SEISMIC STABILITY AND PERMANENT DISPLACEMENT OF LANDFILL
COVER SYSTEMS

By Hoe 1. Ling,' Member, ASCE, and Dov Leshchinsky,” Member, ASCE

ABSTRACT: A set of equations are formulated to determine the seismic stability and permanent displacement
of cover soil in a solid-waste containment system. The formulation considers a two-part wedge mechanism with
the soil-geosynthetic interface acting as the plane of weakness. In the absence of seismic forces, these equations
degenerate to those proposed by Koerner and Hwu. Parametric studies indicate that the soil-geomembrane
interaction coefficient has a significant effect on the stability and permanent displacement of the cover soil. The
geosynthetic force required to restore stability of the cover soil can be two to three times larger under seismic
loading as compared to static loading. Under otherwise identical conditions, the resulting permanent displacement
calculated through an infinite slope can be more than two to three times larger than that obtained for a finite
slope. The results of this study indicate that a rational seismic design of soil cover system should be based on

a finite slope formulation.

INTRODUCTION

The liners and closure cover system of a modern municipal
solid waste (MSW) landfill are constructed with layers of ma-
terial having dissimilar properties, such as compacted clay,
geomembrane (liquid barrier), geonet (drainage layer), geotex-
tiles (filter), and geogrid (reinforcement). Details of such sys-
tem are given in, for example, Daniel (1993) and Koerner
(1994). While compacted clay and geomembranes function ef-
fectively as flow barriers to leachate and infiltrations, their
interface peak and residual friction angles are lower than those
of the soil alone (e.g., Martin et al. 1984; Mitchell et al. 1990;
Bymne et al. 1992). An even lower friction angle may be ex-
pected between a geomembrane and other geosynthetics. This
low interface friction also applies to seismic loading conditions
(e.g., Yegian and Lahlaf 1992). The soil-geomembrane inter-
face acts as a possible plane of weakness, which, therefore,
leads to potential instability of the system under both static
and seismic loadings. Some concerns about the waste contain-
ment liner system exist among many practicing engineers (e.g.,
Duplancic 1994; 1995).

Attention to slope stability of municipal solid waste landfills
has increased following reports of the Kettleman Hills Waste
Landfill failure (Mitchell et al. 1990; Seed et al. 1990). The
cause of failure was identified to be related to a low friction
angle between the soil and geosynthetic or geosynthetic-geo-
synthetic layers in the liner systems (Byrne et al. 1992). This
failure, however, was not attributed to seismic loading. Seis-
mic performance of landfills has been reported for the 1989
Loma Prieta Earthquake (Orr and Finch 1990; Buranek and
Prasad 1991; Johnson et al. 1991; Sharma and Goyal 1991)
and the 1994 Northridge Earthquake (Augello et al. 1995a,b;
Matasovic et al. 1995). A summary of seismic performance of
landfills during major earthquakes is given by Anderson and
Kavazanjian (1995). Minor cracks and displacements related
to the movement of cover soil were observed in some of the
landfills. Major damage was reported for a landfill in which
the geomembrane was torn. However, most of these landfills
were not lined with geosynthetics.
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The Resource Conservation and Recovery Act (RCRA)
Subtitle D regulations (Part 258, Title 40 of the Code of Fed-
eral Regulations) imposes strict requirements on siting and
seismic design of MSW landfills, including its facilities. These
requirements are briefly summarized in the U.S. Environmen-
tal Protection Agency (EPA) seismic design guidance refer-
ence (Richardson et al. 1995). Siting criteria may preclude
landfill construction at sites exhibiting potential fault displace-
ment (258.13). Seismic design has to be conducted for landfills
constructed in the seismic impact zone (258.14). Such a zone
is defined as an area having a 10% or greater probability that
the peak horizontal acceleration in the lithified earth material
at the site will exceed 0.1 g in 250 years (where g is Earth’s
gravity). The zone may be identified in the U.S. Geological
Survey (USGS) seismic probability maps (Algermissen 1991),
which covers the entire United States, including Alaska and
Hawaii. Seismic design of landfill systems, in a broad sense,
includes response analysis, liquefaction analysis, and siope sta-
bility and deformation analyses.

