SOILS AND FOUNDATIONS Vol. 41, No. 6, 1-16, Dec. 2001
Japanese Geotechnical Society

PREDICTION OF THE PERFORMANCE OF A GEOGRID-REINFORCED SLOPE
FOUNDED ON SOLID WASTE

JORGE G. ZoRNRERGY and EDWARD KAVAZANIIAN JR.i

ABSTRACT

An investigation was undertaken to evaluate the integrity of a geogrid-reinforced steep slope subjected to significant
differential settlements and seismic loading. The reinforced soil structure under investigation was constructed in 1987
in order to enhance the stability of steep landfill slopes at the Operating Industries, Inc. (OII} Superfund site, a
hazardous waste site in southern California. The site is in an area of high seismicity. The 4.60 m high, 460 m long ge-
ogrid-reinforced structure was founded, along most of its length, on concrete piers located towards the front of the
structure. However, as the back of the reinforced slope was founded on waste, the structure experienced more than
600 mm of differential settlements ten years after its construction. A geogrid experimental testing program was im-
plemented to evaluate the performance of the reinforcements when loaded rapidly after a period of constant load. A
finite element numerical simulation was performed to assess the integrity of the geogrid reinforcements when subject-
ed to 30 years of additional differential settlements followed by the design earthquake. The maximum geogrid strains
predicted for a sequence of expected static and extreme seismic loadings were found to be well below the geogrid allow-
able strain values, indicating that the integrity of the structure should be maintained even when subjected to large
differential settlements and severe earthquake loads. The numerical results show that the critical reinforced zone (i.e.,
the reinforcement layers that are strained the most) that corresponds to different loading mechanisms (construction,
differential scttlement, seismic loading) occurs at different elevations within the reinforced soil structure.

Key words: case histories, differential settlements, finite element analysis, geogrids, geosynthetics, landfills, seismic de-
sign, soil reinforcement, steep slope (IGC: B3/E6/H2).

static and seismic integrity of the reinforced toe buttress
and, consequently, the stability of the landfill slopes be-
hind the structure. The analyses presented in this paper
provided evaluation of the future performance of the

INTRODUCTION

A geogrid-reinforced toe buttress was constructed un-
der the direction of the United States Environmental Pro-

tection Agency (EPA} in order to enhance the stability of
steep landfill slopes at the Operating Industries, Inc.
(OI1) Superfund site, a hazardous waste site in southern
California. The OII landfill is located approximately 16
km east of downtown Los Angeles, in an area of high seis-
micity. The 4.60 m high, 460 m long to¢ buttress was con-
structed in 1987 immediately adjacent to residential de-
velopments. The waste slopes behind the toe buttress at
the time of this investigation were up to 37 m high, with
intermediate slopes between benches up to 18 m high and
as steep as 1.3H:1V (horizontal:vertical). The geogrid-re-
inforced structure was founded, along most of its length,
on concrete piers located towards the front of the struc-
ture. However, as the back of the reinforced structure
was founded on waste, the toe buttress experienced sig-
nificant differential settlements since its construction. A
thorough evaluation was then undertaken as part of pre-
design studies for landfill closure to assess the long-term

structure considering 30 years of additional settlements
followed by the design earthquake.

As an existing structure at the QIT Landfill Superfund
site, the geogrid-reinforced toe buttress could only
become an integral component of the final closure system
if its long-term and seismic performance was adequately
demonstrated. The major challenge in this demonstra-
tion was the prediction of the geogrid strains for internal
stability assessment of the structure. This paper docu-
ments the experimental and analytical studies undertaken
to predict the geogrid strains of this structure and, more
generically, to understand the development of geogrid
strains within structures subjected to multiple loading
conditions. This case history is a good example of a
project in which nonconventional tests (of geogrids and
solid waste) and finite element analyses provided key
insight in support of the design of a hazardous waste
closure system.
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Even though instrumented full-scale structures have
been useful to understand the development of reinforce-
ment strains induced by construction loads, very little is
known about the development of reinforcement strains
induced by differential settlements and by seismic loads.
By evaluating the OII case history, this investigation also
provides insight into the performance of geosynthetic-re-
inforced soil structures subjected to a combination of
different long-term static and seismic loading mecha-
nisms.

BACKGROUND AND COMPONENTS OF THIS
INVESTIGATION

Current understanding on the strain distribution with-
in geosynthetic-reinforced soil structures is mainly
based on the information gathered from structures sub-
jected to vertical loading. Instrumentation monitoring
and numerical simulations have documented the per-
formance of reinforced soil structures subjected to
selfweight loads induced during construction (e.g.,
Tatsuoka et al., 1990; Christopher et al., 1994; Zornberg
and Mitchell, 1994; Rowe and Ho, 1997). However, little
experience has been reported on the post-construction
performance of reinforced soil structures subjected to
differential settlements and seismic loading. The analyses
presented herein provide insight on the development of
reinforcement strains induced by loads other than self-
weight in geosynthetic-reinforced soil structures.

Only a few case histories have been reported on the per-
formance of reinforced soil structures subjected to
differential settlements. Most of these cases refer to struc-
tures built using rigid facing and inextensible inclusions,
in which reinforcement strains have been induced by
differential settlements between the backfill and the wall
facing (Chang and Forsyth, 1977; Bathurst et al., 1988;
Blight and Dane, 1989). Case histories reporting the
performance of geosynthetic-reinforced soil structures
subjected to significant differential settlements are very
limited. A design effort was reported regarding provi-
sions taken to address potential differential settlements
of a geotextile-reinforced wall (Stevens and Souiedan,
1990). The wall design accounted for differential settle-
ments of up to 250 mm between a portion of the wall
founded on a pile cap and the remainder of the wall bear-
ing directly on the ground. Specifically, the design incor-
porated a vertical offset in the geotextiles so that no ten-
sion in the reinforcements would occur by expected
differential settlements.

