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ABSTRACT: The rationale for using peak. residual. or a combination of these shear strengths for
the analysis of geosynthetic-lined slopes and design recommendations for landhill liner and cover
systems is presented herein. Landfill liner systems using geosynihelics thal contain sideslopes are
recommended 1o be designed using the methodology presented by Stark and Poeppel: (1) assign
residual shear strengths to the sideslopes and peak shear sirengths to the base of the liner system and
satisly a factor of safety greater than 1.5: and also (2) assign residual strengths Lo the sideslopes and
hase of the liner svstem and satisfy a factor of safety greater than unity. The authors recommend that
the stability of landfll cover systems be analysed using peak shear strengths with a factor of salety
areater than 1.5 because of the absence of large detrimental sheur displacement along the weakest
interfuce. If. for some reason. the slope angle of the cover system exceeds the [riction angle of the
wenkest interface. or large displacements such as construction-induced displacements or seismically
induced displacements are expected. a residual shear strength with a factor of safety greater than
unity should be used for the cover design. In both liner and cover designs a peak composite fuilure
envelope that describes the weakest interface should be used 1o represent the peak shear strength.
and the residual failure that corresponds 1o the peak composite failure envelope should be used
instead of the lowest residual failure envelope.
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Shear strength. Slope stability
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1. INTRODUCTION

The main objectives of this manuscript are to clarify the
recommendations for the design of geosynthetic-lined
landfill liner slopes presenied by Stark and Poeppel
{1994) and 1o present new recommendations for the
design of landfill cover systems. This discussion is limited
to slope instability that might occur along a soil-
geosynthetic or  geosynthetic—geosynthetic  interface,
This discussion does not relate to possible slope
instability that may develop in soils underlving a waste
containment [acility or through the waste materials,
The selection of the interface shear strength that
should be used lor design of the liner and cover svstem is
important because it affects the disposal capacity of a
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wasle containment facility. The usual design objective
for waste containment [acilitics 15 1o maximise storage
capacity. Thus sideslopes are designed and constructed
as steeply as possible, and the waste height and slope will
be as high and stecp as possible. respectively. Many
researchers (e.g. Martin et of. 1984; Saxena and Wong
1984; Koerner er al. 1986; Williams and Houlihan 1987,
Megussey of af. 1989; Bove 1990: Mitchell er af. 1990:
O'Rourke e afl. 1990; Takasumi er af. 1991: Yegian and
Lahlal 1992; Stark and Poeppel 1994; Stark er af. 1996:
Dove and Frost 1999) have shown that the residual
interface shear resistance can be as much as 50-60%
lower than the peak interface shear resistance. Thus use
ol a residual sirength in design results in substantially
flatter slopes, smaller disposal capacity, and decreased
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Figure 1. Schematic diagram illustrating mobilisation of buttressing effect of waste on the base of the landfll

normal stress is greatest along the base, and the failure
surface is longer assuming that the same interfaces
appear on the sideslope and the base of the landfill. The
interface shear resistance along the base is given by
o' tan &, where &, is the peak interface fiction angle of
the weakesi interface and o, is the effective normal stress
acting on this interface. Thus the practice of installing
smooth HDPE geomembrane on the base and textured
HDPE on the sideslope [or wvalue engincering and
drainage layer stability purposes may have detrimental
effects on stability because the smooth HDPE geomem-
brane will exhibit a smaller interface strength than
textured HDPE.

Because of the low shear resistance exhibited by
geosynthetic interfaces, the triangle of waste in Figure |
must mobilise some shear resistance along the base of the
landfill to prevent instability, The shear resistance ol
geosynthetic interfaces along the sideslope is low because
of the low o), and &, along the sideslope. This results in
shear displacement along the weakest interface in the
sideslope liner system, mobilising the passive resistance
of the MSW along the base of the landfill. This stress
transfer mechanism is especially relevant o MSW
because of the compressible nature of MSW. If the
base of the landlill were filled with an incompressible
material. such as concrete. the shear displacement
required 1o mobilise the shear resistance along the base
of the landill would be smaller. However, the com-
pressible nature of MSW resulis in significant deforma-
tion being required 10 mobilise the shear resistance along
the base of the landlill. especially at the sideslope/basc
transition. This stress transfer phenomenon has been
duplicated using numerical methods by Byrne (1994),
Gilbert and Byrne (1996), and Reddy er af. (1996).

