface creep”.

Dixon and Jones (2003) provided guidance recommendations to the UK Environment Agency
for the assessment of landfill liner stability and integrity. That guidance expressly avoided offer-
ing prescriptive recommendations and emphasized the need to involve experienced geotechnical
specialists in the slope stability design process and in the justification of the factors of safety.
Recognizing that limit equilibrium approaches were (and are) the traditional technique for evalu-
ating slope stability, they suggested that if ‘a cautious estimate’ was made of the critical geometry
and material properties, and if proper account is taken of potential ‘actions’ that could debilitate
or destabilize the slope, such as pore pressures, construction damage, downdrag and settlement,
fill sequencing, etc., then factors of safety in the range of 1.3 to 1.5 should be adequate. Dixon
and Jones (2003) state that the “primary aim in many stability calculations is to ensure that post-
peak shear strengths are not mobilized and hence to control deformations”, they suggested that a
possible alternative approach is to allow peak strength to be exceeded and use residual strengths
in the analysis, thus ensuring both stability and integrity, and allowing a factor of safety as low as
1.2. In this case, protection layers may be needed in order to accommodate potential defor-
mations that may arise, to avoid compromising the integrity of the liner system.

A series of articles was written for the Geotechnical Fabrics Report trade magazine under the
leadership of Greg Richardson during the period 1998-2002 (Richardson et al., 1998; Richardson
and Thiel, 2001a; Richardson and Thiel, 2001b; Richardson, 2002; Thiel et al., 2002) on the sub-
ject of slope stability and interface shear strength of geosynthetics. The general recommendation
that emerged from this series of articles as related to the selection of the appropriate geosynthetic

shear strength was that limit equilibrium analyses should be used with shear strengths adjusted
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for anticipated deformations, such as residual strength for sideslopes and peak strength along the
base - with engineering judgement remaining a key factor in practice. Also referenced in those
articles was the Gilbert and Byrne (1996) recommendation to check that the factor of safety was
greater than unity for all residual conditions. It was also emphasized that since the publication of
the EPA seismic design guidance for landfills (Richardson et al., 1995) the use of peak strengths
has not been appropriate for facilities that might experience movement due to the design earth-

quake.

C3.3: State-of-practice that suggests that peak strength is a generally viable design basis
Compared to the hundred(s) of papers that have alluded to the idea of testing, measuring, and
utilizing geosynthetic interface shear strengths that would be some degree less than the peak val-
ues obtained from laboratory testing, there has been a paucity of literature suggesting that peak
strength is an outright appropriate standard to use to obtain slope stability in geosynthetic lined
containment facilities. Only one such paper stands out in this category, namely that of Koerner
(2003). This paper stands out all the further in that Dr. Robert Koerner suggested that large dis-
placement or residual shear strength could be used or considered for containment liner analyses
in years previous to (e.g., Daniel and Scranton, 1996) and after (e.g., Qian and Koerner, 2010)
this 2003 paper.

Koerner (2003) proposed that, with the exception of sites that could be subjected to significant
seismic shaking, containment liner systems could be designed to never exceed peak shear
strength, thus allowing for the use of peak strength as a design basis. While Koerner’s premise
that containment facilities can be designed with materials and geometries so as to never exceed
the peak strength is conceivably valid, the article is deceptive in its apparently simplistic logic.
Chief among the unspoken complexities that underlie the article’s premise is the fact that the
ordinary and common approach for performing slope stability analyses, namely limit-equilibrium,
provides no information regarding the magnitude and distribution of displacements within the
slope, or how they vary along the slip interface (Duncan 1996). This complexity is substantially
different from, and not comparable to, the case of materials such as “cast iron, fiberglass, graphite,
etc.” because of the highly complex distribution of stresses and strains in geotechnical slopes,
which are not rigid bodies, as compared to structural elements such as columns and beams.