Although displacement-based approaches have already
been proposed for seismic design of reinforced soil struc-
tures, current design practice is still typically based on
pseudo-static approaches. The magnitude of the psendo-
static thrust on retaining walls is generally estimated us-
ing the Mononobe-Okabe approach (Kramer, 1996). This
pseudoe-static approach has been extended to the design
of reinforced soil walls (e.g., Elias and Christopher,
1997). Conventional seismic design methods for unrein-
forced soil slopes have also been extended to the design

of reinforced soil slopes using pseudo-static Ilimit
equilibrium models (e.g., Bonaparte et al., 1986). Be-
cause of their comparatively high flexibility, the per-
formance of geosynthetic-reinforced soil structures dur-
ing earthquakes has been excellent (e.g., Tatsuoka et al.,
1998). Qualitative field assessments have been reported
on the seismic performance of reinforced soil structures
subjected to earthquake loads during the 1989 L.oma Prie-
ta {San Francisco) earthquake (Collin et al., 1992), the
1994 Northridge {Los Angeles) earthquake (Sandri, 1994,
Stewart et al., 1994; White, 1996), and the 1995 Great
Hanshin (Kobe) earthquake (Tatsuoka et al., 1996). Be-
cause of the comparatively high intensity of the ground
motions, the behavior of reinforced soil structures dur-
ing the 1995 Kobe Earthquake is particularly notewor-
thy. During this seismic event, satisfactory performance
was observed in more than 2 km of geogrid-reinforced
soil retaining walls with full height rigid facing. This is
particularly relevant considering that damage to many
new wooden houses, concrete retaining walls, and rein-
forced concrete buildings in the nearby area was particu-
larly severe. Possibly the only documented failure of
reinforced soil structures attributed to earthquake load-
ing occurred during the 1999 Chi-Chi (Taiwan) earth-
quake {Huang, 2000; Huang and Tatsuoka, 2001). The
structures, located near the National Chi-Nan Univer-
sity, were subjected to an estimated peak acceleration of
0.45 g. Although the causes of the failure are still under
investigation, it appears that factors other than internal
stability (e.g., failure of the underlying foundation) may
have led to the collapse, With the exception of this recent
incident in Taiwan, qualitative evaluations have general-
ly indicated an excellent seismic performance of geosyn-
thetic-reinforced soil structures. However, there is still lit-
tle quantitative information regarding the distribution
and magnitude of seismically induced strains in geosyn-
thetic reinforcements.

Considering the lack of quantitative information re-
garding the development of strains within reinforced soil
structures subjected to differential settlements and earth-
quake loading, a significant effort was undertaken as part
of this investigation to provide such information. To this
effect, the analyses undertaken to evaluate the future per-
formance of the toe buttress at the OII Landfill Super-
fund site included three distinct components:

a) Evaluation of field conditions and material proper-
ties. This included interpretation of monitoring data to
assess the history of differential settlements and to
predict future differential settlements in the toe buttress
area. In addition, information on the relevant geogrid,
backfill, solid waste, and foundation properties was com-
piled for use in the analyses. This included an experimen-
tal testing program implemented to evaluate the perfor-
mance of the reinforcements when loaded rapidly after a
period of constant load.

b)Y Evaluation of the stability of the southeastern
landfill slopes using limit equilibrium. These analyses ad-
dressed global stability of the steep landfill slopes behind
the toe buttress, assuming that differential settlement
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and/or earthquake loads do not compromise the internal
integrity of the toe buttress.

¢) Evaluation of the internal integrity of the geogrid-
reinforced toe buttress using nonlinear finite element
analysis. Analyses were performed to predict the geogrid
strains induced within the toe buttress by long-term
differential settlements followed by the design earth-
quake. The finite element analyses were performed using
a large displacement approach. Specifically, the numeri-
cal investigation simulated the development of geogrid
strains induced by: (i} toe buttress construction, (ii) grad-
ual increase in differential settlements, and (iii) earth-
quake loading,

The investigation of the integrity of the reinforced toe
butiress was undertaken as part of compliance pre-design
analyses for the final closure system at the site. A descrip-
tion of the several investigations that evaluated the seis-
mic performance of the OII Landfill Superfund site, in-
cluding an overview of the toe buttress investigation, are
presented elsewhere (GeoSyntec Consultants, 1996;
Zornberg and Kavazanjian, 1998; Matasovic and
Kavazanjian, 1998; Morochnik et al., 1998; Augello
et al., 1998).
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SITE DESCRIPTION

Toe Buttress Information

The OII Landfill Superfund site is located in the city of
Monterey Park and the adjacent city of Montebello,
California, approximately 16 km east of downtown Los
Angeles (Fig. 1(a)). The landfill property is divided by
California State Highway 60 (the Pomona Freeway) into
a 18-hectare, comparatively flat, North Parcel and a 59-
hectare South Parcel where most of the landfilling oc-
curred (Fig. 1{b)}. The refuse mass in the South Parcel
rises to a height of over 76 m above grade with slopes as
steep as 1.3H:1V (Fig. 1{c)). The South Parcel was for-
merly a sand and gravel quarry pit cut into the Montebello
Hills. The quarry pit, up to 60 m deep in places, was
filled with solid waste over a 40-year period. The site ac-
cepted residential, commercial, and industrial solid
wastes. In addition, particularly at the west portion of
the South Parcel, the landfill accepted liquid wastes.
There is no evidence indicating that subgrade prepara-
tion or installation of a liner system took place prior to
the placement of solid waste fill in the quarry.

The maximum vertical thickness of the solid waste in
the South Parcel is approximately 100 m. The landfill
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OI1 Superfund Landfill: (a) site location, (b) plan view of the South Parcel, (c) vertical cross-section of the landfill showing the toe buttress
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Fig. 2. Typical profiles of the toe buttress at the OIT Superfund Landfill; (a) profile with concrete piers, (b) profile without concrete piers

received waste until 1984. An interim soil cover of varia-
ble thickness (1 to 5 m), consisting of silty clay to silty
sand, was then placed on top of the landfill. The South
Parcel has been undergoing final closure under the EPA
Superfund program since 1985. Instrumentation and
monitoring of the landfill was initiated at that time,
along with a variety of site characterization and pre-de-
sign analytical studies.

The approximately 4.6 m high, 460 m long toe buttress
was constructed in 1987 under the direction of EPA as an
emergency measure in response to observed slope move-
ments in this area. Several alternative remedial measures
were evaluated to provide additional stability to the
southeastern landfili slopes (Woodward Clyde Con-
sultants, 1986). The toe buttress was selected at the time
as the most feasible alternative to enhance the stability in
this area of the landfill. Schematic profiles through the
toe buttress and the waste slope along the southeastern
perimeter of the OII Landfill are illustrated in Fig. 2. Re-
inforced cast-in-place concrete piers were constructed,
along the original roadway located at the toe of the
landfill, in areas where the natural ground surface con-
tinued to slope downward beyond the property line (Fig.
2(a)). Piers were not installed in areas where the ground
surface was level beyond the toe of the waste slope (Fig.
2(b)). A total of 201 piers, 0.9-m in diameter, were in-
stalled at 1.8-m center to center spacing along approxi-
mately 360 m of the 460 m long toe buttress. The length
of the piers ranged from 4.9 to 7.3 m.

The toe buttress was constructed using HDPE geogrid
reinforcements, which were installed using a wrap-
around procedure. Sandy gravel was used as backfill soil.
Reinforcement length was typically 4.3 m and spacing be-
tween primary reinforcement layers was 0.9 m. An addi-
tional 2.1 m long intermediate geogrid was placed at mid-
height between primary reinforcement levels.