This study is limited to seismic slope stability and displace-
ment analysis of soil cover systems, Equations that include the
toe end effects are formulated to determine the factor of safety
of a landfill cover soil. Results based on infinite and finite
slope formulations are compared. The fajlure mechanism is
then used to determine the permanent displacement of a cover
system subject to seismic loading. The stability and permanent
displacement of typical landfills are examined under different
magnitudes of accelerations. The effects of soil-geomembrane
interaction, and slope angle, among other design parameters,
are investigated. Effects of pore water are not included in this

paper.

STATIC STABILITY ANALYSIS OF SOIL-COVER
SYSTEMS

In practice, potential failure of a veneer type of soil-cover
system is examined through a limit equilibrium slope stability
analysis. The analysis assumes the cover soil to be a rigid
block resting on the geomembrane or other geosynthetic,
where the interface between the soil and geomembrane/geo-
synthetic acts as a well-defined failure plane. Stability against
direct sliding is satisfied if shear resisting force available at
the soil-geomembrane interface (or other geosynthetic inter-
face if it has a lower frictional resistance with the soil) is
greater than or equal to the driving force.

Stability analysis may be conducted by assuming the cover
soil to be infinitely long such that the passive wedge is ig-
nored, or of a finite length. These conditions are termed as
infinite and finite slopes, respectively. In an infinite slope, sta-
bility under static loading can be maintained if the slope angle
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is less than the angle of friction between the soil and geo-
membrane, provided adhesion at the interface, seepage and
external forces are ignored. Infinite slope analysis may lead to
extremely flat slopes. Therefore, there are incentives to ac-
count for toe end effects in design. Giroud and Beech (1989)
and Koerner and Hwu (1991) formulated the finite slope prob-
lem to determine the factor of safety and the geosynthetic re-
inforcement force required to restore static stability. These for-
mulations were based on a two-part wedge mechanism in
which the interwedge force acts parallel to the slope angle.
There are, however, several differences between the Koerner-
Hwu and Giroud-Beech equations.

The top end of the soil cover of the Giroud-Beech and Ko-
erner-Hwu formulations are shown in Fig. 1. The Koerner-
Hwu equation is mainly for evaluating the stability of the sys-
tem. It degenerates to solution of a quadratic equation from
which the factor of safety is determined. The greater value of
the roots yields the factor of safety. Based on the configuration
and notations of Fig. 1, the factor of safety, F, is determined
as follows:

—b = Vb — daé

F, = 2 )

a = yHL sin®2p/2 (2a)

b = —(yHL cos’p tan & sin 2B + c,L cos B sin 28
+ vHL sin®B tan ¢ sin 2B + 2cH cos B + yH tan )  (2b)
¢ = (yHL cos B tan 8 + ¢, L)(tan ¢ sin B sin 2B) (2¢)

where B, H, and L = slope angle, thickness, and length of the
cover soil, respectively; v, ¢, and ¢ = unit weight, cohesion,
and internal friction angle of the soil; and ¢, and 8 = adhesion
and friction angle of the soil-geomembrane interface.

If the stability of the cover systems cannot be assured based
on the soil-geomembrane interface strength, geosynthetic re-
inforcement, such as a geogrid, can be used. The required geo-
synthetic force, ¢, is obtained in the Koerner-Hwu equation as
follows:

cH 'yH2 )
cos <—— +———tan¢
= YHLsin(@ —8) sinB sin2p@
B cosd cos(d + B)

The Giroud-Beech equation is limited to frictional soil in
which the soil and interface strengths are reduced by a pre-
scribed factor of safety to give the design values ¢, = tan ¢/
F, and 8, = tan d/F,. The required geosynthetic force is deter-
mined as

—al (3)
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FIG. 1. Sketch of Cover Soil in Waste Containment System
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where D = height of the slope, which is equal to L sin 8.

