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ABSTRACT
A sudden and catastrophic slide involving approximately 1.5 million metric tonnes of solid waste took place on September 27, 1997 in
the Zone II area of the Doña Juana Landfill. Results from a forensic investigation carried out by the authors to assess the causes of
failure are presented in this paper. This case history is considered to be significant because it documents a pore-pressure induced
stability failure in a solid waste fill and provides field measurements of the critical pore pressures that were found to have induced
failure. The study also shows that waste slope behavior can be modeled using basic soil mechanics principles and effective stress
analysis.
RESUME
Un glissement de terrain soudain et catastrophique impliquant plus de 1.5 millions de tonnes de déchets solides a eu lieu le 27 septembre
1997 dans la zone II de la décharge de Doña Juana. Les résultats d’investigations poussées sont décrits dans cet article pour établir les
causes de la rupture du remblai. Ce cas de glissement de terrain peut être considère comme assez significatif dans la mesure ou il met
en relief l’influence des pressions interstitielles lors du glissement de terrain dans un tel massif où la re-circulation des fluides est
importante. Les investigations in situ ont pus montrer le rôle des surpressions interstitielles critiques ayant causé la rupture du massif.
Cette étude montre aussi que le comportement mécanique de la pente de matériaux constitués par des déchets solides peut être modélisé
en utilisant les fondamentaux de la mécanique des sols et une analyse en contrainte effective.
1

INTRODUCTION

Conventional soil mechanics principles were used in this analysis
as basic framework to assess the stability of the waste fill. This
approach proved to be successful in modeling the observed slope
behavior in spite of significant differences between the
mechanical properties of waste materials and those of
conventional soil deposits.
The principle of effective stress was used to account for the
pore pressures generated in the waste fill prior and during
recirculation. It was evident that because of the relatively low
density of waste materials their slope stability is highly sensitive
to pore pressure generation. The analysis presented in this paper
illustrates the effects of phenomena described above on the
stability of the Zone II cell.

inclination of only 4.7H:1V. Twenty waste levels were placed in
the Zone II cell prior to failure. The maximum thickness of the
waste deposit was about 40 meters at the time of the failure.

2 SITE LOCATION AND WASTE CELL CONFIGURATION
Doña Juana landfill is located to the south-southwest of Bogotá.
The photograph in Figure 1 shows the location of the pre-failure
Zone II landfill cell and the adjacent La Mansion landfill cell
constructed prior to Zone II with a similar design.
A cross section through of the as-built Zone II cell based on
the latest topography prior to the slope failure, September 1997,
is shown in Figure 2. The base of the landfill was designed in a
stair-stepped fashion with seven levels of terraces cut in the
original ground surface with an inclination of about 7o.
The waste from Bogotá contains a very high organic and
water content compared to the typical U.S. waste. Consequently,
the waste from Bogota generates much more leachate and gas
pressure. The waste was placed in 2.5-meter thick layers
interbedded with an intermediate soil cover 0.25 to 0.3 meters
thick. The overall waste slope constructed had an average

Figure 1 – Site location photograph.
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2.1 Zone II Leachate Collection System Design
A major bottom leachate collection system was installed
throughout the entire footprint of the Zone II landfill to collect
and convey leachate via a gravity pipeline to the two storage
ponds located at the toe of the landfill.
A 0.2-m thick layer of “protective soil,” usually relatively
impermeable silty sands or sandy clays, was placed over the
geotextile filter. This layer, unfortunately, resulted in high
impedance to the flow of leachate to the collection system.
A very limited system of gravel backfilled trenches 0.7 m
wide and 0.7 m deep, referred to as secondary longitudinal filters,
was excavated through the intermediate covers to promote
vertical leachate percolation through these covers. This system
did not operate very efficiently to move leachate downward as
desired.
2.2 Zone II Gas Collection System
A passive gas collection system was installed in Zone II and
consisted of vertical gas vents spaced at 45 m intervals, center-to
center. The gas vents extend upwards from the base drainage
layer through the full thickness of the waste and the landfill
surface cover. The gas vents consisted of a 150 mm diameter
slotted pipe with a 1-m square gravel pack around the PVC pipe.
The gas vents were designed to be installed concurrently with
waste placement.

