MunicIrPAL SoLID WASTE SLOPE FAILURE.

II: STABILITY ANALYSES

By Timothy D. Stark,' Hisham T. Eid,” W. Douglas Evans,’ and Paul E. Sherry*

ABSTRACT: Analyses are presented to investigate the case of a large slope failure in a municipal solid waste
(MSW) landfill that developed through the underlying native soil. The engineering properties of the waste and
native soil are described in a companion paper by Eid et al. (2000). Some of the conclusions from this case
history include (1) native colluvial/residual soils in the Cincinnati area underlying MSW can mobilize a drained
shear strength less than the fully softened value without recent evidence of previous sliding; (2) strain incom-
patibility and progressive failure can occur between MSW and underlying materials and cause a reduction in
the mobilized shear strength; (3) a stability evaluation of interim slopes, especially when the slope toe will be
excavated, blasting will be occurring, and waste placement continues at the top of slope, should be conducted,
even though it may not be required by regulations; and (4) the reappearance of cracking at the top of an MSW
landfill slope is probably an indication of slope instability and not settlement.

INTRODUCTION

On March 9, 1996, the largest slope failure at a municipal
solid waste (MSW) landfill in the United States, based on vol-
ume of waste involved (approximately 1.2 million m?), oc-
curred, and it provides the industry with some lessons for the
operation, expansion, and stability of landfill slopes. This pa-
per describes the wasteslide event, failure mechanism, cause
of the wasteslide, slope reconstruction, and lessons learned. A
companion paper, Eid et al. (2000), describes the site, subsur-
face investigation, and engineering properties of the MSW and
brown native soil involved in the slide. The landfill is located
approximately 15.3 km northwest of Cincinnati, Ohio. At the
time of the failure, it was the largest MSW facility in the State
of Ohio, based on annual waste receipts, and it accepted an
average of 4.5 X 10° kg of waste per day.

LATERAL EXPANSION AND WASTE PLACEMENT
ACTIVITIES

In February 1994, the landfill owner/operator was granted
a permit for a 486,000 m” lateral expansion. The north slope
lateral expansion involved creating a large excavation adjacent
to the toe of the existing landfill slope, with a maximum depth
of 45 m, and installing a composite liner system in the expan-
sion (Rumpke 1992). The areal extent and geometry of the
lateral expansion on February 6, 1996, 32 days prior to the
failure are shown in Fig. 1. The excavation for the access road
along the toe (see dotted line) of the existing landfill is also
shown. A closeup photograph of the toe excavation is shown
in Plate 1 of Eid et al. (2000). To the north of the access road
is the deep excavation. The outline of the existing landfill in-
volved in the wasteslide is superimposed on Fig. 1 (see dashed
line), which is south of the access road. In addition, the dashed
line depicts the farthest extent of the waste after the slide. It
can be seen that the slide mass essentially filled the deep ex-
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cavation, except for a small area at the northeastern edge of
the excavation.

Another important feature in Fig. 1 is the vehicle turnaround
at the top of the landfill. Approximately one-half of the daily
4.5 X 10° kg of waste was being placed at the top of the slope
in the months preceding the slide (King 1998). Placement ac-
tivities are evident in Fig. 1 and were evident from the pres-
ence of three compactors at the top of the landfill immediately
after the wasteslide. The other two compactors that were being
used at the time of the slide were located at the west ridge
placement area and are shown in Fig. 1, with the presence of
four unloading trucks. .

The large and deep excavation was being continued at the
time of the failure after being started in 1993, or approximately
40 months prior to the wasteslide (Strachan 1998). Placement
of the compacted clay for the composite liner system had
started on a portion of the 3 Horizontal:1 Vertical (3H:1V)
slope adjacent to the toe of the existing landfill in December
1995, or approximately three months prior to the slide. The
continual collection of leachate and surface water contami-
nated by leachate in the deep excavation.caused many con-
struction delays. Site personnel had to activate a leachate pump
(Plate 1 in Eid et al. 2000) approximately once every hour
{(Wells 1998) to remove liquid from a manhole. This pumping
was required year round. In addition, it usually required sev-
eral days for the leachate pools in the excavation to dry before
construction could proceed.

In summary, the composite liner system and subsequent reg-
ulatory certification procedure were not going to be completed
for a number of months. This delay in construction, and thus
new disposal capacity, resulted in a shortage of disposal ca-
pacity at the site. Thirty-two days prior to the failure, that is,
on February 6, 1996, the site was overbuilt/overfilled by at
least 944,300 m’ (Civil 1996b). The north slope was overbuilt
by 731,000 m’ on February 6, 1996 (Civil 1996b). Based on
a conservative estimate (9.0 X 10° to 1.8 X 10° kg/day), of
the waste being placed at the top of the north slope from Feb-
ruary 6 through March 9, 1996 (King 1998), the overbuild and
maximum height of the landfill on March 9, 1996, were esti-
mated to be at least 776,940 m® and +338 to +340 m, re-
spectively.

As part of the 1994 expansion permit, the maximum allow-
able elevation of waste placement was increased from +317.2
to +324.8 m. As a result, the top of the landfill exceeded the
permitted elevation by 13 to 15 m at the time of the failure.
Fig. 2 shows the waste grades from the owner/operator’s an-
nual aerial surveys, dated February 1 and December 21, 1994,
and the estimated waste grade on March 9, 1996. (The location
of cross section B—B’ is shown in Fig. 2 of Eid et al. 2000.)
It can be seen that the slope inclination increased from Feb-
ruary 1 to December 21, 1994, but the maximum elevation did
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FIG. 1.
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Aerial View of Landfill on February 6, 1996 (32 Days Prior to Wasteslide)
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FIG. 2. Slope Cross Section B—B’ Showing Recent Waste Placement

not increase significantly. However, from December 21, 1994,
to March 9, 1996, both the slope inclination and maximum
elevation .increased significantly. In fact, a 9 to 20 m thick
layer of waste was placed over the majority of the slope be-
tween December 21, 1994, and March 9, 1996, which resulted
in a significant increase in slope height and inclination. In
addition to waste placement, the owner/operator stockpiled
soil at the top of the landfill [Fig. 3(a)] for daily cover oper-
ations.