Giroud et al. (1995) recently modified the previous equation
to include soil cohesion and soil-geosynthetic adhesion. The
factor of safety of the cover system with a geosynthetic rein-
forcement is given as

_tand Ca + H sin ¢
‘" tanB yHsinPf D sin 28 cos(B + $)
c cos ¢ t

+ —— + 5)
yD sin B8 cos(B + ¢) yDH

It was shown by Giroud et al. (1995) that (1) and (5) give

very similar results.

Several researchers extended the previous equations to in-
clude other forces. For example, Druschel and Underwood
(1993) extended the Giroud-Beech equation to include forces
generated by seepage and equipment. Design charts to deter-
mine required geosynthetic force for slopes of different friction
angles are given by Long (1995). Bourdeau et al. (1993) mod-
ified the Koerner-Hwu equation to account for unbalanced
geomembrane force as a result of mobilized resistance at the
soil-geomembrane interface. However, it appears that little
work has been done to evaluate the seismic stability of a soil-
geosynthetic cover system considering finite and infinite
slopes.

SEISMIC DESIGN OF COVER SOIL SYSTEMS

Seismic stability analysis of cover systems may be con-
ducted using a pseudostatic approach. The method suggested
by the EPA (Richardson et al. 1995) is based on limit equilib-
rium analysis of an infinite slope, as proposed by Hadj-Hamou
and Kavazanjian (1985) and Matasovic (1991). Seismic inertia
force is considered through a horizontal component of seismic
acceleration, taken as a fraction of the dead weight of the
sliding soil mass. That is, in the absence of seepage, the factor
of safety is determined as

_tan (1 — k, tan B) + c/yH cos’B
- k, + tan B

F, ©
where k, = horizontal seismic coefficient. A survey conducted
by Seed and Bonaparte (1992) within five major design firms
revealed that engineers were concerned about the cost and dif-
ficulties in satisfying stability against specified design seismic
acceleration.

In addition to a factor of safety against catastrophic failure,
permanent displacement due to seismic excitation is evaluated
in design. This is conducted using the sliding block theory
(Newmark 1965; Whitman 1953). In this theory, displacement
is assumed to accumulate whenever the yield acceleration is
exceeded during the duration of excitation. Acceleration in the
reverse direction is usually not considered. The yield accel-
eration is obtained when the factor of safety is equal to one.
According to (6), the yield seismic coefficient is obtained as

k _tand>—tanB+c/’yHcos’B
e 1+ tan  tan B

(o}
+
+vH cos’@(1 + tan ¢ tan B)

Eq. (7) was presented, in a slightly different form, by Seed
and Goodman (1964). Note that (6) and (7) are valid for cover
systems when 8 is equal to ¢.

Franklin and Chang (1977) and Hynes and Franklin (1984)
compiled design charts based on sliding block analysis for

= tan($ — B) @
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several hundreds strong motion records. These charts are
widely used to determine the permanent displacement of land-
fills (e.g., Bray et al. 1995). The modified Newmark chart of
Makdisi and Seed (1978), which is based on the results of
finite-element analysis and monitoring of earth dams, is also
useful in determining the seismic displacement of landfills.
The acceptable displacement limit is normally within 15-30
cm for the side liner, but this value may be larger for the cover
system (Richardson et al. 1995). However, there might be dif-
ficulties in designing a landfill that satisfies this displacement
limit under EPA specified maximum horizontal acceleration
(e.g., Soydemir 1995).

In design, the horizontal seismic coefficient may be obtained
from the USGS seismic risk map, which is based on the rock-
bed outcrop motion. The possible acceleration amplification
due to local soil conditions at the landfill site could be a con-
cern. Therefore, seismic response analysis may need to be con-
ducted prior to pseudostatic stability analysis. Equivalent-lin-
ear analysis based on the already-established geotechnical

(@)

(not to scale)

(b)

Passive Pg
Wedge

(not to scale)

earthquake approach is a viable method, but truly nonlinear
analysis should also be attempted. Some useful information
related to the selection of waste properties and seismic re-
sponse analysis of solid waste landfills are found in Kavazan-
jian et al. (1995), Kavazanjian and Matasovic (1995), and Bray
et al. (1995).