Fig. 3. View of the differential settlements across the toe buttress at
the OI1 Superfund Landfili: (a) surface view {October 1995), (b) ex-
posed top geogrid layer

Toe Buttress Deformations

Significant differential settlements have taken place
over the width of the toe buttress since its construction
along most of its alignment, as indicated by visual obser-
vations and survey data. The presence of the concrete
piers under the front edge of the buttress and the thick-
ness of the waste increasing towards the back of the but-
tress contributed to the observed differential settlements.
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Fig. 4. Plan view of the toe buitress area showing location of monitored cross-sections

Table 1. Summary of differential settlements at the back of the toe buttress

i Differential settlements Differential settlements

) for period 1987-1992 for period 1992-1996

: (mm) (mmy}
Cross-section 1-17 ! 146 192
Cross-section 2-2’ | 439 73
Cross-section 3-3° : 421 387
Cross-section 4-4° 719 113
Cross-section 5-5° 841 —46
Cross-section 6-6’ 488 171
Cross-section 7-7 415 15
Cross-section 8-8’ 235 —27
Average of B sections for the entire period 463 110
Average of 8 sections per year 82 30

Figure 3(a) shows a view of the differential settlements at
toe buttress as of October 1995. The considerable tilting
of the posts protecting a monitoring well is good evi-
dence of the significant differential settlements. An elo-
quent view of the major differential settlements in the
area is also shown in Fig. 3(b), which depicts the sig-
nificant inclination of the geogrids, revealed after expos-
ing the top reinforcement layer. It should be emphasized
that, following conventional construction procedures,
the geogrid layers had been placed horizontally during
construction of the toe buttress in 1987.

Seitlement profiles at eight locations along the top of
the toe buttress (Fig. 4) were measured in October 1992
and in April 1996. The results from the 1996 survey
showed that differential movements were still occurring.
However, the rate of differential settlements at most of
the stations along the toe buttress had decreased since
1992, Table 1 summarizes the differential settlement
monitored at the eight cross sections between the crest of
the toe buttress and a concrete drainage ditch located at
the back of the structure. The average differential settle-
ment monitored at the eight cross sections is 463 mm for
the period March 1987-October 1992 (5.6 years), which

corresponds to a differential settlement rate of 82 mm per
year. For the period October 1992-April 1996 (3.5 years),
the average differential settlement is 110 mm, which cor-
responds to a differential settlement rate of 30 mm per
vear. It should be noted, however, that the settlement
rate varied for the different cross sections.

The settlements monitored at the back of the toe but-
tress for each individual cross section were projected for-
ward in time as a straight fine on a semi-logarithmic plot
to evaluate the potential future settlements (Fig. 5). Be-
cause the settlement surveys were not tied to an external
reference, a fixed elevation was assumed for the toe but-
tress surface immediately above the drilled piers. With
the exception of Cross Section 3, the differential settle-
ment projected 40 vears beyond the end of construction
(until year 2027) was less than 1170 mm. The projected
differential settlement for Cross Section 3 was 1980 mm.
However, discrepancies between the reported survey
results and deformations monitored in a monitoring well
located at this cross section (Fig. 3(a)) suggest that the ac-
tual differential settlements at this cross section should be
smaller than those reported in Table 1. Because of the in-
consistency of the data for Cross Section 3, the projected
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Fig. 6. View of the southeastern portion of the OII Superfund
Landfill after construction of the final cover system {September
1999)

differential settlement of 1980 mm for this section was
treated as an outlier. A differential settlement of 1170
mm was considered a conservative projection over the
next 30 years of the expected differential settlements for
the purpose of evaluating the long-term integrity of the
toe buttress. Nonetheless, the performance of the toe but-
tress when subjected to a projected differential settlement
of 1980 mm was also evaluated.

The design of the final cover was completed in 1998.
Final design includes an evapotranspirative soil cover
(Zornberg and Caldwell, 1998) and enhancement of the
surface water, leachate, and gas control systems. Figure 6
shows the recently constructed (March 2000) cover sys-
tem in the vicinity of the toe buttress area. As shown in
the figure, the southeastern boundary of the landfill
shown is immediately adjacent to the backyard of resi-
dences. The pre-existing geogrid-reinforced toe buttress
could only be integrated into the final closure system be-
cause its performance was shown to be adequate, as
documented in this paper, under additional differential
settlements and seismic loads.

ZORNBERG AND KAVAZANIJIAN IR,

Botrom of the Waste Geomeiry

An assessment of the available information on the geo-
metry bottom of the waste beneath the toe buttress was
undertaken to aid in the toe buttress global stability evalu-
ation. The logs for the 201 concrete piers drilled along
the toe buttress, along with historical aerial photos and
data from borings through the waste, provided relevant
information regarding the depth of the waste in the toe
buttress area. This information indicated that the bottom
of the waste in the vicinity of the toe buttress area slopes
down into the landfill, as schematically illustrated in Fig.
2, at an inclination of approximately 45° from the proper-
ty line,

MATERIAL PROPERTIES

Geogrid Properties

The toe buttress was constructed using HDPE geogrid
reinforcements manufactured in the 30°s by the Tensar
Corporation (SR2 geogrids). Although manufacturing of
this reinforcement product had been discontinued by the
time of this investigation, some of the geogrid properties
needed for the analyses undertaken in this study were ob-
tained from information available from the literature.
This available information was supplemented with tests
performed on archived geogrid samples provided by the
geogrid manufacturer. Available technical information
indicated that a 109 limiting strain was a conservative es-
timate of the geogrid allowable strain for long-term static
loading (Bonaparte and Berg, 1987). Also, available in-
formation indicated that 209 was an adequate geogrid al-
lowable strain for rapid (seismic) loading (McGown et
al., 1984),

Tensile strength properties of the geogrid reinforce-
ments were required as input information for the limit
equilibrium analyses performed in this study. The long-
term allowable design tensile strength, as recommended
by the manufacturer for the geogrid used in toe buttress,
is 29.2 kN/m. This long-term allowable design strength
is based upon the results of long-term (10,000 hours mini-
mum) constant-load creep tests extrapolated to a design
life of 120 years. This tensile strength value was used for
long-term static analyses. The current state-of-practice
for selection of long-term allowable reinforcement ten-
sion is to obtain the tension-strain from tensile tests such
as the wide-widih tensile test (ASTM D 4595) and then to
reduce the results to account for creep. The geogrid has a
longitudinal (machine direction) wide-width tensile
strength of 78 kN/m (Bonaparie and Berg, 1987). Wide-
width tensile strength is then more than 2.5 times higher
than the creep limited long-term allowable strength used
in the static stability evaluation. Wide-width test results
were used in this study to characterize the geogrid tensile
strength under rapid (seismic) loading conditions,