The secant slope inclination (inclination of a straight line
from the toe to the crest) was 2.6H:1V. However, the slope
inclination near the toe of the slope was 1.85H:1V (Fig. 2). A
4.5 to 6.0 m high nearly vertical excavation was also con-
structed at the toe of the slope to allow construction of an
anchor trench for the composite liner system and access road.
Fig. 2 also shows the ground surface at the toe of the landfill
prior to construction of the deep excavation estimated from a
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1955 Quadrangle sheet (USGS 1955).
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FIG. 3. (a) Waste Placement and Cracking at Top of Landfili on
March 4, 1996, and (b) Closeup of March 4, 1996, Cracking

WASTESLIDE EVENT
Field Observations

On the morning of Monday, March 4, 1996 (five days prior
to the wasteslide), landfill operating personnel noticed some
cracking in recently placed cover soil just north of the vehicle
turnaround (Fig. 1) at the top of the slope. Fig. 3(a) shows
some of the cracking extending across the top of the landfill
with a vertical offset of 25 to 50 mm as waste placement and
soil stockpiling activities continued on March 4, 1999. A
closeup of the crack [Fig. 3(b)] shows that the longest crack
had a width of 75 to 125 mm and extended 15 to 30 m across
the crest of the slope. The location of this cracking essentially
corresponds to the location of the scarp that resulted from the
wasteslide (note truncated vehicle turnaround at top of landfill
in Fig. 4) and thus delineates the extent of the slide mass.
Owner/operator personnel inspected the entire slope, including
the toe, to determine if the cracks were an indication of slope
instability. No other cracks or other indications of slope move-
ment were identified on the slope or at the toe on March 4
(Kenter et al. 1996, 1997a, 1997b). Consequently, the owner/
operator concluded that the cracks were caused by landfill set-
tlement, and ongoing visual monitoring and covering the area
with soil to control infiltration were deemed appropriate. As a
result, waste placement continued at the top of the landfill
(until the failure occurred), and blasting resumed on March 5.

This cracking reappeared each day in the same location until

the wasteslide occurred on Saturday, March 9, 1996. This
cracking was a manifestation of the translational movement
that was occurring in the brown native soil underlying the
waste. A major problem in MSW slopes is distinguishing set-
tlement-induced cracks from slope instability cracks. The reap-
pearance of significant cracking in the same location is more
likely an indication of slope instability than settlement. In gen-
eral, settlement cracks will not reappear in the same location
in a short period of time because the biological and mechanical
processes that cause the settlement require time.

Between the end of work on Friday, March 8, and approx-
imately 7:00 a.m. on Saturday, March 9, the cracks at the top
opened again and widened substantially, and 0.45 to 0.75 m
of vertical displacement had occurred at the northern edge of
the vehicle turnaround (King 1998). In addition, the cracking
had extended down the east side of the slope towards the Toter
Barn (Fig. 1), and steam was emanating from the cracks. The
cracks were estimated to be at least 3 m deep and were wid-
ening and deepening. This vertical displacement was probably
the start of a graben formation (Fig. 5), and the crack just
forming approximately 30 m down the 450 m long north slope
(King 1998) was probably formation of the downslope or
northern edge of the graben.

Between 8:00 and 8:30 a.m., the toe of the landfill started
moving slowing toward the access road. Photographs show the
movement was occurring in the brown native soil between the
waste and gray shale. The soil and waste were moving slowly
onto the access road and toward the deep excavation. This
initial toe movement was observed on the eastern flank of the
ravine underlying the MSW (Fig. 1). The axis of the ravine
corresponds to the western end of the access road, where it
makes a sharp northeasterly turn. Cracking and the associated
vertical displacement continued and extended across the top
of the landfill and down the east and west sides of the north
slope by 11:00 to 11:30 a.m. (J. Holm, personal communica-
tion, Civil and Environmental Consultants, Cincinnati, Ohio,
1997). The cracking and movement continued until between
11:30 a.m. and noon. At this time, a large slide block accel-
erated toward the deep excavation, and the entire slide was
complete in 1 to 5 min (Holm 1997; King 1998; and Strachan
1998). After movement of the large slide block and formation
of a graben and scarp, some sloughing occurred at the top of
the landfill, which resuited in the final scarp truncating the
vehicle turnaround.

An area of approximately 81,000 m* of waste slid into the
44,500 m® excavation at the toe of the existing slope, resulting
in a total of about 125,500 m’ of exposed solid waste. The toe
of the existing slope moved approximately 245 to 275 m to
the northern edge of the deep excavation, where it was stopped
by the northern wall of the excavation or came to rest in an
open part of the excavation. As the waste moved into the deep
excavation, it broke into blocks, or wastebergs, as the slide
mass accelerated down the 3H:1V excavation slope at the toe
of the existing landfill. Some of these wastebergs were 24 m
high (Fig. 4). Fig. 6 compares the prefailure and postfailure
geometry of the slope. Fortunately, no injuries or loss of life
occurred, but some of the large mining and earth moving
equipment being used in the excavation was damaged. In ad-
dition, the extensive gas recovery system was damaged and
rendered inoperable. The slope was reconstructed by using two
rock berms at the toe of the slide mass and rebuilding the slope
from the toe of the slide mass up toward the scarp. This in-
volved placing new solid waste at the toe of the slope and in
the graben area and excavating the overbuilt waste from the
top of the slope to achieve the final slope of approximately
5H:1V. The majority of the slope reconstruction was com-
pleted by January 1997.
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Aerial View of Wasteslide on March 11, 1996 (Two Days after Wasteslide)
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FIG. 5. Cracking and Translational Movement of Waste Slope along Cross Section A-A’

Translational Failure Mechanism

The appearance of substantial cracking initially at the top
of the slope and formation of a large slide block, graben, and
nearly vertical scarp (Figs. 4—6) are characteristic of a trans-
lational failure (Cruden and Varnes 1996). In addition, obser-
vations at the slope toe and slope inclinometer readings after
the slide, discussed subsequently, suggest that the failure was
translational and occurred through the weak brown native soil
underlying the MSW. Based on field observations and the re-
sults of a subsurface investigation, the failure surface was es-
timated to have passed through the solid waste at a steep in-

clination to the underlying weak, saturated brown native soil
(Fig. 5). The failure surface continued along the brown native
soil until it daylighted at the vertical excavation at the slope
toe that exposed the MSW and native soil.

Progressive Failure and Acceleration of Slide Mass

As noted previously, a large slide block accelerated toward
the excavation around noon on March 9. It is anticipated that
the primary cause of the acceleration was the progressive fail-
ure that was occurring in the brown native soil. The significant
cracking (Fig. 3) observed at the top of the landfill on March
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FlG. 6. Graben and Slope Geometry after Translational Movement of Waste Slope along Cross Section A-A’

4, 1996, was a manifestation of the shear failure that was oc-
curring, and probably had been occurring, in the brown native
soil at this location of the failure surface. As the fully softened
shear resistance of the brown native soil was exceeded in the
vicinity of this cracking, shear stresses were transferred to the
native soil farther down the slope. Therefore, cracking reap-
peared the following day at the top of the slope because this
MSW and native soil displaced downslope to mobilize addi-
tional shear resistance. On March 5, the largest blast in the
past 33 days occurred, causing additional shear displacement
and stress transfer. Therefore, this blast accelerated the timing
or occurrence of the slope failure, as discussed subsequently.
As the shear resistance of the downslope brown native soil
was exceeded, shear stresses were transferred farther down the
slope, and thus cracking reappeared on March 6, 1996. Shear
stresses continued to be transferred down the slope toward the
toe from March 4 to March 9, 1996, resulting in continued
and substantial cracking at the top of the slope. Between the
evening of March 8 and the morning of March 9, 1996, the
shear stresses and progressive failure had been transferred to
the vicinity of the slope toe at the eastern flank of the landfill.
Since the toe had no buttress and the shear stresses exceeded
the shear resistance of the brown native soil on the eastern
flank of the landfill (Fig. 1), the toe started moving toward the
access road. After the entire failure surface had been engaged
in the brown native soil, the entire slide mass accelerated to-
ward the access road. As the slope toe reached the northern
edge of the access road, the materials descended into the deep
excavation on the eastern flank of the ravine. As the materials
descended, the buttressing effect that would have existed had
the ground surface not been excavated (Fig. 2) was absent,
and the slide mass accelerated, resulting in the global failure.