FINITE SLOPE FORMULATION
Failure Mechanism

The failure mechanism used in Koerner and Hwu (1991)
was based on observations of actual failure cases, in which
cover soil slides along the soil-geosynthetic interface follow-
ing a loss of stability at the toe (Koerner, personal commu-
nication, 1996). A similar type of failure mode was reported
in Giroud et al. (1995) and Chouery-Curtis and Butchko
(1991). In these studies, the passive wedge was assumed to
fail along a horizontal plane (Fig. 1). The validity of this as-
sumption has yet to be investigated if it indeed gives an ac-

Tension
crack

Active
Wedge

FIG. 2. Two-Part Wedge Mechanism: (a) Force Vectors; (b) Force Polygons
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ceptable result when compared to the most critical case in
which the failure plane of the passive wedge may be inclined
at an angle to the horizontal.

Fig. 2(a) shows the two-part wedge failure mechanism used
in this study. Cohesive-frictional soils are considered. The fail-
ure plane of the passive wedge is assumed to be inclined at
an angle *0. The interwedge force is assumed to act parallel
to the slope angle, B. The cover soil is considered to be similar
to that used in Koerner-Hwu’s formulation where a tension
crack occurs vertically at failure. Although the cover soil is
considered to be of uniform thickness, inclusion of a tapered
soil layer is straightforward. Seismic inertia force is considered
pseudostatic through vertical and horizontal seismic coeffi-
cients, k, and k,, taken as a percentage of the dead weight of
the active and passive wedges. The positive value of k, indi-
cates acceleration in an upwards direction, i.e., against gravity.
Possible phase angle difference between seismic accelerations
of the active and passive wedge is not considered. The mech-
anism is similar to Koerner-Hwu when 6 and the seismic co-
efficients (k, and k,) are equal to zero. Seepage force and other
external loads are not considered.

The soil-geomembrane interaction is expressed by a direct
sliding coefficient or efficiency, C,,, which expresses the ratio
of the shear strength of soil-geosynthetic or geosynthetic-geo-
synthetic interface to that of the soil. This value is less than
or equal to unity

tan 3

Cys = Y ®)

The force polygons for the active and passive wedges are

shown in Fig. 2(b). First, the passive wedge B is considered

by solving simultaneously its vertical and horizontal force

equilibrium equations to yield the magnitude of interwedge

force, P. Then, P is used to calculate the factor of safety

against direct sliding along the slope in the active wedge A.
That is

F_TA+P+k‘,WAsinB+C,,
7 Wik, cos B + sin B)

®

where the traction force (7,), the interwedge force (P), the
total weight of the active and passive wedges (W, and Wy),
the soil cohesion force in the passive wedge (C), and the soil-
geomembrane adhesion force in the active wedge (C,), are
expressed as follows:

T, = Cy tan $[(1 — k)cos B — k, sin BI1W, 10)
_ Wsl(1 — k tan(d + 8) — k] + C cos d/cos(d + 6)

F cos(B + & + 0)/cos(d + 0)
an
- . _Y ., cos® o ._ _H
Wa=vyHLi: Ws=3 vH sin(B + O)cos B~ € sin(B + 0)°
1 1
Co=c,Llys Lu=Li+H [tan B - tan(B + 9)] (12)

where L,, and L, = length of the active wedge when the failure
plane of the passive wedge is inclined at any feasible angle 8
and at 8 = 0, respectively [see Fig. 2(a)]. Note that this factor
of safety is not directly applied to the material shear strength.
In the analysis, the value of 6 and L,, yielding the smallest
factor of safety, i.e., most critical condition, is determined it-
eratively. The results giving the most critical case are for the
passive wedge located at the toe of the slope, i.e., Ly = L. The
most critical angle of inclination, 8.,;,, depends on the slope
geometry, soil, and soil-geomembrane interface properties.
Fig. 3 shows two cases of analysis, one static and the other
seismic, in which the factors of safety are compared for two
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FiG. 3. Example of Relationships between Cover Aspect Ra-
tio, Angle of Failure Plane in Passive Wedge, and Factor of
Safety