The tendency to optimistically promote the use of peak strength in geosynthetic liner system
stability analyses is symptomatic of the geotechnically difficult subject of addressing the conse-
quences of strain-softening materials. Even though Terzaghi had recognized as early as 1936 that
over-consolidated, stiff-fissured clays (i.e., strain-softening soil materials) presented a special cat-
egory of slope stability considerations (Duncan and Dunlop, 1968), LaRochelle (1989) suggests

that it was only at the time his paper was written (ca. 1989) that the geotechnical profession had
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“finally accepted the evidence that the peak strength cannot be relied upon when dealing with
problems of stability in strain-softening soils”. This same sentiment was echoed seven years later
by Duncan (1996), who stated: “The only fully reliable approach in this case is to use the residual
strength rather than the peak strength in the analysis.”

Despite these divergent views, there was no doubt that Koerner (2003) was giving voice to a
contingent of the design profession that was regularly engaged in the practice of containment
system engineering and were employing peak strength as their design basis. From the author’s
participation in conferences and discussions in the USA throughout the 1990s it was apparent that
there was a segment of the design profession that did not necessarily believe that landfill bottom
liner stability analyses had to assume shear strengths that were degraded below the peak strength,
but rather, believed that it was possible to use conservative selections of peak strength, combined
with an adequate factor of safety, to provide a reliable design. In addition, several designers who
were not practicing in seismically active areas believed that the rationale presented in the literature
that suggested the use of large displacement or residual shear strengths, whether on slopes or flat
bottom areas or both, was not based on mechanisms that would typically apply to their designs.

Designers may have felt that the example set by Kettleman Hills did not apply to their designs.
The Kettleman Hills landfill design used a smooth HDPE geomembrane with multiple low-
strength interfaces (geotextile, geonet, and compacted clay with a moisture content) and had
2(H):1(V) side slopes. While this configuration may have been true for Kettleman Hills, it is not
representative of many municipal solid waste landfills that have 3(H):1(V) slopes and textured
geomembrane interfaces, and that strongly favor needle-punched GCLs instead of compacted
clays. In addition, it has to be admitted that there had been relatively few widely known occur-
rences of progressive failure along geosynthetic interfaces in the industry up to that point, espe-
cially for strong textured geomembrane interfaces, which might seem to corroborate the justifi-
cation of some design practitioners for their use of peak strength in their designs. To this assertion
we say here that time is not on their side. No studies have been done on the rate of progressive
failure and, given the weakly-understood dynamics of the ageing and creep of geosynthetic inter-
faces, the initiation of failure could at first or for a seemingly long time be quite gradual, or simply
awaiting an unusual triggering mechanism. We do well to remember that we are still in the
infancy (not even half a century) of environmental containment project lifetimes that are often
understood to be multiple centuries. Furthermore, there have been such failures, as is discussed

in the next section.
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Appendix D — Review of bottom liner slope stability failures spanning a period of 25 years

Failures define the limit states of any endeavor and provide the ultimate litmus test of engineering
approaches. It was through a process of inductive inference based on observation, beginning in
the 1930’°s with Karl Terzaghi, that the lessons of progressive failure were elucidated, a process
that continues with the use of geosynthetics. As observations are accumulated, more elements of
deductive reasoning are able to be used in the process of the science and engineering of geotech-
nical slope stability analyses. We are not out of the woods yet, however, in our understanding of
the initiation and propagation of progressive failure along strain-softening geosynthetic inter-
faces. This section of the present paper presents a summary of historical slope stability failures

that have occurred in bottom liner systems.

D1: Summaries of historical containment system slope stability failures

Here we consider four references that provide summaries of lined containment system bottom
liner slope stability failures spanning the years 1988 to 2013: Breitenbach (1997); Stark (1999);
Koerner and Wong (2011); and Bonaparte et al. (2020).