BACK-ANALYSIS OF WASTESLIDE

A 3D back-analysis of the wasteslide was conducted to in-
vestigate the shear behavior of the brown native soil. A 3D
analysis was used to account for the complex geometry of the
scarp (Fig. 4), slide mass (Fig. 1), original ground surface,
including, for example, the presence of a ravine under the
MSW, landfill geometry, and piezometric level, which varied
due to the underlying topography. In addition, a 3D analysis
was used to account for the end effects (i.e., shear forces along
the sides of the slide mass) and thus yield a back-calculated
shear strength that is in agreement with the field or mobilized
strength. Two-dimensional (2D) analyses do not account for
the 3D end effects and thus yield estimates of the mobilized
shear strength that are too high, or unconservative (Stark and
Eid 1998). As will be described subsequently, the difference

TABLE 1. Summary of Input Parameters for 3D Back-Analysis
of Wasteslide

Saturated Effective Stress Shear
Total unit unit Strength Parameters
weight | weight | Cohesion| Friction angle
Material type | (KN/m® | (kN/m?) (kPa) (degrees)

(1) 2 (3) 4) (5)
Interim soil cover 17.3 17.8 0 30
Solid waste 10.2 11.8 40 35

Brown native soil 19.0 19.7 =( Back-calculated

between the 2D and 3D back-calculated/mobilized (mob) ef-
fective stress friction angles (¢,,,) for the brown native soil
is 3 to 4°, or 25 to 30%.

Janbu’s simplified method of slices (Janbu 1968) was used
to conduct the 3D limit equilibrium back analysis. Janbu’s
simplified method was extended to three dimensions and
coded in the microcomputer program CLARA 2.31 (Hungr
1988). The 3D geometry of the slide mass and piezometric
level were described using eighteen 2D cross sections. The
program interpolates between the 2D cross sections to define
the 3D geometry. The original ground topography was esti-
mated from the 1955 Quadrangle Sheet (USGS 1955), and the
waste surface geometry on March 9, 1996, was estimated from
the February 6, 1996 (one month prior to the wasteslide) aerial
survey and the disposal volume placed at the top of the landfill
since February 6, 1996. Unfortunately, the ground topography
prior to waste placement in 1945 is not available, but results
of the subsurface investigation suggest that the 1955 Quadran-
gle Sheet provides a good estimate of the topography prior to
waste placement. Table 1 summarizes the input parameters
used in the 3D analysis. A seismic coefficient was not used in
the back-analysis to simulate blasting because the blasting
probably excited only a limited portion of the failure surface
at a given time, and no blasts were detonated at the time of
failure.

Shear Strength and Unit Weight of Municipal Solid
Waste

One of the uncertainties in the 3D analysis was the shear
strength of the solid waste at this site. A companion paper (Eid
et al. 2000) presents the analyses, test results, and other case
histories used to estimate the site-specific waste shear strength
parameters (friction angle, &', of 35° and cohesion, ¢’, of 40
kPa) shown in Table 1.

A sensitivity analysis of the relationship between the total
or moist unit weight of the MSW and the &,,, for the brown
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native soil and was conducted using a 3D analysis and the
estimated piezometric level (described subsequently). The 3D
analysis showed that the &, of the brown native soil ranges
from approximately 11 to 13° for MSW total unit welghts
ranging from 14 to 8 kN/m’, respectively. The decrease in
&!.» with increasing unit weight is probably caused by the unit
weight increasing the normal stress on the deep, long, and
nearly horizontal failure surface faster than the corresponding
increase in dr1v1ng shear stress. Since the typlcal range of total
unit weight for in-place waste is 8 to 14 kN/m® (Fassett et al.
1994), it was concluded that the variation in total unit weight
only could affect the &, of the brown native soil by 1 to 2°,
An average total and saturated unit weight of 10.2 and 11.8
kN/m?, respectively, were used in the subsequent analyses (Ta-
ble 1).

Estimated Piezometric Level

The piezometric level acting on the slide plane at the time
of failure was not measured. As a result, the piezometric level
had to be estimated to conduct the 3D back-analysis. The total
piezometric pressure acting on the failure surface at this site
is composed of the piezometric pressure caused by leachate in
the waste and the fluid in the jointed bedrock underlying the
brown native soil. The following paragraphs discuss how the
total piezometric level was estimated for cross sections A—A'
(Fig. 6) and B-B’ (Fig. 2).

The piezometric level in cross section A—A' (Fig. 6) was
based on observations after the slide, information from Boring
G (Fig. 2 in Eid et al. 2000), and Boring L/F-A (Fig. 4), which
is located on the western flank of the ravine underlying the
MSW and is the counterpart to Boring G because both borings
are located on a flank of the ravine underlying the MSW and
thus should exhibit comparable leachate and bedrock piezo-
metric levels.

In general, the waste pile was observed to be fairly dry
immediately after the failure. Additional evidence of this dry
state included the ability to read pieces of dry newspaper ob-
tained from Boring G at a depth of 23 m after the failure; the
absence of significant leachate observed exiting the 30 to 50
m high vertical scarp; and borings in the deep excavation (e.g.,
Boring D); and shafts to construct gas wells that did not yield
significant depths of leachate after the failure. Since dry news-
paper was found at a depth of 23 m in Boring G, the maximum
depth of leachate prior to failure was assumed to be 7 to 8 m
because the depth of waste prior to the slide at Boring G was
approximately 30 m. This is in agreement with Boring L/F-A,
which yielded a leachate depth of 6 to 6.5 m. Further confir-
mation was observation of a leachate pool that developed
about three months after the failure at the base of the graben
near the Toter Barn, which had a leachate elevation of +268.4
m, or a depth of 9 to 10 m above the native soil. Since the
leachate pool was influenced by precipitation into the graben
after the failure, the leachate level near the scarp along cross
section A—A’ was estimated to be 7 to 8 m at the time of
- failure.