different angles of inclination, i.e., ® = 0 and 6 giving mini-
mum F,. It is seen that for a reasonably long slope such as
the cover soil, there is negligible effect on F, if 8 is assumed
to be zero. A wide range of design parameters were investi-
gated and the calculated F, did not indicate significant loss of
accuracy due to this simplified mechanism. Therefore, the re-
sults reported in this paper are based on the simplified mech-
anism. For this mechanism (8 = 0) and L, = L, (11) and (12)
reduce to the following expressions:

_ Wel(l — k)tan b — k] + C

P 13)
mn
7 = cos{p + B)cos b (14)
vH? H
= L, = —— =¢ T a = aL
W, = yHL; W, sin 2p C=c on B C,=c (15)

Required Geosynthetic Force

In case an unsatisfactory F;, is calculated for a cover system,
stability could be maintained through geosynthetic reinforce-
ment. Layer(s) of geosynthetic may be embedded with the
cover soil and, due to bonding between the soil and geosyn-
thetic, the imbalance driving force (i.e., force in excess of the
resisting value developed along the soil-geomembrane inter-
face) is transferred to the reinforcing geosynthetic. To enable
the development of tensile force in the reinforcement, its upper
end is restrained through anchorage in a trench located at the
crest. Since the thickness of the cover soil is limited, load
transfer due to friction along the soil-geosynthetic interface
may be a concern. Consequently, geogrids that exhibit effec-
tive interlocking with soil are preferred over geotextiles. Such
geogrids must be stiff so as to minimize its elongation along
the slope while its strength is being mobilized.

The limit equilibrium analysis presented herein provides the
required geosynthetic force. However, the designer must verify
that, for a specific geosynthetic and cover material, the soil-
geosynthetic interface strength can indeed allow for this force
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to be mobilized. That is, if the bonding is insufficient, the
calculated reinforcement force cannot be attained, thus inval-
idating the design or analysis. Successful case histories using
geogrid reinforcements are reported, e.g., by Chouery-Curtis
and Butchko (1991), Baltz et al. (1995), Martin and Simac
(1995).

Limit equilibrium analysis implies that the tensile force in
the geosynthetic will be activated only when sliding occurs,
i.e., when F, = 1.0. The resisting resultant force is needed to
restore stability. The required tensile force in the geosynthetic
is obtained from the force polygons [Fig. 2(b)] to equate the
resulted imbalance between the driving and resisting resultant
forces along the slope

t=WykycosB +sinB)— (Tu+P+EiW,sinB +C) (16)

When the resisting force is in excess of the driving force, i.e.,
F, is greater than one, ¢t will be negative indicating that no
geosynthetic reinforcement is needed. Note that ¢ is the total
required force needed to restore stability of the cover system
and is the contribution of all layers if more than one are used.
Also note that ¢ signifies the allowable long-term tensile force
developed in the geosynthetic. When selecting a geosynthetic
for reinforcement, its strength should be reduced to account
for possible installation damage, creep, and chemical and bi-
ological degradations. Guidelines for such reduction factors
are given by Koerner (1994).