Byrne (1994) was the first to use numerical methods 1o
depict the behaviour of a liner system in response lo
waste placement to  investigate the shear strength
mobilised along the base and sideslope for the Ketileman
Hills slope failure. Byrne (1994) uses the finite difference
computer code FLAC {(Cundall 1976) to recreate the
filling process and shear strength mobilised in the base
and sideslope ol the liner svstem at the Keitleman Hills
facility. The initial analysis involves placement of waste
to a depth that 1s 3 m lower than the depth at failure. The
second stage corresponds to the waste depth at Tailure of
about 30 m. The results of the first stage of wastle
placement indicate a stable condition, but a residual
strength condition is mobilised along the sideslope and a

post-peak shear strength condition is mobilised along the
initial portion {about 20%) of the base of the landfill in
the vicinity of the sideslope. Over the remaining 80% of
the landfll base, the induced shear stress is resisied by
60% of the peak shear strength.

After placement of the second stage of waste
placement, ic. waste depth at flailure, failure along
the liner system is imminent. A residual strength
condition is mobilised along the sideslope. and the
zone of post-peak shear strength along the base of the
landfill now extends about 40% of the length of the
base from the sideslope. Over the remaining 60% of the
landfill base the shear stress is resisied by about 90% of
the available peak shear strength. Placement of another
1 m of waste is sufficient to cause slope instability
(Byrne 1994).

Subsequent finite element analyses of the Kettleman
Hills slope failure (e.g. Reddy er af. 1996; Filz er al. 2001)
indicate similar conclusions as those reached by Byrne
{1994), These conclusions arc that the shear resistances
maobilised along the base and sideslope of the landfill are
not equal, and the use of a peak smooth geomembrane—
clay interface shear resistance along the entire failure
surface does not predict the Tailure. More importantly,
use of a peak smooth peomembrane—clay interface
strength overpredicts the mobilised strength, and thus
a combination of peak and residual strengths should be
used in 2-D limat equilibrivm methods.

Progressive failure occurs in slopes in which the
driving force exceeds the mobilised strength of the
weakest laver, e.g. the slope angle exceeds the friction
angle of the weak laver (Mesri and Shahien 2003). I this
occurs, the interface at the location where the driving
force exceeds the interface [riction angle becomes over-
stressed. 10 this local overstressing is great enough that
the mnterlace vields and shear displacement occurs, the
shear stresses applied to this location are transferred to
the interface element adjacent 1o this overstressing
because the interface is undergoing a post-peak strength
loss and cannot restrain the imposed shear stresses. If the
existing shear stresses and the transferred shear siresses
are greal enough to cause the adjacent portion of the
interface 1o vield. the overstressing will be transferred
further. This process can continue until enough ol the
interface is overstressed that a slope failure occurs. If
the shecar strength of the weakest imterface increases
sufficiently, the initial overstressing can be arrested and
slope failure is averted. Thus the fact that a limited
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Figure 3. Peak composite lailure envelope for three components of the composite base liner system at Kettleman Hills YWaste

Repository

For o <280 kPa. the geonet—smooth GM interface
exhihits the lowest peak shear strength and is the critical
or weakest peak interface strength, However, the clay-
smooth GM interface is critical for o = 280 kPa.
Therefore a composite failure envelope, illustrated by
the dashed line in Figure 3, should be used to represent
the peak interface strength of the liner system. In other
words, the peak composite failure envelope represents
the weakest composite interface, and this shear displace-
ment will occur along this composite interface before
some other interfaces. Therefore this compaosite interface
is the interface along which a residual strength condition
could develop.

Figure 4 shows the individual residual strength failure
envelopes for the same liner interfaces shown in Figure 2,
and Figure 5 shows the design residual failure envelope
{dashed) for the liner system. The design residual lailure
envelope corresponds 1o the peak composite failure
envelope and does not simply represent the lowest
residual composite failure envelope. The geotextile-

smooth GM interface exhibits the lowest residual shear
strength, but this residual envelope is not used for design
because the peak strength of the geotextile—smooth GM
interface will not be exceeded (see Figure 2) before the
peak composite failure envelope is exceeded. Thus a
residual strength condition will not be mobilised along
the geotextile-smooth GM interface because detrimental
shear displacement will occur on the geonet-GM and/or
the clay-GM interface before it occurs on the geotextile-
GM nterface. Thus the residual composite failure
envelope is between the highest and lowest residual
{ailure envelopes.

In this example, there is not a large difference between
the peak failure envelope of the geotextile-GM and
geonet-GM interfaces at o, <280 kPa, so it may be
prudent in this case to design for both of these interfaces
at ¢}, = 280 kPa, which would involve checking to ensure
the factor of salety 15 also greater than unity if the
residual Mailure of the geotextile—GM interface is used for
o', < 280 kPa.
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Figure 4. Residual failure envelopes for three components of the composite base liner system at Kettleman Hills Waste Repository

(Stark and Poeppel 1994)
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Figure 5. Design residual failure envelope for three components of the compaosite base liner system at Kettleman Hills Waste

Repository
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