The leachate level was assumed to parallel the bedrock and
maintain a depth of 7 to 8 m to approximately the middle of
the slide mass and then decrease to the top of the brown native
soil at the slope toe. The leachate level was assumed to de-
crease to the top of the brown native soil at the slope toe in
cross section A—A’ because of the following observations: (1)
No leachate outbreaks were observed in the cover soil at or
near the toe prior to failure; (2) the vertical cut for the access
road exposed permeable MSW and the underlying brown na-
tive soil and only minor seepage, not large quantities of liquid,
exited this area prior to the slope cracking on March 4, 1996;
(3) no significant quantities of liquid exited the slope toe be-
tween 8:00 and 8:30 a.m. on March 9, when it started to move

toward the access road; (4) an employee (Wells 1998) in the
deep excavation at the time of the failure did not witness a
significant amount of liquid exiting the slope at the onset of
failure; (5) the eastern flank is at a higher elevation than the
ravine axis, and thus the leachate would flow toward the ravine
and not the flank where the failure initiated; and (6) initial
cracking occurred at the top of the slope and not at the toe,
indicating that failure initiated under the slope and thus there
was not a large buildup of liquid at the toe; otherwise, cracking
would have initiated at the toe. As a result, the leachate level
in cross section A—A’ was assumed to parallel the bedrock at
a depth of 7 to 8 m until midway between the scarp and slope
toe, which is about the location of the west ridge placement
area, and then decreased to the top of the brown native soil at
the slope toe. Based on this information, it is anticipated that
the piezometric level shown in cross section A—A’ provides
the best estimate of the piezometric conditions in the slope
prior to failure.

The piezometric level in cross section B-B' (Fig. 2) was
based on the piezometric level derived for cross section A-
A’, observations before and after the slide, and piezometer
L/F-B (Fig. 4). Based on the natural topography, the leachate
level was estimated to be about 15 m deeper at the axis of the
ravine. This was estimated from the 15 m change in the top
of the native soil from Boring G to the axis of the ravine.
Piezometer L/F-B, which is located outside of the southemn
end of the ravine, showed a leachate level of 14 m. This leach-
ate level is in agreement with a maximum depth of leachate
in the ravine axis of 22 to 23 m, which is 15 m plus the 7 to
8 m assumed for cross section A—A'. The maximum depth of
leachate occurring at the ravine axis is also in agreement with
the leachate manhole, pump, and associated piping being lo-
cated near the ravine axis (Plate 1 in Eid et al. 2000).

Another source of piezometric pressure acting on the failure
surface was probably the underlying jointed shale and lime:
stone bedrock. Civil (1996a) and Kenter et al. (1996, 1997a,
b) reported that a “seep” from the toe of the existing waste
pile and exposed bedrock was present throughout the winter
prior to the wasteslide. This seepage required construction of
a collection trench about 9 to 12 m below the access road near
the ravine axis. Additional evidence of this bedrock seepage
is shown in Fig. 1, where seepage broke through the com-
pacted clay (CCL) and is visible on the 3H:1V slope. To sat-
isfy regulatory requirements, the CCL hydraulic conductivity
was probably at or less than 107" m/s. In addition, placement
of the CCL could have facilitated buildup of piezometric and
gas pressure from the blasting in the bedrock. The presence
of piezometric pressure in the bedrock also may have contrib-
uted to the weak and saturated nature of the brown native soil
found underneath the stiff brown native soil in Boring G (Fig.
4 in Eid et al. 2000). Other sites in Ohio have also experienced
ground-water migrating through a CCL placed over jointed
bedrock. At these sites, a drainage layer was installed between
the CCL and bedrock to relieve the piezometric pressure. The
presence of piezometric pressure in the jointed bedrock may
help explain the timing of the failure because the site was
starting to experience springtime rainfall. The snowfall and
rainfall at the Cincinnati Airport for the months of October
1995 to March 9, 1996, are 109, 55, 87, 109, 50, and 18 mm,
respectively. The majority of this precipitation probably did
not infiltrate the MSW because of the presence of a soil cover
and the landfill steep slopes. However, it could have infiltrated
the surrounding natural ground surface and influenced the pi-
ezometric pressure in the jointed bedrock. Based on hydraulic
fracturing theory (Widjaja et al. 1984), the piezometric pres-
sure required to rupture the CCL at zero confining stress cor-
responds to a water level of 1.5 to 3 m. As a result, a piezo-
metric head of 1.5 to 3 m was added to develop the total
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piezometric level acting on the failure surface for the back-
analysis.

Piezometric Sensitivity Analysis

Using 18 cross sections, including A~A’ and B-B’, the 3D
shape and height of the total piezometric level were estimated.
The maximum piezometric level was assumed to occur at the
bottom or axis of the ravine near the scarp and to be 24.5 m,
which corresponds to a leachate level of 22 to 23 m and 1.5
to 3 m of piezometric head in the native soil/bedrock. The
lowest piezometric level occurred on the eastern flank of the
ravine because of differences in foundation elevation. This re-
sulted in the leachate level being lower on the eastern side of
the slide mass than at the ravine axis, which was initially puz-
zling because the failure initiated on the eastern flank and not
at the ravine axis. The failure probably did not initiate at the
ravine axis because of the 3D effect, where the access road
makes a sharp northeasterly turn (Fig. 1). The confinement
provided to the slide mass by the buttressing waste on the
western side of the slide mass increased the local factor of
safety (FS) such that failure occurred on the eastern flank in-
stead of at the ravine axis or the location of the maximum
piezometric level.

Fig. 7 presents a sensitivity analysis of the relationship be-
tween maximum piezometric level at the ravine axis near the
scarp and the &,,, for the brown native soil using 2D and 3D
analyses. A 2 m increase in the piezometric level in Fig. 7
corresponds to the entire level being increased by 2 m. There-
fore, the depth at the axis of the ravine and eastern flank would
both increase by 2 m. The 3D analysis shows that the ¢,,,, of
the brown native soil ranges from approximately 11.5 to 14.5°
for a practical range of maximum piezometric level of 11 to
30 m, respectively. Using a maximum piezometric level of
24.5 m, the average mobilized friction angle for the brown soil
is 13.5°. When side resistance is considered, the 3D FS shows
less sensitivity to the estimated piezometric level than the 2D
FS. This is attributed to the larger shear forces along the sides
of the nonsymmetrical slide mass reducing the effect of the
piezometric level on the calculation of effective and driving
stress at the base of the slide mass.

Fig. 7 also shows &,,,, for the brown native soil if the side
resistance is not considered in the 3D analyses. This analysis
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FIG. 7. Maximum Piezometric Level at Ravine Axis and Asso-
ciated Back-Calculated Friction Angle for Brown Native Soil

is similar to a 2D stability analysis condition in that no 3D
side forces are included in the analysis. This analysis is not a
true 2D analysis because the entire slide mass is considered
instead of a single cross section. As a result, this analysis pro-
vides an FS that is between the 3D and 2D analyses. It can
be seen that ignoring the side resistance leads to an increased
mobilized friction angle by 15 to 20%.