Breitenbach (1997) summarizes observations that were made of twelve heap leach mining slope
failures over the period 1985-1993 that generally occurred during the first lift or two of ore place-
ment. Nearly all of the failures were wedge-shaped, with the bases of the wedges sliding along
the geomembrane interface contacts with the underlying clayey bedding fill layers, or in three
cases with geotextile layers, where residual shear strength conditions were generally presumed to
exist at the time of failure. Very few details were provided for any of the failures because they
were all confidential, but it can be deduced, based on the understandings gained from the literature
discussed in Section 2 of the present paper, that relatively small deformations along these weak
interfaces could have resulted in a mechanism of progressive failure that was promoted by the
heap pad filling. Breitenbach noted that excess pore pressures could have presumably played a
part in several of the failures due to the low-permeability/high-plasticity clay foundation materials
set below the liner, and unknown phreatic solution levels above the liner at the time of failure.

Stark (1999) presents a table listing 13 landfill slope failures involving geosynthetics, of which
six were veneer-type failures with low normal stresses, either on covers systems or new bottom
liner systems under construction, and seven involved higher normal stresses along base liners in
operating landfills. Very few details of the failure histories are presented other than the waste fill
slope inclinations and heights, the volumes of the slide masses, and a description of the slide
interface. From the few details given it is clear that four of the failures are the same as the failures

identified by Koerner and Wong (2011) as L-1, L-4, L-6, and L-7. One of the 13 interfaces was
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described as having a textured geomembrane (case G-7, which was a veneer failure that involved
about 1500 m® of slide material), with the rest involving smooth geomembrane or other interfaces
such as GCLs.

Koerner and Wong (2011) presented a report, followed by a webinar in 2014, on twenty large
landfill bottom liner failures worldwide, eight of which involved translational sliding along ge-
omembrane liner systems, all occurring between 1988 and 2003. The first one was the Kettleman
Hills failure in 1988. Koerner and Wong (2011) presented back-analyses of each of the failures
in an attempt to determine the triggering mechanisms. The presentation did not attempt to deter-
mine whether the back-calculated shear strengths represented peak or post-peak conditions but
concluded that the triggering mechanisms for all of the eight failures along geomembranes in-
volved excess liquid pore pressures, whether in the form of liquid buildup above the liner, or
unconsolidated wet clay below the liner. A summary of the failures is as follows:

e L-1: USA, 1988 (Kettleman Hills). Translational failure of 490,000 m® of waste along
interfaces of smooth geomembrane, geonet, and wet compacted clay.

e L-2: France, 1994. Translational failure of 60,000 m® of waste along the interface of a
smooth geomembrane and wet compacted clay, similar in geometry and mechanism to
the Kettleman Hills failure.

e [-3: Portugal, 1995. Failure not related to use of geosynthetics in liner: Portuguese land-
fill that was lined and experienced foundation failure below 110,000 m’® of waste.

e 1-4: USA, 1996. Translational failure of 100,000 m® of waste along an interface of an
unreinforced geomembrane-backed GCL that became hydrated.

e L-5: South Africa, 1997. Translational failure of 300,000 m? of waste due to the addition
of liquid to waste, with sliding through the saturated waste, and at the base toe along the
interface of a geotextile atop a smooth polypropylene geomembrane.

e L-6: Colombia, 1997. Translational failure of 1,200,000 m* of waste that had been pres-
surized with injected leachate. The base of the landfill was lined with a PVC geomem-
brane, although it is not known if the failure surface was actually along the liner because
the failed waste was fluidized.

e L-7: South Africa, 1997. Translational failure of 200,000 m® of waste with sliding along
an interface of a smooth geomembrane and an underlying geotextile on a 2.5(H):1(V)
sideslope.

e 1-8: USA, 2000. Translational failure of 300,000 m® of waste along the interface of a

smooth geomembrane on top of a compacted clay.
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e L-9: UK, 2003. Translational failure of 15,000 m> of waste, with most of the failure
surface along a 2.5(H):1(V) sideslope occurring at an interface between a textured ge-
omembrane over a GCL. A relatively small base area of the failure occurred along an
interface of a smooth geomembrane over a GCL.