Tensile load-strain properties of the geogrid reinforce-
ments are required as input information for the finite gle-
ment analysis performed in this study. Bonaparte ang
Berg (1987) evaluated the long-term a]lqwable tension of
SR2 geogrids using the isochronous reinforcement ten-
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Fig. 7. Isochronous load-strain curves for SR2 geogrid (after
Bonaparte and Berg, 1987)

sion versus strain curves illustrated in Fig. 7. The
isochronous load-strain curves in the figure were ob-
tained from constant-load creep tests. The curve for load
duration of 10° hours (11 years) was used in the finite ele-
ment analyses of the toe buttress wall to define the ge-
ogrid stiffness under static loading conditions. A geogrid
stiffness of 300 kN/m was determined using a strain of
10% in the reinforcement. The curve for load duration
of 10° hours (i.e. 1 hour) was used to define the geogrid
stiffness for conditions representative of rapid (seismic)
loading. A geogrid stiffness of 425 kN/m was determined
in this case.

An experimental testing program was performed as
part of this investigation to complement reported infor-
mation on the geogrid mechanical properties. The testing
program included wide-width tensile tests and creep tests
followed by rapid loading to failure. The main objective
of this testing program was to address EPA concerns that
sudden loading after an extended period of creep could
potentially reduce the geogrid allowable strain (or the ge-
ogrid ultimate tensile strength) to values less than those
obtained from wide-width testing. Specifically, the ex-
perimental testing program evaluated the mechanical be-
havior of archived geogrid specimens for the case of com-
bined static and rapid (seismic) loading. The testing pro-
gram included the following:

» wide-width tensile tests performed at 109 /min strain
rate;

» wide-width tensile tests performed at 2% /min strain
rate;

» 100 hr. creep test followed by loading at 10%/min

—Wida-width tensile test

Unit Tension {kN/m)

= = = Inital Ipading followed by cohstam (creep) load test

—+—Releading tansile test after creep

1mn 15
Strain (%)

Fig. 8. Resuits of geogrid tests performed at 10% /min strain rate

strain rate; and
» 100 hr. creep test followed by loading at 2% /min
strain rate.

Consistent with conventional wide-width tensile test-
ing (ASTM D 4593), tests were performed using a strain
rate of 10%/min. In addition, and in order to evaluate
the potential effect of strain rate in the post-creep reload-
ing test results, the program incorporated testing using a
strain rate of 2% /min. The loading history of the tree-
stage tests included an initial rapid loading, constant
load {creep), and rapid post-creep reloading. Initial load-
ing was performed at a strain rate of approximately 10%
/min. The constant-load (creep) portion of the tests was
performed at a constant tensile load of 26.3 kN/m,
which corresponds to 90% of the reported long-term de-
sign strength of the geogrid, This comparatively high con-
stant tensile load was selected in order to emphasize the
potential effect of creep on the results obtained during
the third (rapid reloading) stage. The rapid post-creep
reloading portion of the tests was conducted until tensile
failure.

Figure 8 summarizes the results of laboratory tests per-
formed on geogrids using a 10% / min strain rate loading.
The averaged test results of three wide-width tensile tests
(i.e., rapid loading) define a control curve that is com-
pared to test results obtained by the three-stage test. As
observed in the figure, during the rapid reloading that fol-
lowed the 100-hr. creep loading period, the geogrid
shows an initially higher stiffness than the one observed
in the wide-width (control) test at an equivalent tensile
load. In fact, the geogrid stiffness during rapid reloading
is similar to the geogrid stiffness during initial loading.
However, the post-creep reloading portion of the test
eventually matches the wide-width (control) curve. Both
the wide-width (control) curve and the creep/reloading
curve fail at approximately the same ultimate tensile
strength and show a similar strain level at failure. The pat-
tern of behavior observed in geogrids subjected to rapid
loading following a constant loading period resembles
that observed for the case of clay soils (Kavazanjian an
Mitchell, 1980). :

Figure 9 summarizes the results of geogrid tests per-
formed using a strain rate loading of 2%/min. Initial
loading up to the 26.3 kN/m was performed at a strain
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Fig. 9. Results of geogrid tests performed at 2% /min strain rate

rate of approximately 10% rather than 2% /min. Conse-
quently, m order to compare the two sets of tests, the con-
stant-load creep portion of the creep/reloading curve
was shifted so that the strain level at the beginning of
creep loading matches the wide-width (control) curve,
Also in this case, the geogrid shows a comparatively
higher stiffness during reloading (following the 100 hr.
creep loading period) than the one observed in the con-
trol curve at an equivalent tensile load. The post-creep
reloading portion of the test eventually matches the wide-
width (control) curve.

By showing that rapid loading following creep should
not reduce the allowable tensile strain in the geogrid rein-
forcement, the geogrid testing program addressed con-
cerns regarding the post-creep performance of the rein-
forcements. This observation appears to be valid for dif-
ferent loading strain rates. Also, the results of the testing
program on archived samples verified that a geogrid al-
lowable strain of 20% was appropriate for the case of
static creep followed by rapid seismic loading.

Backfill, Waste, and Foundation Soil Properties

The backfill material used during construction of the
toe buttress fill is a sandy gravel classified as GP using the
Unified Soil Classification System. Backfill specifications
required a minimum relative compaction of 95%, based
on modified Proctor compaction test, except within 0.61
m of the toe buttress face. The constitutive relationship
used in the finite element analyses to model the stress-
strain-strength behavior of the backfill is the hyperbolic

Table 2. Hyperbolic soil parameters for the backfill and waste materials

model proposed by Duncan et al. (1980). Hyperbolic
model parameters for the backfill were obtained from
triaxial test results reported for a sandy gravel of similar
grain size distribution and compaction characteristics
{(Zornberg and Mitchell, 1994). The hyperbolic
parameters selected for the gravel backfill are shown in
Table 2.