Finally, Fig. 7 shows the 2D analysis yielded a ¢, of ap-
proximately 14 to 18° for the brown native soil for a maximum
leachate level ranging from 11 to 30 m, respectively. The anal-
yses were performed using the same stability method—that
is, Janbu’s simplified method of slices (Janbu 1968)—as the
3D analyses using the 2D option in CLARA 2.31 (Hungr
1988) and cross section B—B’. As expected, the 2D analysis
yields the highest values of ¢,,,,. For a maximum piezometric
level at the scarp of approximately 24.5 m, the 2-D ¢,,,, of
the brown native soil is about 17°. [Use of Spencer’s (1967)
stability method and cross section B-B' yielded a &,,,, of 16°.]
For comparison with cross section B—B’, the 2D &,,, calcu-
lated using both cross section A—A’ and the piezometric level
shown in Fig. 6 was 14°, instead of 17°. Since toe movement
initiated in the vicinity of cross section A—A’, the 2D o,,,, of
14° may be more representative than 17°.

The difference between the 2D and 3D analyses without
side resistance illustrates the effect of representing the slide
mass with a 2D section instead of using the 3D geometry. This
difference in ¢’ corresponds to approximately 1°. In addition,
the difference between the 2D and the 3D analyses with side
resistance depicts the degree of unconservatism induced by
using a 2D analysis in the back-calculation of this slope fail-
ure. It can be seen for a maximum piezometric level at the
scrap of 24.5 m that the 2D and 3D ¢,,, differ by 3 to 4°, or
25 to 30%.

Back-Calculated Shear Strength of Brown Native Soil

Using a vertical scarp height of 30 m to estimate the waste
shear strength (Eid et al. 2000) and the possible range of pi-
ezometric levels, the 3D back-analysis revealed that the shear
strength of the weak, saturated brown native soil at the time
of failure could be characterized using an average effective
stress angle of internal friction of 13.5° and an effective stress
cohesion of zero. Since the measured fully softened friction
angle of the brown native soil is 23° (Fig. 7 in Eid et al. 2000),
it was thought that the 2D and 3D ¢, (14 to 18° and 11.5
to 14°, respectively) correspond to a postpeak condition. Even
if the maximum piezometric level is significantly different than
24.5 m, for example, 11 to 30 m, &,,,, of the brown native
soil still corresponds to a postpeak condition.

Laboratory test results (Eid et al. 2000) and an empirical
correlation (Stark and Eid 1994) show that the drained residual
friction angle of the brown native soil from Boring G is ap-
proximately 10°. Since the 3D back-analysis estimated the av-
erage mobilized friction angle to be 13.5° it was concluded
that the brown native soil mobilized a shear strength between
the fully softened (23°) and residual (10°) values at the time
of failure.

CAUSE OF WASTESLIDE

The main cause of the wasteslide is the mobilization of a
postpeak shear strength in the brown native soil. However, a
number of additional causes for the wasteslide and possibilities
for mobilizing a postpeak strength were investigated, including
weak layers of sludge or waste; seismicity; excess pore-water
pressures due to waste placement; shear behavior of the brown
native soil; strain incompatibility and progressive failure; lat-
eral displacement of MSW; slope overbuild; rock blasting in
the adjacent excavation; and toe excavation. The following
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paragraphs investigate the significance of each of these phe-
nomena for finding the cause of the wasteslide and for mo-
bilization of a postpeak strength in the brown native soil.

Weak Waste Layers and Seismic Activily

There is a history of sludge disposal at the site, but the slide
was translational, occurring through the brown native soil un-
derlying the waste, as discussed previously, and not through
the waste. Therefore, failure of a continuous, weak waste layer
was not considered to be a causative factor. No seismic activity
was reported or measured within a 170 km radius of the site
for 30 days prior to the wasteslide. Therefore, seismicity was
not considered to be a significant factor.

Excess Pore-Water Pressure Due to Filling

Based on annual owner/operator aerial surveys, a 9 to 20 m
thick layer of waste was placed over the existing 60 m high
waste pile within the 14 months prior to the wasteslide (Fig.
2). This corresponds to an average filling rate across the slope
of 0.02 to 0.05 m/day. It was thought that this filling might
generate excess pore-water pressures in the brown native soil
and consequently a decrease in the effective normal stresses
acting on the failure surface. Boussinesq stress distribution
theory showed that the increase in vertical stress at the base
of the 60 m high waste pile due to the placement of 0.02 to
0.05 m of waste/day over the slope was small. The maximum
vertical stress increase in the brown native soil was found to
occur at the slope midheight, that is, only about 38 m of ex-
isting waste and 14 m of new waste in 14 months, and ranges
from 20 to 25% of the existing vertical stress. Based on Ter-
zaghi’s theory of consclidation (Terzaghi et al. 1996), a degree
of consolidation of 90%, double vertical drainage, layer thick-
ness of 3 m, and coefficient of consolidation of 4 m*year
estimated from oedometer tests on specimens of the native
brown soil, the majority of the excess pore-water pressure
should have dissipated during the 14 month waste placement
period. In summary, if excess pore-water pressures were gen-
erated in the brown native soil due to waste placement, it
would have been only a minor contributing factor in the cause
of the failure.

Shear Behavior of Brown Native Soil

Review of landfill operational information indicates that this
slope had not experienced a global failure of the north slope
since waste placement commenced, which would suggest that
a drained fully softened friction angle (23°) should have been
mobilized and not a postpeak value. Therefore, mobilization
of a postpeak shear strength at this site initially was perplex-
ing. As a result, a study was conducted to determine the shear
strength mobilized in other slope failures involving similar ge-
ologic and colluvial/residual soil conditions. As noted in the
companion paper (Eid et al. 2000), the parent material (shale,
in contrast to granite) and a number of other factors, such as
weathering, soil formation, deposition, shear displacement
prior to waste placement, and aging processes of similar de-
posits, have resulted in mobilization of a postpeak shear
strength at other sites. Other significant causes (discussed sub-
sequently) for shear displacement and mobilization of a post-
peak strength in the brown native soil include strain incom-
patibility between the MSW and brown native soil and
progressive failure, time-dependent lateral displacement of the
MSW, blasting activities, stress concentration(s) caused by a
toe excavation, and waste placement activities that usually in-
volved pushing waste from the top to the bottom of the ravine.

Strain Incompatibility and Progressive Failure

Strain incompatibility between the MSW and underlying
brown native soil and subsequent progressive failure can result
in mobilization of shear strengths that are less than the peak
values. The large difference between the stress-strain charac-
teristics of the MSW and brown native soil (Fig. 6 in Eid et
al. 2000) increased the likelihood of strain incompatibility. As
a result, failure probably occurred first in the native soil when
only a fraction of the MSW peak strength was mobilized. After
failure occurred in the native soil, the peak strength of the
MSW was mobilized at a time when the shear strength of the
native soil had declined to a value significantly less than the
fully softened value. Chirapuntu and Duncan (1975) show that
the reduction in shear strength caused by progressive failure
for a foundation soil and overlying embankment can range
from 0 to 20% and 20 to 90%, respectively.