Bonaparte et al. (2020) reported on 16 large landfill stability failures that occurred in the USA
between 1984 and 2019, three of which involved translational sliding along geomembrane liner
systems. Two of the failures are the same as those designated by Koerner and Wong (2011) as
L-1 and L-4, which occurred in 1988 and 1996. The third failure, which occurred in 2013, oc-
curred along a textured geomembrane liner system interface. Bonaparte et al. (2020), which dis-
cusses the lessons learned over this period as related to slope stability, includes, among other
issues, the potentially weak and sensitive shear strengths of geosynthetic interfaces, the potential
for progressive failure due to strain incompatibilities, and unanticipated fluid pore pressures above
and below the liner system due to wet waste, landfill gas, the addition of liquid, or saturated,
unconsolidated low-permeability soils that receive additional total stress. Excess pore pressures
are cited as a significant contributory factor in most of the failure histories described in Bonaparte
et al. (2020).

A fourth bottom liner landfill slope stability case history that was reported by Bonaparte at al.
(2020) involved a degree of waste mass movement within acceptable limits (i.e. less than 150
mm) and some soil cracking and tears near the anchor trench at the tops of slopes which were
caused by an earthquake in California. In that particular case the design is considered to have
performed well given the severity of the earthquake. Also, some lessons were learned regarding
where not to take destructive samples for testing seams (namely at the crests of slopes). That case
history was a testament of the relative durability of well-designed facilities to sustain earthquake
loading.

A predominant common theme mentioned in all four of these references is the significant in-
volvement of fluids and pore pressures in the slope stability failure histories of lined facilities.
The present author’s observation is that this important observation is often downplayed in designs

that include optimistic low-head assumptions as the design basis for slope stability analyses.

D2: Rumpke land(fill failure: an example of progressive failure along soil bottom

The Rumpke landfill failure in 1996 in Ohio involved the translational failure of 1.1 million m®
of municipal waste whose toe moved laterally approximately 250 m (Schmucker and Hendron,
1998; Stark et al., 2000). This failure, which was included in the Koerner and Wong (2011) and
Bonaparte et al. (2020) inventories of failures, did not involve geosynthetics, but is being included
in this discussion because the base of the failure surface was within a 2-5 m thick, strain-softening,

native brown clay (colluvium) material whose peak and post-peak strength properties were
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closely representative of a textured geomembrane interface with a non-woven geotextile, which
is a common bottom liner interface in many landfills, mining leach pads, and tailing piles. The
base of the landfill in the native strain-softening clay presented a slightly adverse slope and was
approximately 250 m long. The backslope of the failure day-lighted up through the waste at a
near-vertical inclination, creating an approximately 60 m high scarp in the waste (Figure 5). The
average interim slope of the landfill waste before the slide was 2.6(H):1(V). The toe of the landfill
had previously been excavated to create an approximately 2.5 m vertical profile in order to allow
for landfill expansion construction and was thus completely unbuttressed.

There were two separate forensic investigations into the cause of the Rumpke landfill failure,
which are summarized in Schmucker and Hendron (1998) and Stark et al. (2000). While the
conclusions of these separate studies varied somewhat regarding the suspected triggering mecha-
nisms for the failure, both studies agreed that the underlying cause of the failure was exceedance
of the peak strength of the native brown colluvial clay layer that underlaid the base of the unlined
landfill. Schmucker and Hendron (1998) surmised that the most likely triggering mechanism for
the landslide event was the buildup of pore pressure at the toe of the landslide area, which was
likely a result of frozen ground at the toe, with additional contributions coming from continued
filling and toe excavation. Stark et al. (2000) surmised that the triggering mechanisms were pri-
marily related to strain incompatibility of the shear strength characteristics of the brown clay layer
as compared to the MSW; lateral spreading of the MSW; overbuilding of the waste slope; rock
blasting in an adjacent quarry; and excavation at the toe of the waste. All the potential triggering
activities discussed by the forensic studies could have individually or collectively induced pro-
gressive failure of the native brown clay layer that led to the slope failure.