Field sampling and laboratory testing programs were
undertaken as part of a comprehensive investigation
aimed at characterizing the mechanical properties of the
solid waste material under both static and dynamic load-
ing (GeoSyntec, 1996). The experimental testing program
of the solid waste material included visual classification,
moisture content determination, one-dimensional com-
pression tests, direct shear tests, static and cyclic simple
shear tests, and shear wave velocity measurements.
Results from the direct shear tests performed as part of
the experimental testing program were used in this study
to define the waste shear strength properties needed for
limit equilibrium and finite element analyses of the toe
buttress. Triaxial compression tests on solid waste materi-
al were not available. However, results from the cyclic
simple shear tests were used, as explained below, to
define some of hyperbolic parameters needed to charac-
terize the stress-strain behavior of the solid waste materi-
al. The direct shear and simple shear tests were per-
formed using 457 mm diameter reconstituted specimens
of waste material excavated from the landfill. The varia-
tion of the initial tangent Young’s modulus, F;, with
confining pressure is defined using the hyperbolic model
as (Duncan et al., 1980):

Ei:KPa(G3/Pa)n (1)

where K and » are hyperbolic model parameters, a; is the
effective confining pressure, and P, is the atmospheric
pressure. Figure 10 shows initial Young’s modulus ob-
tained from cyclic simple shear tests performed as part of
the waste testing program, The modulus values are plot-
ted versus the effective confining pressure on a log-log
scale. For purposes of defining the hyperbolic
parameters, the initial modulus was defined as the modu-
Ius corresponding to a shear strain of 0.2%. The figure
shows that, as in the case of soils, the relationship be-
tween initial modulus and confining pressure of waste is
well represented by a linear relationship on a log-fog

Parameter l Parameter definition Backfill Waste
K Young’s modulus coefficient 913.00 212.00
n Young’s modulus exponent (.60 (.61
R; Failure ratio (.64 0.70
¢ (kPa) Cohesion 0.00 28.70
Do () Friction angle at 1 atm. 46,10 31.00
A (°) Friction angle reduction parameters 5.30 0.00
Ky Bulk modulus number 250.00 212.00
m Bulk modulus exponent 0.80 0.61
K, Unload-reload modulus coefficient 1485.00 428.00
K, At-rest lateral earth pressure coefficient 0.35 0.40
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Fig. 10. Initial tangent modulus of solid waste material

scale. Based upon these results, the value of the modulus
coefficient X in Eq. (1) was estimated as 212 and the value
of the modulus exponent # was defined as 0.61.

Table 2 summarizes the hyperbolic parameters used to
characterize the waste material in the finite element analy-
sis, as defined from cyclic simple shear tests (stress-strain
properties) and from direct shear tests (shear strength
properties). The remaining parameters in Table 2 were de-
fined based on recommendations from Duncan et al.
(1980) for silts and silty clays, which constitute the soil
matrix of the waste at the OII Landfill. Based upon data
from the field investigation, a uniform unit weight of
15.7 kN/m? was used in the analyses for the solid waste
material.

The native foundation material that underlies the
landfill is geologically characterized as the Terciary age
Pico unit of the Fernando formation. The Pico unit in-
cludes conglomerate, sandstone, and siltstone/ claystone
subunits. The conglomerate consists of gravels and cob-
bles in a silt to coarse-grained sand matrix, the sandstone
contains fine- to medium-grained sand with periodic cal-
careous concretions, and the siltstone/ claystone subunit
is interlayered with fine-grained silty sandstone beds. The
shear strength properties of the native foundation materi-
al, defined based on information from previous investiga-
tions (The Earth Technology Corporation, 1993; ESI,
1996), was characterized by a cohesion of 43 kPa and a
friction angle of 32°. The material properties of the foun-
dation soils were used in the finite element site response
analysis performed to define the maximum average ac-
celeration in the toe buttress area. However, since the
foundation soils showed a negligible time-dependent
(creep) response when compared to that of solid waste,
the foundation soils were not considered in the deforma-
tion analysis that evaluated the effect of time-dependent
settlements.

LIMIT EQUILIBRIUM EVALUATION OF THE TOE
BUTTRESS

As the purpose of the toe buttress was to enhance the
stability of slopes along the southeastern perimeter of the

landfill, a stability analysis of the landfill slopes behind
the toe buttress was performed. Shear strength properties
of the backfill, waste, and foundation soil material were
selected as described previously and are listed in Table 2.
The limit equilibrium analyses were performed using
Spencer’s method as implemented in the program UTEX-
AS3 (Wright, 1990). Both circular and noncircular
failure surfaces were considered. The search for the criti-
cal surface included surfaces through the near surface
zone, through the waste mass, and through the bedrock.
The calculated static factor of safety for the critical
cross-section exceeds 2.5, This is a relatively high value,
especially considering that the analyses conservatively
neglected the contribution to stability provided by the
concrete piers drilled along the toe buttress. The critical
surfaces from these analyses passed behind the rein-
forced soil zone, and indicated acceptable global stability
for the toe buttress.

For evaluation of the seismic stability, the vield acceler-
ation (i.e. the pseudo-static horizontal acceleration need-
ed to obtain a safety factor of 1.0) was calculated for the
various failure modes. The calculated vield acceleration
exceeds 0.45 g. This is a comparatively high value, con-
sidering that the maximum peak average horizontal ac-
celeration for the landfill slopes behind the toe buttress is
0.48 g. This value was obtained from a finite element seis-
mic response analysis of the entire landfill using site-
specific accelerograms, Relatively high static factors of
safety and pseudo-static vield accelerations were also ob-
tained assuming the presence of adverse liquid condi-
tions.

Finally, conventional internal stability evaluation of
the geogrid-reinforced structure yielded high factors of
safety (in excess of 3.5). The geogrid tensile strength prop-
erties used in the analyses were selected as described previ-
ously. However, the adequate internal and global stabil-
ity indicated by limit equilibrium analyses is only valid as
far as differential settlement and/or earthquake loading
do not compromise the internal integrity of the toe but-
tress. This is because the limit equilibrium analyses do
not account for the geogrid strains induced by these
loading mechanisms. Consequently, a finite element simu-
lation was performed as described next to evaluate the in-
ternal integrity of the geogrid-reinforced toc buttress sub-
jected to differential settlement and earthquake loads.

FINITE ELEMENT EVALUATION OF THE TOE
BUTTRESS

General Modeling Considerations

A numerical finite element evaluation was undertaken
to evaluate the integrity of the reinforced toe buttress sub-
jected to the anticipated differential settlements followed
by the design earthquake. The simulation was performed
using the finite element code GeoFEAP developed at the
University of California at Berkeley for analysis of ge-
otechnical problems. GeoFEAP is a general, plane
strain, soil-structure interaction program for static analy-
sis of geotechnical structures including consideration of
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large deformations and sequential construction. The
code has also been used and validated for the case of ge-
osynthetic-reinforced soil structures (Espinoza et al.,
1995). GeoFEAP is based on the general-purpose finite
element program FEAP, which handles a wide variety of
2-D and 3-D problems, including heat transfer, solid and
structural mechanics, and fluid mechanic problems. A
macro-command structure was implemented in the pro-
gram in order to facilitate simulation of sequential anal-
yses, a feature that is particularly useful to simulate the
construction of geotechnical structures such as excava-
tions, embankments, and foundations. The macro-com-
mand structure is associated with the use of a set of com-
pact and independent subprograms, each designed to
compute one or just a few basic steps of the finite clement
stimulation process.