Bogotá contains a much larger percentage of putrescible
organics, and substantially less paper and wood products than
similar waste in the United States. On the basis of these
considerations the authors concluded that the shear strength of
the compacted solid waste at Zone II can be represented by a
lower bilinear shear strength envelope than shown in
Kavazanjian et al., 1995. The inclined portion of the envelope
used by the authors for Zone II calculations corresponds to a
friction angle of 28 degrees.
The shear strength parameters proposed for the waste
materials were confirmed by the back calculated shear strength
values obtained for the adjacent La Mansión landfill cell using
measured pore pressures. La Mansión cell provided a unique
large-scale in-situ test to verify the shear strength parameters and
pore pressure distributions for Zone II prior to recirculation. The
design, construction and operations of La Mansión waste fill
were identical to those of Zone II and the structural behavior of
La Mansión fill has been closely monitored since the Zone II
failure. The landfill slopes at La Mansión exhibited potential
signs of marginal stability, including cracks near the top of the
slope and some bulging near the toe.
Stability calculations were carried out using block, circle,
and surface searches and the estimated factors of safety for the
critical surface ranged from 0.97 for a waste mass unit weight of
10.6 kN/m3 to about 1.30 for a waste mass unit weight of 13.0
kN/m3. The magnitude of these estimated factors of safety
corresponds well with the marginal slope stability observed in La
Mansión cell, which included slope distortion and cracks.
4

Figure 2 – Cross section of landfill.
2.3 Design Calculations
The authors found no calculations to show that the leachate and
gas evacuation provisions described above would result in the
critical “zero pore pressure” condition assumed in the design.
3

WASTE MATERIAL PROPERTIES

Relevant engineering properties of the solid waste materials in
Zone II include a unit weight that ranges from 10.6 kN/m3 to
13.0 kN/m3 and a permeability of about 10-3 cm/sec. The shear
strength parameters used are discussed below.
3.1 Waste Shear Strength
High shear strengths were measured in the Ficometer tests [Sadat,
1997] carried out at shallow depths, in relatively fresh waste
located in the upper levels of the Zone II. However, strength data
obtained from Ficometer tests performed previously in the older
waste fill of La Mansión plot somewhat below the lower bound
envelope originally drawn by Kavazanjian et al. [1995]. This
tendency is consistent with the assessment that solid waste in
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EVALUATION OF PORE PRESSURES IN ZONE II
PRIOR TO RECIRCULATION

A critical parameter to understand the stability of the solid waste
in Zone II is the pore pressure distribution within the solid waste.
Although no pore pressure measurements were made in Zone II
prior to recirculation, vibrating wire piezometers were installed in
La Mansión after the failure in Zone II. Because the construction
and operation of La Mansion was essentially identical to that of
Zone II, the piezometric readings taken at La Mansión cell where
no recirculation took place are considered to be representative of
those in Zone II prior to recirculation. The piezometric
measurements in La Mansion are shown in normalized form as
the dashed line in Figure 3. More discussion is in Section 5. The
parabolic shape is consistent with piezometric measurements
carried out by other parties in more recent landfill at the Doña
Juana site [Gonzalez and Espinosa, 2003].
5

LEACHATE INJECTION SYSTEM AT ZONE II

Leachate recirculation by injection took place from June to
September 1997. Most of the injection occurred in the mid-third
section of the fill. Leachate injection rates ranged from 3.5
liters/sec to 6.8 liters/sec throughout most of the 3 month
recirculation period. A peak leachate rate of about 11.8 liters/sec
was reported during a short period of time.
5.1 Injection Pressure at Waste Levels
The magnitude of the injection pressure measured at waste level
is considered to be closely related to the actual pore pressure
present within the landfill which needs to be overcome during the
recirculation process.