Bonaparte et al. (2020) summarizes shear strength test results performed by Geosyntec and Eid
et al. (2000) using remolded samples in a ring-shear device that indicated that the brown clay
exhibited drained, fully softened peak friction angles in the range of 23°-24° and residual friction
angles in the range of 10°-13°. The laboratory test results showed that the native brown soil ex-
hibited strain-softening stress—strain characteristics, with peak shearing resistances developed af-
ter only a few millimeters of displacement. Figure 6 demonstrates the similarity in the strain-
softening potential between the Rumpke native brown clay and a typical textured geomem-
brane/geotextile interface. Figure 6(a) compares the shear strength envelopes of the native brown
clay as determined by Eid et al. (2000) to that of a typical textured geomembrane/geotextile in-
terface, with both having the same degree of strain softening from peak to residual strength (in
the case of the clay), or peak to LD strength (in the case of the geosynthetics). Figure 6(b) shows
shear-displacement curves at a normal stress of 50 kPa for these two different strain-softening
interfaces. The main difference between the shear responses between these interfaces is that the

native brown clay material exceeds peak strength after 2-3 mm of shear displacement, while the
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textured geomembrane/geotextile interface exceeds peak strength after 4-15 mm of displacement
and has a more gradual decline in strength than is exhibited by the clay. These levels of displace-
ment to trigger post-peak strength loss are significantly less than the amount of displacement that
might be required to develop peak strength in the waste material, thus creating an unbalanced
development of mobilized shear stresses between these two materials, which results in the ex-
ceedance of peak strength in the strain-softening geosynthetic interface, which can then lead to
progressive failure. This mechanism of progressive failure in which two materials with vastly
different stress-displacement characteristics comprise the critical failure surface, is referred to as
'strain incompatibility.’

In the context of the present paper, a primary lesson to be learned from this failure is clear.
Namely that it is a plausible outcome for there to be progressive failure along the base of a con-
tainment facility that has strain-softening characteristics similar to those of a textured geomem-
brane set against a nonwoven geotextile, where the failure daylights up through the waste without

the constraint of a lined sideslope.

Approx. 260 m

Road excav- Waste fill
ation at toe \ chate l/eve}' -

o !

Slip surface with
up to 60 m high scarp

Native brown
clay soil

Figure DI1. Representative cross-section of the Rumpke landfill slope prior to failure (adapted from

Schmucker and Hendron, 1998).
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(a) Mohr-Coulomb shear strength envelopes
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Figure D2. Comparison of shear strength characteristics of Rumpke brown clay (adapted from Eid et al.,

2000) and typical textured geomembrane/geotextile interface (adapted from Jones and Dixon, 2005).
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Appendix E — Proof that flattening bottom liner sideslope may worsen slope stability.

Although flattening of the lined sideslope at the back of the waste or mining ore mass might have
a greater chance of preserving peak strength on the sideslope, this Measure does not necessarily
improve slope stability, and may even worsen it for bottom liners. A relatively steep sideslope
for bottom liners can be a more stable configuration than a flatter sideslope because a steeper
sideslope typically allows more base area to develop forces that resist sliding.

Sabatini et al. (2002) noted that the steep sideslope in their example had no influence on their
slope stability results, and therefore avoided a discussion of shear strength along sideslopes. Jones
and Dixon (2005) compared limit equilibrium stability results for a typical landfill cross-section
that utilized a strain-softening geosynthetic interface and varied the sideslope from 3(H):1(V) to
2(H):1(V) to 1:1. When a uniform shear strength was used along the base and sideslope, whether
it was peak or LD shear strengths, the factors of safety with the 2(H):1(V) and 1:1 sideslopes were
10-12% lower than those obtained for the 3(H):1(V) sideslope. When peak strength was used for
the base, and LD strength was used on the sideslope, the factor of safety was virtually equal for
all three cases. These results from Jones and Dixon (2005) indicated that the sideslope inclination
did not have a great effect on stability when the same length was used for the base. In a real-
world situation, the limit of the toe of the waste and the top crest of the repository would typically
be fixed as part of a defined footprint, whereby steepening the sideslope angle would cause the
length of the base to increase.