Both material and geometric nonlinearity were consid-
ered in the analysis in order to account for the constitu-
tive behavior of the materials and for large displace-
ments. The strains induced in the geogrid reinforcement
were modeled using three sequential analyses: (i) con-
struction of the toe buttress, (i) gradual development of
differential settlement, and (iii) earthquake loading.

Although many of the reported finite element analyses
of reinforced soil structures in the literature have evalu-
ated the performance of structures reinforced with metal-
lic strips and grids, several of these studies investigated the
performance of structures reinforced with geosynthetics.
Some of these studies have investigated the performance
of hypothetical reinforced soil structures (e.g., Chalatur-
nyk et al., 1990; Rowe and Ho, 1997). Others have vali-
dated finite element results against field monitoring
records of actual geogrid-reinforced structures (e.g.,
Adib, 1988; Bathurst et al., 1992; Zornberg and Mitchell,
1994), While previous numerical investigations have
focused mainly on the performance of reinforced soil
structures subjected to construction loads and vertical
surcharges, the analyses presented herein evaluate the
reinforcement strains induced by loads other than self-
weight.

Since geosynthetic-reinforced soil structures are more
flexible than metallic-reinforced structures, additional
care is required in the determination of the appropriate
mesh layout, material parameters, and analysis sequence.
Finite element modeling of soil structures reinforced with
planar, extensible geosynthetic reinforcements differs
from the modeling of structures with inextensible metal-
lic reinforcement (e.g., metal strips) in several ways.
Some aspects of extensible reinforcements lead actually
to a simpler modeling than for the case of inextensible sys-
tems:

* Geosynthetic reinforcements are generally placed in
continuous sheet layers and, consequently, can be
properly modeled as plane strain structural elements.
This is generally not the case for inextensible rein-
forcements, such as steel strips or bar mats, which have a
three-dimensional layout.

*  While rigid facing can play an important role in the
overall behavior of reinforced soil structures, the

response of the more flexible geosynthetic-reinforced
structures is dominated by soil and reinforcement
characteristics. Selection of facing parameters
becomes an even less relevant issue in the analysis of
geosynthetic-reinforced soil structures built using flex-
ible facing.

On the other hand, some aspects of extensible rein-
forcements lead to more complex modeling than for the case
of structures reinforced using inextensible inclusions:

+ Since the reinforcement vertical spacing in geosynthet-
ic-reinforced soil structures is generally smaller than
in structures reinforced with inextensible inclusions, a
finer mesh discretization is required.

» Finite element simulation of geosynthetic-reinforced
structures is more sensitive to the stress-strain-
strength behavior of the backfill soil than for the case
of structures reinforced with inextensible reinforce-
ment. The comparatively stiffer reinforcement and
facing components used in structures reinforced with
inextensible inclusions tend to dominate the structure
response,

+ The effect of confinement and time on the tensile
strength and stiffness of geosynthetics, particularly ge-
otextiles, is not fully understood. Reinforcement
mechanical properties, typically obtained by testing
unconfined geosynthetic specimens under compara-
tively high strain rates, are not necessarily representa-
tive of in-service conditions.

» The backfill material undergoes larger lateral defor-
mations in geosynthetic-reinforced soil structures
than in structures reinforced with inextensible ele-
ments. Consequently, zones of highly mobilized seil
shear stresses may develop within the reinforced back-
fill. However, the presence of highly mobilized shear
stresses would not necessarily lead to a failure
mechanism within the reinforced soil structure, un-
less the reinforcement clements have also reached
their ultimate tensile strength.

Figure 11 shows the finite element mesh used in the toe
buttress analyses, which was developed taking into ac-
count the general modeling considerations mentioned
above. This finite element mesh consists of 1082 nodes,
1028 plane strain elements for representation of soil and
waste, and 140 bar elements for simulation of the rein-
forcements. The final mesh layout was selected based on a
sensitivity study that evaluated the numerical errors by us-
ing increasingly refined finite element meshes. Use of a rel-
atively fine mesh discretization between reinforcement
layers was found to be essential for proper representation
of the soil layers. As will be discussed later, the numerical
simulation involved imposing displacements at the base
of the reinforced soil structure. Consequently, no ele-
ments were used to simulate the foundation soil and piers
below the toe buttress structure. It should be noted,
though, that the finite element mesh used in the seismic
response analysis performed to define the maximum
average acceleration in the toe buttress area included the
waste prism and the foundation material.

The reinforcement was modeled using bar elements.
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ness of 300 kN/m was used to characterize the tensile-
load strain relationship of the geogrid reinforcement dur-
ing static loading. This value was obtained from the
isochronous load-strain curve for 10°hours shown in
Fig. 7. A geogrid stiffness of 425 kN/m was used to
characterize the tensile load-strain relationship of the ge-
ogrids during rapid (seismic) loading. The isochronous
load-strain curve for 10° hours (1 hour) shown in Fig. 7
was used in this case. As previously discussed, the hyper-
bolic model (Duncan et al., 1980) was used to character-
ize the stress-strain-strength behavior of the backfill soil
and of the solid waste. GeoFEAP includes zero thickness
interface elements capable of representing interface con-
ditions by modeling relative movement between soil and
a structure. However, the use of interface elements incor-
porates additional degrees of freedom in the analysis.
Since a parametric study showed that the use of interface
elements had only minor influence on the results, com-
patibility of displacements was assumed between the
backfill and the reinforcement. The assumption of dis-
placement compatibility between soil and reinforcement
is justified by the high geogrid-soil interface shear
strength and by the fact that geogrids can tolerate the
same or greater level of strain as soil prior to failure.

Phase 1: Simulation of Toe Butiress Construction

Soil and bar elements in the reinforced soil zone were
sequentially activated in order to model the construction
of the toe buttress (Fig. 12). Backfill elements activated
for each stage in the simulation correspond to a 0.46 m
thick compacted soil layer. A sensitivity evaluation
showed this to be an appropriate sequence. The self-
weight load in each of the stages was added in ten load in-
crements, and the displacements and stresses for each in-
crement were solved using a Modified Newton-Raphson
iterative approach. Vertical displacements were con-
strained at the base of the reinforced soil structure during
this phase of the numerical simulation. Reinforcement

v
Sandy Gravel

Concrete Pier Wasts

Fig. 12. Finite element simulation of the toe buttress construction

tensile strains, induced during construction by the self-
weight of the backfill material, were obtained as part of
these analyses.