To facilitate graphical presentation of results, ¢ may be nor-
malized by the total weight of active wedge

t

T= ‘\THI a7

Yield Acceleration and Permanent Displacement
along Slope

According to (9), the yield acceleration of the cover soil is
obtained for F, = 1.0. That is,

b = (A — k) Win(Citan bcos B —sinB) + Watan ] + Cy + C
b= Wun(cos B + C,, tan & sin B) + W,

(18)

By establishing an equation of motion for the active wedge
along the slope direction, inclined at an angle B, the acceler-
ation, /, is obtained as

H

l= (cos B+ Cytan & sin B + m) ke — kiy)g  (19)

Consequently, the displacement along the slope, /, is ob-
tained by double-integrating (19) whenever the yield acceler-
ation is exceeded during the duration of seismic excitation.
That is

l=GF J’ f (ky — kyy)g dt (20)

H
here GF =cos B + C,, t i + — (21
whe; cos 4s tan ¢ sin B In sin 28 1)

is a function of the soil properties, interaction coefficient, and
slope geometry. Double integration of acceleration using actual
earthquake records can be done numerically following the pro-
cedure outlined in Ling et al. (1996).

infinite Slope

It should be noted that (9), (16), (18), and (19) degenerate
to the following expressions in the case of infinite slope:
_Cytan (1 ~ k, — k; sin B) + &k, tan B + c,/yH cos B
- k, + tan B

F,
(22
t= Wykscos B+ sinB) — (T, + kW,sinB + C;) (23)

= (1 — k)C,4 tan ¢ — tan B) + c,/yH cos B 24)
G 1 + C, tan ¢ tan B

I'= (cos B + Cy tan & sin B)(k, — ki,)g (25)

COMPARISON AND PARAMETRIC STUDY
Comparison

A set of equations has been formulated to determine the
factor of safety and required geosynthetic force for a cover
soil system of finite length, valid under both static and seismic
loading conditions. The example problem of Koerner and Hwu
(1991) is being revisited. The following parameters are used:
B=184° H=09m;L=100m; d=32%c=15kPa; vy =
18 kN/m®; C,, = 0.4; ¢, = 0; ky, = k, = 0. The factor of safety
of this cover system is calculated, based on (9), to be 0.9. The
geosynthetic force required is determined as 51 kN/m. These
are identical to the results obtained in the Koerner-Hwu equa-
tions [(1) and (3)]. The results determined by assuming an
infinite slope are F, = 0.75 and ¢t = 128 kN/m, requiring 2.5
times larger geosynthetic tensile force.

Parametric Study

Fig. 4(a—d) shows the relationships between factor of safety
and required geosynthetic reinforcement force under different
seismic coefficients for the finite (50 and 100 m) and infinite
slopes. Note that in the infinite slope, L = 50 or 100 m are
used to normalize ¢ instead of an infinite value of L. The soil
cover is 0.6 m (2 ft) thick. The soil properties are: ¢ = 32°,
¢ =15 kPa, y = 18 kN/m>. The soil-geomembrane interaction
coefficient, C,,, was selected as 0.4, 0.6, 0.8, and 1.0, but the
adhesion was neglected.

The difference in results is seen between finite and infinite
slopes. Infinite slope analysis resulted in a lower factor of
safety, and thus, a larger geosynthetic force is required for
stability. The difference seems to be independent of the seis-
mic acceleration for a given slope length, C;, and . As the
seismic acceleration increases, both types of analysis require
increased geosynthetic force so that the difference becomes
less noticeable when compared to the required force. When
the slope length is increased from 50 to 100 m, the difference
between the results obtained for finite and infinite slopes be-
comes larger. This can be inferred from (17) in which ¢ is
proportional to L.

It is also seen from Fig. 4(a—d) that C,, has a large effect
on the factor of safety and required geosynthetic force (at F,
= 1.0) for the selected design parameters. At a horizontal seis-
mic coefficient of 0.3, the required geosynthetic force in a 50
m slope is about two times larger for C,, = 0.6 compared to
Css = 0.8. The results also indicate that static stability is not
achieved when C,, is less than 0.4.

Further analysis shows that increasing the cover thickness
to 0.9 m (3 ft) does not give any noticeable difference in 7.
However, since ¢ is proportional to H, a larger geosynthetic
force ¢+ would be required if 4 is increased. Note that the min-
imum cover thickness recommended by Subtitle D is 0.6 m
(2 ft).

Fig. 5(a—d) shows the effects of soil friction angle on the
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