The present author extended the sensitivity analysis performed by Jones and Dixon (2005), as
illustrated in Figure E1. To validate the model, the present author first replicated the work of
Jones and Dixon (2005) in which the length of the base was held fixed while the sideslope incli-
nation was varied. Next, the present author again varied the sideslope inclination, but this time
set a fixed distance between the landfill toe and the crest of the sideslope. The results, summarized
in Table E1, indicate that the factor of safety dramatically increases as the sideslope is steepened.
The present author’s approach thus better reflects a real-world situation as compared to the sen-
sitivity analysis performed by Jones and Dixon (2005). In fact, for the case that used peak strength
on the base and LD strength with a 1:1 sideslope, the factor of safety was 41% higher than that of
the base case using a 3(H):1(V) sideslope. Additionally, for the same project footprint, the ge-
ometry with the 1:1 sideslope would have a much greater airspace volume than the design with
the 3(H):1(V) sideslope. These results are not necessarily intuitive, but they are logical, because
more base area is opened up with steeper slopes to provide additional buttressing. This exercise
thus proves that sideslope flattening for bottom liners may not improve slope stability and can

potentially make it worse.
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Although the evaluation performed by the present author shows that steepening of the sideslope
could improve slope stability, it is important to note that a steeper sideslope may also increase the
risk of an ‘integrity’ failure in bottom liners because of the greater potential displacements along
the sideslope. In this case, the standard design approach is to provide a sacrificial slip layer above
the critical containment liner system elements on the sideslope, and to assume residual shear
strength along the sideslope.

Also of note in Table E1 are the findings that the second column (LD strengths) FS results are
uniformly about 51% of the first column (peak strengths), and that the third column (mixed
LD/peak strengths) results range from 79-93% of the first column (peak strengths). It is impos-
sible to know from limit equilibrium analyses which column of results are the most realistic for
any of these cases because the displacements required for shear strength mobilization are un-

known. This is one of the key messages of the present paper.

——— Maximum toe-to-sideslope crest distance = 190 m ——

__sideslopes evaluted by
‘ Jones&Dixon (2005)

30

12 kN/m3

additional sideslopes ‘
————100 m base liner evaluated in -

present paper

Base and sideslope liner interface shear strengths:
Peak: 24.5 deg. friction and 3.2 kPa cohesion
LD: 12.8 deg. friction and 2.5 kPa cohesion

Figure E1. Geometry variations used to perform sensitivity analysis of the effect of sideslope flattening on

factor of safety.
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869
870
871 Table El. Factors of safety (FS) calculated for various sideslope inclinations relative to Jones and Dixon
872  (2005) base case geometry.
Calculated F'S (Spencer’s method)
Case Notes Base peak, Base LD, Base peak,
Sideslope peak | Sideslope LD | Sideslope LD
Base case 100 m base 336 172 265
3(H):1(V) sideslope | Toe-crest dist. =190 m
J&D (2005) Hold base dist.=100 m 3.02 155 )53
2(H):1(V) sideslope | Toe-crest dist.=160 m
J&D (2005) Hold base dist.=100 m 297 153 265
1(H):1(V) sideslope | Toe-crest dist.=130 m
New evaluation Base increases to 130 m 403 206 353
2(H):1(V) sideslope | Hold toe-crest dist.=190 m
New evaluation Base increases to 160 m 5.00 759 474
1(H):1(V) sideslope | Hold toe-crest dist.=190 m

873
874
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Appendix F — Risk, Reliability, and Consequences

The standard accepted geotechnical factor of safety (£S) for slope stability is 1.5 as applied to
shear strength and mobilized shear stresses. Silva et al. (2008) show that this value was based on
the historical performance of earth dams designed and constructed using conservative engineering
practices, having an estimated probability of failure, Py, on the order of 10,

One of the distinguishing aspects of the geotechnical profession has been that there are differ-
ing states of practice related to how engineering calculations should be performed, as compared
to, say, the structural engineering profession. As regards the slope stability of lined containment
facilities, the most common regulations for landfills in the USA simply state that the minimum
static factor of safety should be greater than 1.5. With few exceptions, the regulations typically
offer no guidance as to how shear strength values should be determined for various materials or
interfaces, or the way the analyses should be performed.