The maximum reinforcement strain estimated in the
construction simulation phase of the analysis occurs in
Reinforcement Layer 7, located 2.7 m above the base of
the 4.6 m high reinforced slope, The location of the maxi-
mum tension in the reinforcements is consistent with the
results of a centrifuge investigation on the performance
of reinforced soil slopes at failure (Zornberg et al., 1998).
That study indicated that the location of the maximum
tension in a reinforced soil structure depends on the incli-
nation of the slope facing and it would be located approx-
imately at midheight of the reinforced slope under investi-
gation. The magnitude of geogrid strains developed dur-
ing construction is comparatively small, with a maximum
strain of less than 0.4%. Such a low reinforcement strain
fevel at the end of construction is consistent with previ-
ous experience gathered from instrumented geosynthetic-
reinforced slopes (e.g., Christopher et al., 1994). Figure
13 shows the strain distribution computed in Reinforce-
ment Layer 7 during the different stages of construction
of the toe buttress. The different stages indicated in this
figure correspond to the number of soil layers placed dur-
ing the construction simulation.
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Phase 2: Simulation of Differential Settlements

Differential settlements were imposed at the base of the
reinforced soil mass during the second phase of the finite
element modeling of the toe buttress (Fig. 14). Strain and
tension in the reinforcements were induced by progres-
sively increasing the base settlements in a triangular pat-
tern, with zero settlement towards the front of the mesh
and the maximum settlement at the back of the finite ele-
ment mesh. A triangular settlement pattern was assumed
at the base of the reinforced soil structure because: (i)
settlements at the location of the concrete piers could be
assumed to be negligible; (ii) settlements should be
proportional to the thickness of the waste under the toe
buttress, which was found to increase linearly in the vicin-
ity of the toe buttress (from the front to the back of the
structure); and (iii) a triangular settlement pattern at the
base of the structure is consistent with field observations
gathered after exposing the top geogrid layers.

A differential settlement of 2,000 mm was imposed at
the base of the finite element mesh to simulate a long-
term differential settlement of 1,200 mm on the surface
of the toe buttress. The largest reinforcement strains
predicted in this stage of the analysis occur towards the
base of the structure. Specifically, the maximum geogrid
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strain computed after imposing the differential settle-
ments occurs in Reinforcement Layer 3, located 0.9 m
above the base of the toe buttress. Figure 15 shows the
sirain distribution estimated at this reinforcement level
for increasing differential settlements.

The average differential settlement was approximately
600 mm at the time of the finite element investigation.
From the results shown in Fig. 15, the maximum tensile
strain in the geogrid reinforcements computed for the cur-
rent condition {i.e., approximately 10 years after con-
struction) is approximately 1.5%. In addition, Fig. 15
shows that the maximum tensile strain in the geogrid rein-
forcements computed for the long-term condition (i.e.,
after reaching 1,200 mm of differential settlements on the
surface of the toe buttress) is approximately 2.9%. Both
current and future geogrid strain levels induced by
differential settlements, as predicted in the finite element
analyses, are well below the maximum allowable static
strain level of 10% established for the geogrid reinforce-
ments.

Figure 16 shows the maximum geogrid strain plotted
versus differential settlement between the front and the
back of the toe buttress. The strains in the figure cor-
respond to the maximum strain estimated in primary
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Reinforcement Layver 3, located 0.9 m above the base of
the toe buttress. The figure shows that the relationship be-
tween maximum geogrid strain and differential settle-
ment is approximately linear for the range of settlements
considered in the analysis. Extrapolation of the finite ele-
ment results to larger strain levels indicates that approxi-
mately 3.9 m of differential settlement would be required
to induce the maximum allowable static strain of 10% in
the geogrids. This differential settlement exceeds by a fac-
tor of almost two the maximum long-term settlement of
1.98 m at Cross Section 3, located nearby the monitoring
well shown in Fig. 3(a). As discussed previously, the set-
tlement at this cross section was considered an outlier
among the monitoring results. Following construction of
the final closure system, differential settlements will be
monitored in the toe buttress area as part of the post-
closure monitoring plan in order to verify that they do
not exceed the maximum projected values.

Phase 3: Simulation of Earthquake Loading

A seismic response analysis of the entire landfill was
performed as part of the overall site investigation. This
study, performed using two-dimensional equivalent-
linear time domain response analyses, led to determina-
tion of the maximum average acceleration in the toe
buttress area. The definition of cyclic characteristics
(modulus reduction and damping curves) for the OII
solid waste and the procedures used in the seismic
response analysis have been described by Matasovic and
Kavazanjian (1998). Seismic design of the OII Landfill
was based upon a moment magnitude 6.9 earthquake on
a blind thrust fault at an approximate depth of 11 km di-
rectly below the site. This design earthquake was as-
sumed to generate a free field peak horizontal ground ac-
celeration of 0.61 g in a hypothetical bedrock outcrop at
the ground surface. These pre-design seismic analyses in-
dicated that the peak horizontal ground acceleration
might be in excess of 1.0 g at the top of the waste fill in
the design earthquake. Also, mainly because of the com-
paratively high stiffness of the toe buttress structure, the
finite element site response analysis using the design earth-
quake yielded a comparatively high (1.0 g) maximum
average acceleration at the toe buttress location. Conse-
guently, a pseudo-static acceleration of 1.0 g was used
for the toe buttress analyses presented herein.

The reinforcement strains induced in the toe buttress
by the seismic loading were estimated by applying
horizontal body forces to the active reinforced soil wedge
(Fig. 17). Since the entire reinforced zone, waste mass,
and foundation soils are subjected to horizontal accelera-
tions during seismic loading, the entire landfill area was
considered in the dynamic finite element seismic response
analysis performed to define the magnitude of the
pseudo-static acceleration in the toe buttress area.
However, in order to estimate the geogrid strains in the
subsequent numerical simulation described herein, body
forces corresponding to the maximum average accelera-
tion estimated for the toe buttress area were applied only
to the active zone defined in the internal limit equilibrium
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Fig. 17. Finite element simulation of earthquake loading in the toe
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analysis of the structure. Applying the pseudo-static seis-
mic load to the active zone is a conservative approxima-
tion, as the stresses induced in the reinforcements will be
lower if consistent horizontal body forces were applied
over the entire mesh. The use of horizontal forces in an
active wedge is consistent with the pseudo-static ap-
proach used in limit equilibrium analysis of reinforced
slopes (Bonaparte et al., 1986).

in contrast to the results of the previous static phases
of the analysis, the location of the maximum strains in-
duced by earthquake loading is towards the top of the re-
inforced soil structure. Reinforcement Laver 9, located
3.66 m above the base of the 4.6 m high toe buttress,
shows the maximum estimated tensile strain when the
structure is subjected to the design pseudo-static seismic
loading.