To investigate the effect of strain incompatibility on .., a
3D analysis was conducted with a maximum piezometric level
of 24.5 m and zero shear strength (¢’ = ¢' = 0) assigned to
the MSW. The resulting ¢, for the brown native soil is 18°
versus 13.5° for MSW shear strength parameters of ¢’ = 40
kPa and &, = 35°. This result has the following important
implications for the understanding of this case history: (1)
Only a small percentage of the peak MSW shear strength was
mobilized because of strain incompatibility with the underly-
ing brown native soil; and (2) the 3D &,,, of 18° assuming
zero shear strength for the waste, is still significantly less than
the fully softened ¢’ of 23°. This analysis further suggests that
a postpeak strength was mobilized in the weak, saturated
brown native soil, probably in part by the large strain incom-
patibility between the MSW and native soil.

In summary, strain incompatibility probably facilitated de-
velopment of a postpeak strength in the brown native soil and
the progressive failure mechanism described previously.
Brandl (1998) concluded that strain incompatibility must be
considered in landfill stability analyses, especially if the sub-
soil consists of clays or silts with a low residual ¢'. If the
subsoil has a low residual &', Brandl (1998) recommends
comprehensive monitoring of slope deformations to warn of
potential failure. A similar conclusion concerning postpeak
strength was drawn for geosynthetic interfaces (Stark and
Poeppel 1994) and other foundation soils (Mitchell et al. 1995)
because of their strain incompatibility with MSW.

Lateral Displacement of MSW

Fig. 8 presents data from slope inclinometer F (Fig. 4) on
the eastern slope from July 9, 1996, to January 17, 1997. It
can be seen that the MSW shows a consistent out-of-slope
movement. Siegel et al. (1990) and Coduto and Huitric (1990)
have reported similar time dependent out-of-slope movement
of MSW slopes. More important, the out-of-slope movement
is inducing shear displacement in the brown native soil that
underlies the eastern slope. The corresponding shear displace-
ments may have been even greater under the north slope be-
cause the toe was excavated and the underlying topography
dips toward the deep excavation. In summary, the time-depen-
dent lateral displacement of MSW also may have induced
shear displacement in the brown native soil that could have
facilitated mobilization of a postpeak shear strength.

Slope Overbuild

Another major contributor to the wasteslide was the over-
build of at least 776,940 m> on the north slope at the time of
failure. Using a maximum piezometric level of 24.5 m, the
slope toe being excavated, and a &, of the brown native soil
of 13.5°, the 3D FS for the slope was calculated as the max-
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FIG. 8. Slope Inclinometer F from Eastern Slope after Wasteslide

imum height of the landfill increased from elevation +320 m
to approximately elevation +340 m. The analysis reveals that
the 3D FS decreased from slightly less than 1.2 at elevation
+320 m to unity at elevation +339 m. An elevation of +339
m is in agreement with the estimated maximum elevation of
+338 to +340 m at the time of failure. Therefore, it was
concluded that the overbuild was a factor in the cause of the
wasteslide because it reduced the FS to near unity. This mar-
ginal stability allowed the rock blasting to have a greater im-
pact on the progressive failure, that is, strength loss and thus
transfer of shear stress along the failure surface, in the brown
native soil.

Rock Blasting in Adjacent Excavation

It was anticipated that the rock blasting, using an ammonia
nitrate/fuel oil explosive adjacent to the steep, marginally sta-
ble slope, contributed to mobilization of a postpeak strength
condition and occurrence of the wasteslide by inducing shear
stresses and displacement in the brown native soil and possibly
causing gas pressure to develop in the jointed bedrock. To
investigate the possibility of blast-induced displacement in the
brown native soil, a multiple sliding block analysis (Dowding
1996) was conducted, instead of a rigid block analysis (New-

mark 1965), to account for the one- or two-order-of-magnitude
difference in frequency content, and thus predominant wave-
length, between earthquakes and construction blasting vibra-
tions.

Using a maximum charge per delay of 91.7 kg for the
March 1, 1996, blast (see Table 2 for summary of recent blast-
ing activities); a distance from the blast to the scarp area where
cracking was first observed on March 4, 1996, of approxi-
mately 400 m; a blast frequency of 30 to 70 Hz obtained from
blasting records at a distance of 850 m; a number of significant
cycles per blast of 4 to 6; an assumed FS of the north slope
of 1.16; a peak particle velocity of 5.1 to 12.5 mm/s based on
the range of cube-root scaling of the recorded peak particle
velocities measured during each of the blasts in Table 2; and
an estimated shear wave velocity of the jointed shale and lime-
stone bedrock of 1525 m/s (Dowding 1996), a shear displace-
ment of roughly 7 to 11 mm was estimated for the interface
between the bedrock and brown native soil. This is significant
because the ring shear displacement required to mobilize the
fully softened shear strength of the remolded brown native soil
is only 2 to 6 mm. An assumed FS of 1.16 was used because
Dowding (1996) presents relationships between shear dis-
placement, frequency, and FS, with the lowest value of FS
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TABLE 2. Summary of Recent Blasting in Deep Excavation

Total weight Maximum weight Number of Peak particle velocity vector Time of peak
of explosives per 8 ms delay delay periods sum at distance of 549 m velocity vector sum
Date (kg) (kg) used {(mm/s) (ms)

(1) (2 (3) (4) (5) (6)
2/2/96 4,260.3 92.6 10 5.5 379
2/6/96 3,1489 92.6 6 52 332
2/9/96 3,704.6 92.6 7 53 305
2/12/96 2,408.0 92.6 7 4.1 417
2/13/96 2,408.0 92.6 7 5.5 317
2/14/96 1,852.3 92.6 5 4.6 558
2/15/96 2,224.6 79.5 7 4.0 344
2/16/96 2,224.6 79.5 7 29 286
2/20/96 2,202.4 66.7 15 3.6 450
2/21/96 2,269.1 66.7 15 2.4 . 524
2/22/96 3,098.6 79.5 3 1.9 400
2/23/96 2,198.7 75.8 3 3.0 454
2/27/96 2,589.6 83.5 3 3.0 499
3/1/96 3,301.5 91.7 3 1.9° 387
3/5/96 4981.3 95.8 3 2.4* 476

“Peak particle velocity vector sum at distance of 610 m.

being 1.16. The amount of shear displacement increases with
decreasing FS; therefore, a shear displacement of 7 to 11 mm
is a lower bound because the local FS was less than 1.16, as
evidenced by cracking at the top of the slope on March 4.

The length of the slide block that can be displaced or ac-
celerated in the same direction by a blast was estimated to be
approximately one-eighth of the wavelength (19 to 51 m), or
3 to 7 m (Dowding 1996). Therefore, only a small length of
the failure surface at a given instant was undergoing unidirec-
tional shear displacement during the March 1, 1996, blast.
Since cracking appeared on March 4, the local FS near the
scarp was probably near unity on March 1. As a result, the
blast on March 1,.1996, probably caused shear displacement
and some shear stress transfer to occur in“the brown native
soil, which helped accelerate the progressive failure. The blasts
prior to March 1 were also adversely influencing the slope
because the slope was marginally stable, that is, FS = 1.1 to
1.2. In summary, the combination of the March 1 blast and
continued waste placement at the top of the slope helped ac-
celerate the progressive failure mechanism.