Duncan (2000) observed that applying the same value of FS to conditions that involve widely
varying degrees of uncertainty is illogical and suggested an approach whereby reliability analyses
could be used in concert with an approach that considers the factor of safety. The two approaches
would then complement each other. Acknowledging that neither the reliability analysis nor the
F'S are usually calculated with precision, both still have value and enhance one another. The
reliability analysis approach proposed by Duncan (2000) can be easily accomplished even by civil
engineers with a very limited background in statistics, and the method helps to expose any aspect
of the stability analysis to which the results are the most sensitive. The result is an approximate
estimate of the reliability of the project slope stability, the inverse of which is Py.

Silva et al. (2008) presented a general graph of P, versus FS with correlations shown for four
categories of projects representing different magnitudes of consequences. They suggested a de-
sign approach whereby a designer could use their graph, along with the level of design, construc-
tion, and operational measures appropriate for the category that is representative of the project
consequences to achieve the desired Py, using “good conservative engineering practices.” Onto
that graph Bonaparte et al. (2020) plotted the estimated landfill stability performance using data
from the past several decades in the USA. Their results estimated that an average Py for the con-
tainment industry is on the order of 10~ assuming a design basis of FS greater than 1.5. Given
the potential consequences of bottom liner landfill failures, Bonaparte et al. (2020) advocated that
the landfill industry should strive for a lower Pron the order of 10 along with an FS value greater
than 1.5, which are the estimated average values used for earth dams.

Presumably either of the approaches promoted by Duncan (2000) or Silva et al. (2008) could

be employed to help make design decisions regarding the stability of a lined containment facility.
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The chief difficulty in performing the analyses would be the determination of the appropriate
shear strength for the strain-softening interface dynamics that would take place in the field. For
example, the current author performed a reliability calculation for a lined containment project
having a significant 3(H):1(V) backslope lined with relatively strong, but strain-softening inter-
faces using limit equilibrium stability analyses. When peak strength was assumed, the results
indicated FS = 1.8 with a very low Py (less than 1x107). When LD strength was assumed, the
results indicated FS = 1.3 with a P, value of 4.2%. The former results indicate a highly reliable
project. The latter results would be unacceptable and indicate a high risk for a project for which
failure would entail severe monetary and environmental consequences. On the other hand, if a
project is temporary in nature, with relatively small to modest consequences of failure, and if the
cost of reducing the P,value is high, the latter results could be acceptable as long as the owner of
the project was well informed of the risk. Without the insights provided by numerical continuum
methods, it is difficult to say which shear strength assumptions would most correctly represent
the shear strengths that might be mobilized in the field. In such a case, experienced judgement
and/or detailed numerical analyses can be helpful. By using the risk analysis as a diagnostic tool
one gains insight into the relative importance of the issue of strain-softening as applicable to a
particular project.

Risk, R, is commonly defined as the product of the probability of failure, P;, and the conse-

quence of failure, C:
R=PrxC 2

Therefore, hand in hand with the calculation of FS and Py would be a consideration of C for a
given project. Many bottom liner containment projects have a consequence of failure that could
lead to large cleanup and remediation costs, and even potential fatalities. Hence the advocacy of
Bonaparte et al. (2020) for using a low Pyvalue on the order of 10 along with an FS value greater
than 1.5. If a designer follows the rule-based analysis of Stark and Choi (2004) for bottom liner
systems, the design will intrinsically be substantially safe. Part of the purpose of this paper was
to set forth all the Mechanisms that a designer should consider that might lead to progressive
failure, and thereby establishing a defendable justification for this type of rule-based design basis.

For veneer lining systems, where the consequences of failure are not as great, lower acceptable
values of F'S and higher values of P could be considered, depending upon the regulations and the
degree of risk tolerance that would be acceptable to stakeholders. It is incumbent upon engineers
to present the relative degrees of risk to their clients, and upon their clients to then make informed

decisions.
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