The strain distribution estimated in Reinforcement
Layer 9 after applying the seismically induced horizontal
body forces is shown in Fig. 18. The strain distributions
that correspond to the end of construction and to the
long-term differential settlement are also shown in the
figure (the 0.0 g cases). The final stage shown in the figure
correspends to the results obtained after applying the de-
sign earthquake loading (1.0 g). The magnitude of the
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maximum tensile sirain in the reinforcement at this stage
of the analysis is approximately 8.5%, which is lower
than the 20% allowable strain for combined static and dy-
namic loads. The maximum geogrid strain induced in
Reinforcement Laver 9 as a function of the seismic
coefficient is shown in Fig. 19. This figure shows that the
relationship between the maximum incremental strain
and the seismic coefficient is approximately linear for the
range of seismic coefficients considered in the analysis.
The 1.0 g pseudo-static seismic load induces a 6.7%
strain increase in the reinforcement. Extrapolation of
these results indicates that a seismic coefficient of more
than 1.5 g would be required to induce an incremental
strain of 10% in the geogrids {10% is the difference be-
tween the allowable strain for rapid loading and the
creep limited allowable strain).

Remarks on the Numerical Simulation Results
Figure 20 summarizes the strain distribution in the five
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Fig. 19. Maximum estimated geogrid strain as a function of seismic
coefficient
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primary reinforcement lavers of the toe buttress obtained
after each of the three sequential phases of the analysis.
This figure shows the strain distribution obtained at the
end of construction, after imposing foundation differen-
tial settlements leading to approximately 600 mm of set-
tlement at the back of the toe buttress (current condition),
after imposing foundation settlements of approximately
1,220 mm at the back of the toe buttress (long-term static
condition), and after applying a pseudo-static earth-
quake loading of 1.0 g. The maximum strain after the
long-term static loading is less than 3.0%, which is well
below the allowable strain for this condition of 10%. The
maximum strain after applying the earthquake loading is
approximately 8.5%, which is also well below the allowa-
ble combined strain of 20% for static and dynamic load-
ing,

As shown by the numerical results obtained in the
three phases of the finite element analyses, the maximum
geogrid strain induced during the different phases of the
study does not occur at the same clevation. Identification
of the elevation at which the maximum reinforcement ten-
sion occurs may have significant impact in design. The
results of the finite element analyses presented herein indi-
cate that the maximum strain induced by construction
loading occurs at midheight of the reinforced toe but-
tress, that the maximum strain due to differential settle-
ment occurs towards the base of the structure, and that
the maximum strain induced by earthquake loading oc-
curs towards the top of the toe buttress. For the specific
structure evaluated in this study, the analyses show that
the integrity of the toe buttress at the OII Landfill should
be maintained even when subjected to the projected long-
term differential settlement followed by the design earth-
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quake loads. The predicted adequate performance of the
toe buttress had significant implications in the design of
the final cover and the construction sequence at the site.
In fact, rather than being an area of stability concern, the
waste slopes behind the toe buttress became the first area
in the landfill to undergo final cover construction under
the Superfund closure program.

SUMMARY AND CONCLUSIONS

In order to enhance the stability of steep landfill slopes
at the Operating Industries, Inc. (OII) Superfund site, a
hazardous waste site in southern California, a geogrid-re-
inforced toe buttress was constructed under the direction
of the EPA. The OII landfill is Iocated approximately 16
km east of downtown Los Angeles, in an area of high seis-
micity. The 4.60 m high, 460 m long toe buttress was
built in 1987 immediately adjacent to residential develop-
ments in 1987. The reinforced slope was constructed us-
ing uniaxial geogrids as reinforcement elements and
sandy gravel as backfill material. The front of the struc-
ture was founded on concrete piers. However, as the
back of the toe buttress was founded on waste, the struc-
ture experienced more than 600 mm of differential settle-
ments since the end of its construction. In order to evalu-
ate the internal stability of the reinforced soil structure,
an investigation was undertaken to evaluate the long-
term integrity of the geogrid reinforcements under static
and seismic loads. The analyses considered 40 years of set-
tlement followed by the design earthquake.

This investigation included an assessment of the moni-
tored differential settlements in the toe buttress area, ex-
perimental determination of the mechanical properties of
the geogrid reinforcements, evaluation using limit equi-
librium analysis of the global stability of the landfill
slopes behind the toe buttress (assuming that internal in-
tegrity of the toe buttress is maintained), and final assess-
ment using nonlinear finite element analysis of the inter-
nal integrity of the toe buttress subjected to anticipated
settlements followed by the design earthquake. The finite
element simulation evaluated the strains induced in the
geogrid reinforcement by three sequential loading
phases: (i) toe buttress construction, modeled by sequen-
tially activating soil and bar elements in the reinforced
sail zone; (ii) gradual increase in differential settlements,
simulated by imposing incremental displacements at the
base of the reinforced soil mass; and (iii) earthquake load-
ing, modeled by applying horizontal body forces that cor-
respond to the maximum average acceleration estimated
from a finite element site response analysis,

The following conclusions can be drawn from this in-
vestigation:

« Interpretation of the monitored differential settle-
ments in the toe buttress area was a useful basis for
evaluation of the settlement rate. A total differential
settlement of approximately 1,200 mm was projected
over additional 30 vears, the time frame considered in
this study.

« The limiting strain criteria used to assess the integrity

of geosynthetic reinforcements should account for
the different loading conditions. In this investigation,
a 109 geogrid allowable strain was established for
long-term static loading while a 209 geogrid allowa-
ble strain was defined for rapid (seismic) loading.

» An experimental testing program was performed to
evaluate the mechanical properties of archived ge-
ogrid specimens. The results showed that rapid load-
ing after an extended period of creep does not reduce
the geogrid allowable strain nor the geogrid ultimate
tensile strength to values smalier than those obtained
from wide-width (esting. Instead, geogrid tensile
load-strain curves obtained by rapid loading after a
period of constant {creep) loading eventually matched
control curves obtained by rapid loading without
creep.

*  Numerical assessment of the geogrid strains induced
at the OII toe buttress indicate that large differential
settlement and severe earthquake loads should not
compromise the integrity of the structure. The calcu-
lated maximum strain in the geogrid reinforcements
induced after long-term differential settlements is less
than 3.0%, which is well below the allowable static
strain of 10%. Also, the calculated maximum geogrid
strain induced after construction, long-term differen-
tial settlement, and earthquake loading is approxi-
mately 8.5%, which is well below the maximum allow-
able strain of 209% established for rapid loading.

» The location of the critical reinforced zone (i.e., the
elevation of the reinforcement layer where the maxi-
mum strain takes place) in a geosynthetic-reinforced
soil slope vary significantly for different loading
mechanisms. The numerical simulation performed in
this investigation indicates that the maximum rein-
forcement strain induced by construction loading oc-
curs at mid-height of the reinforced slope, while the
maximum strain induced by differential settlements
occurs towards the base of the structure, and the maxi-
mum strain induced by earthquake loading occurs
towards the top of the structure.
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