The initial observation of progressive failure was on March
4, with the cracks at the top of the landfill. Therefore, an even
greater shear displacement and shear stress transfer were in-
duced in the brown native soil due to the March 5 blast be-
cause the local FS was at or below unity in the scarp area,
and the March 5 blast was the largest in the past 33 days. This
blast further accelerated the progressive failure, which resulted
in increased cracking at the slope crest in the following days,
leading to the global failure on March 9, 1996. If no blasting
had occurred on March 5, global failure probably would have
occurred after March 9. Since the local FS was at or near unity
in the eventual scarp area because cracking first appeared at
the slope crest, the primary impact of the blasting was on this
portion of the failure surface. The local FS at the slope toe
was greater than unity, and thus no cracking was observed at
the toe after the March 5 blast. This is also in agreement with
the progressive failure mechanism and acceleration of the slide
mass discussed previously.

Blasting started at the site in 1987 to increase airspace by
removal of the shale and limestone bedrock at the slope toe.
Therefore, the brown native soil had been subjected to many
blasts and vibrations generated by construction and excavation
activities since 1987. Early in the excavation process, the
blasts were significantly greater than the February and March
1996 blasts and were also closer to the slope toe (Strachan
1998). As the FS decreased due to strain incompatibility and
overbuilding of the slope, the blast-induced shear displacement

increased and likely caused some shear strength loss in the
brown native soil.

In summary, the continuous blasting at the excavated slope
toe probably reduced the shear strength of the brown native
soil by causing an accumulation of localized shear displace-
ment, as suggested by a landfill employee (Duffy 1997). The
magnitude of shear displacement induced during each blast
increased as the FS of the slope approached unity. A similar
phenomenon was observed at San Luis Dam, where reservoir
drawdowns were thought to induce shear displacement, and
thus strength loss, in the foundation clay, causing a slide in
the upstream slope (Stark and Duncan 1991). Therefore, the
multiple block analysis suggests that the blasts before and on
March 1, and certainly on March 5, contributed to the occur-
rence of the slope failure because the slope was already mar-
ginally stable.

Toe Excavation

Toe excavations create a large stress concentration at the
base of a slope that can lead to localized shear deformations,
progressive failure, and finally slope instability (Dunlop and
Duncan 1970). A 3D analysis was conducted of the slope with
a maximum piezometric level of 24.5 m and a brown native
soil friction angle of 13.5°, assuming the deep excavation had
not been constructed, as shown in Fig. 2. The brown native
soil outside of the landfill was assigned a ¢ of 23°, and the
piezometric level was placed at the bottom of the brown native
soil. This analysis yielded an FS of approximately 1.1. There-
fore, the toe excavation removed some buttressing force, but,
more importantly, daylighted the weak brown native soil and
allowed the waste to descend into the excavation, which al-
lowed the slide mass to accelerate. Clearly, the time that a toe
excavation is left unbuttressed should be minimized to increase
slope stability. ,

In summary, the main cause of the wasteslide was mobili-
zation of a postpeak strength condition in the brown native
soil. As discussed previously, the blasting adjacent to the slope
accelerated the progressive failure mechanism and contributed
to the occurrence of the wasteslide on March 9. If blasting had
not occurred on March 1 and 5, global failure might have
occurred after March 9. Since the site had exceeded capacity
and waste placement was going to continue at the top of the
slope for the foreseeable future, the failure would have oc-
curred eventually.

JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEERING / MAY 2000/ 417



CONCLUSIONS

The following conclusions can be discerned from this case
history:

1. Cracking initially and repeatedly at the top of the slope
and formation of a large slide block, graben, and nearly
vertical scarp indicate that the failure was translational
along a weak foundation layer. In general, the reappear-
ance of cracking in the same location in a short period
of time is more likely an indication of MSW slope in-
stability than settlement, especially if the cracks are oc-
curring at the top of a slope and/or there is evidence of
both horizontal and vertical displacement. MSW settle-
ment cracks usually will not reappear in the same loca-
tion in a short period of time because the biological and
mechanical processes that cause the settlement require
time.

2. A 3D stability analysis was used to account for the 3D
end effects and complex geometry of the scarp, slide
mass, topography, and piezometric conditions to yield a
representative back-calculated friction angle of 13.5° for
the brown native soil. A 3D analysis is recommended for
the back-analysis of slope failures to account for the
shear resistance along the sides of a slide mass and com-
plex geometry.

3. Given the failure mode and uncertainty in the leachate
level and bedrock piezometric condition, the failure can-
not be explained using the drained fully softened friction
angle (23°) measured or the drained residual friction an-
gle (10°) estimated for the brown native soil. As a result,
it appears that the brown native soil underlying the waste
mobilized a postpeak shear strength. A postpeak shear
strength may have been mobilized due to a number of
factors, including soil formation, deposition, softening,
and prior downhill transport;-strain incompatibility be-
tween the MSW and native soil and progressive failure;
time-dependent lateral deformation of the waste; blasting
in the adjacent excavation; stress concentrations caused
by a toe excavation; and waste placement activities.

4. Strain incompatibility between the MSW and brown na-
tive soil and progressive failure probably occurred at this
site and facilitated the development of a postpeak
strength in the native soil. The 3D back-analysis shows
that only a small percentage of the peak MSW strength
was mobilized at the time of failure. As a result, strain-
compatible values of shear strength should be used for
the MSW and underlying foundation soil or geosynthetic
interfaces. The greater the difference between the stress-
strain characteristics of the MSW and the foundation soil
or geosynthetic interfaces, the smaller the percentage of
strength mobilized in the MSW and underlying mate-
rial(s). ,

5. The multiple block analysis suggests that blasting-in-
duced shear displacements in the brown native soil, al-
beit over a limited distance at a given time, adversely
affected the soil shear strength and contributed to mo-
bilization of a postpeak shear strength. It is anticipated
that blasting near the marginally stable slope also con-
tributed to the occurrence of the slope failure on March
9, 1996. Deformation analyses should be conducted to
investigate the possibility of shear deformation and
strength loss prior to blasting. If blasting is planned at a
site, the factor of safety should be large enough to min-
imize the accumulation of shear displacement in the un-
derlying materials.

6. Construction of the lateral expansion was delayed for a
number of reasons, including leachate and surface water
flowing into the excavation. Leachate collection and re-

moval systems should be installed at the toe of and pos-
sibly within existing landfill slopes to promote leachate
removal or drainage, increase slope stability, and facili-
tate construction of lateral expansions, especially if an
excavation will be constructed at the slope toe.

7. The slope that failed was an interim slope and thus was
not required to be evaluated. It is recommended that in-
terim slopes be evaluated, even though it may not be
required by regulations, to ensure slope stability during
construction. This is especially relevant when the toe is
excavated or daylighted, waste placement is occurring at
the top of the slope, and/or blasting is occurring near the
slope. If there are construction delays, waste may need
to be diverted and blasting discontinued to ensure that
the slope is not overbuilt or destabilized, respectively.

ACKNOWLEDGMENTS

The contents and views in this paper are the writers and do not nec-
essarily reflect those of the landfill owner/operator or the Ohio Environ-
mental Protection Agency.

APPENDIX. REFERENCES

Brandl, H. (1998). “Risk analyses, quality assurance, and regulations in
landfill engineering and environmental protection.” Proc., Envir. Geo-
technics, P. Seco e Pinto, ed., Balkema, Rotterdam, The Netherlands,
1299-1328.

Chirapuntu, S., and Duncan, J. M. (1976). “The role of fill strength in
the stability of embankments on soft clay foundations.” Tech. Rep. S-
76-6, U.S. Army Engineer Waterways Experiment Station, Vicksburg,
Miss.

Civil and Environmental Consultants. (1996a). *Design report for recon-
struction of northwest slope, Rumpke Sanitary Landfill, Cincinnati,
Ohio.” Consulting Rep. Prepared for Rumpke Waste, Inc., Proj. No.
96221, March 24.

Civil and Environmental Consultants. (1996b). “Overbuild analysis:
Rumpke Sanitary Landfill, Inc., Hamilton County, Ohio.” Consulting
Rep. Prepared for Rumpke Waste, Inc., Proj. No. 96221, June 20.

Coduto, D. P, and Huitric, R. (1990). ‘“Monitoring landfill movements
using precise instruments.” Geotechnics of waste fills—theory and
practice, STP 1070, A. O. Landva and C. D. Knowles, eds., ASTM,
West Conshohocken, Pa., 358-369.

Cruden, D. M., and Varnes, D. J. (1996). ‘“‘Landslide types and pro-
cesses.” Spec. Rep. 247: Landslides: Investigation and mitigation,
A. K. Tumer and R. L. Schuster, eds., Transp. Res. Board, National
Research Council, Washington, D.C., 36-75.

Dowding, C. H. (1996). Construction vibrations. Prentice-Hall, Upper
Saddle River, N.Y.

Duffy, D. (1997). “Slope instability: Its causes and its remedies.”” Erosion
Control Mag., May/June, 44—49.

Dunlop, P., and Duncan, J. M. (1970). “Development of failure around
excavated slopes.” J. Soil Mech. and Found. Engrg. Div., ASCE, 96(2),
471-494.

Eid, H. T, Stark, T. D., Evans, W. D., and Sherry, P. E. (2000). **Solid
waste slope failure. I: Waste and foundation properties.” J. Geotech.
and Geoenvir. Engrg., 126(5), 397-407.

Fassett, J. B., Leonards, G. A., and Repetto, P. C. (1994). “Geotechnical
properties of municipal solid waste and their use in landfill design.”
Proc., WasteTech’94, National Solid Waste Management Association,
Washington, D.C.

Hungr, O. (1988). User's manual: CLARA 2.31, Slope stability analysis
in two or three dimensions for IBM compatible microcomputers. Old-
rich Hungr Geotechnical Research, Inc., Vancouver, British Columbia,
Canada.

Janbu, N. (1968). “Slope stability computations.” Soil Mech. and Found.
Engrg. Rep., Technical University of Norway, Trondheim.

Kenter, R. J., Schmucker, B. O., and Miller, K. R. (1996). “Initial and
long-term response plans for 30-acre municipal waste landfill land-
slide.” Proc., 19th Int. Madison Waste Conf.: Municipal and Industrial
Waste, Dept. of Engrg. Profl. Devel., University of Wisconsin at Mad-
ison, 180~195.

Kenter, R. J., Schmucker, B. O., and Miller, K. R. (1997a). “Initial and
long-term response plans for 30-acre municipal waste landfill land-
slide.” Proc., WasteTech’97 Conf., National Solid Wastes Management
Association, Washington, D.C., 263-282.

Kenter, R. I., Schmucker, B. O., and Miller, K. R. (1997b). ““The day the

418 / JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEERING / MAY 2000



Earth didn’t stand still: The Rumpke Landslide.” Waste Age Mag.,
March, 66-81.

King, J. (1998). Deposition in Air Products and Chemicals, Inc. vs.
Rumpke Sanitary Landfill, Inc., 26 June 1998.

Mitchell, J. K., Bray, J. D., and Mitchell, R. A. (1995). “Material inter-
actions in solid waste landfills.” Proc., Geoenvironmental 200, ASCE
Geotech. Spec. Publ. No. 46, ASCE, New York, Vol. 1, 568-590.

Newmark, N. (1965). “Effects of earthquakes on dams and embank-
ments.”” Géotechnique, London, 15(2) 139-160.

Rumpke Engineering and Environmental Affairs Department. (1992).
“Permit application narrative, Part I: Site summery and permit crite-
ria.” Rep. Prepared for Rumpke Sanitary Landfill, Inc., Hamilton
County, Ohio, December, Vols. 1 and 2.

Siegel, R. A., Robertson, R. J., and Anderson, D. G. (1990). *‘Slope
stability investigations at a landfill in Southern California.” Geotech-
nics of waste fills—Theory and practice, A. O. Landva and C. D.
Knowles, eds., ASTM, West Conshohocken, Pa., 259-284.

Spencer, E. (1967). “A method of analysis of the stability of embank-
ments assuming parallel inter-slice forces.” Géorechnique, London,

17(1), 11-26.

Stark, T. D., and Duncan, J. M. (1991). ‘“Mechanisms of strength loss in
stiff clays.” J. Geotech. Engrg., ASCE, 117(1), 139-154.

Stark, T. D., and Eid, H. T. (1994). “Drained residual strength of cohesive
soils.” J. Geotech. Engrg., ASCE, 120(5), 856-871.

Stark, T. D., and Eid, H. T. (1998). “Performance of three-dimensional
slope stability methods in practice.” J. Geotech. and Geoenvir. Engrg.,
ASCE, 124(11), 1049-1060. i

Stark, T. D., and Poeppel, A. R. (1994). “Landfill liner interface strengths
from torsional-ring-shear tests.” J. Geotech. Engrg., ASCE, 120(3),
597-615.

Strachan, W. M. (1998). Deposition in Air Products and Chemicals, Inc.
vs. Rumpke Sanitary Landfill, Inc., 25 and 26 June 1998.

Terzaghi, K., Peck, R. B., and Mesri, G. (1996). Soil mechanics in en-
gineering practice, 3rd Ed., Wiley, New York.

U.S. Geological Survey (USGS). (1955). “Green Hills, Ohio Quadrangle
Sheet.”” Denver, Colo.

Wells, C. (1998). Deposition in Air Products and Chemicals, Inc. vs.
Rumpke Sanitary Landfill, Inc., 26 June 1996.

Widjaja, H., Duncan, J. M., and Seed, H. B. (1984). “Scale and time
effect in hydraulic fracturing.” Tech. Rep. GL-84-10, U.S. Army En-
gineer Waterways Experiment Station, Vicksburg, Miss., July.

JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEERING / MAY 2000/ 419