Generally injection pressures of about 100 kPa (15 psi) were
measured when recirculation was started. The injection pressures
gradually increased and eventually reached a value of about 170
kPa (25 psi) when field saturation was first detected. When this
occurred, injection was shifted temporarily to higher waste levels.
Generally, the injection pressure dropped back to 100 kPa (15
psi) and slightly lower. Additional attempts were made to inject
into the middle of the waste. When this was attempted, the
injection pressure very quickly began to climb again to values of
140 to 170 kPa (20 to 25 psi). As a final operation, injection
pressures were increased up to 280 kPa (40 psi) on 25 August
1997 in a last unsuccessful attempt to inject in the solid waste
mass.
The pre-injection pore pressure in the mid-level injection
zone prior to recirculation was estimated to be about 70 kPa (10
psi) to 84 kPa (12 psi) based on extrapolation from the
piezometric readings at La Mansión.
Thus, maximum
recirculation-induced pressures could have ranged from 35 kPa
to 84 kPa (5 to 12 psi).
The injection pressures in each level were measured at the
waste surface and thus are slightly higher than the average
pressures within the solid waste because of two reasons: (i)
friction losses within the 300 m long injection pipe (this portion
is small); and (ii) hydraulic head losses required to drive the
leachate within the waste materials. If the pressure losses
described above reduce the recirculation-generated pressures by
about 1/2, the authors estimate that the actual pore pressure
within the waste induced by recirculation ranged from 20 to 42
kPa (3 to 6 psi)
5.2

Assessment of Zone II Pore Pressures at Failure, on 27
September 1997

Estimates of the pore pressure in Zone II prior to recirculation
were obtained from extrapolation of the piezometric
measurements made in La Mansión from October 1997 to
January 1998.
The measured pore pressures were normalized by dividing
their magnitude by the hydrostatic head at the depth of
measurement assuming the top of the leachate level at the ground
surface. The depth of the piezometric installation was also
normalized by dividing the actual depth of the piezometer below
the waste surface by the full thickness of the solid waste. A plot
of the normalized pore pressure versus the corresponding
normalized depth of measurement is shown by the
parabolic-shaped dotted line in Figure 3.
The maximum recirculation-induced pore pressure in Zone
II, �µR, was estimated to be concentrated within a relatively
narrow area close to the mid-depth of the landfill at a depth of
about 0.40 D, where D is the thickness of waste. The high
pressure within this localized zone results from the leachate
injection being concentrated in a few levels near the mid-height
of the landfill. The maximum pore pressure (leachate plus
recirculation) was estimated to decrease gradually to a nominal
value at the ground surface (upper boundary) and also to reduce
gradually towards the base drain (lower boundary).
The recirculation pore pressure distribution shown in Figure
3 is close to the vertical confining pressure in the middle and
upper parts of the solid waste fill. This pressure distribution
coincides well with pre-failure field observations of leachate
breakouts near the mid height of the fill. The reduced pressure
values proposed for the lower portion of the landfill are
consistent with the fact that little or no leachate was injected in
lower portions of the cell.

The magnitude of the pore pressures proposed in Figure 3
corresponds well with pressure measurements taken immediately
prior to and during recirculation and also with the recirculation
pressures cited in the literature, Reinhart and Carson, (1993),
Kraemer et al (1998).

Figure 3 – Measured and inferred pore pressure.
6

ZONE II FAILURE STABILITY ANALYSIS

Stability calculations were made separately for the conditions
prior and after recirculation. A stability analysis of the landfill
slope in Figure 2 was first performed for the condition prior to
recirculation using the slope stability program, XSTABL. The
stability analyses were made using the actual material properties
described in Section 4 for the various layers within the cell. A
factor of safety of about 1.1 was obtained for the Zone II area.
This FS is consistent with the visual observations of marginal
stability in Zone II prior to recirculation.
Shortly before the slope failure, field observations by
eyewitnesses clearly identified the location of the failure surface.
The initial mass failure was followed by a series of progressive
mass displacements, triggered by the removal of lateral
confinement, which extended backwards about 200 meters
behind the initial crest location.
Post-failure borings made in the Zone II failure area and
slope inclinometer results indicated that the liner and leachate
collection system components remained relatively intact even
following the extensive slope movement indicating that the
failure occurred completely in the solid waste mass just above the
liner system.
Stability analyses of the Zone II slopes were carried out for
the range of recirculation pore pressures measured at the injection
points. A factor of safety of 1.03 was estimated for the critical
failure surface for a pore pressure distribution with a maximum
value of 111.5 kPa (16 psi) at a depth of 11.4 m or approximately
0.4 times thickness of waste (30 m). The 16 psi maximum
pressure at 11.4 m below the surface corresponds to 12.5 psi
leachate pressure prior to recirculation plus a 3.5
psi-recirculation-induced pressure. Given the analyses by the
authors, a factor of safety of 1.03, the slope is considered close to
failure. For a slightly larger maximum pore pressure of 19 psi
(12.5 psi prior to recirculation plus 6.5 recirculation-induced
pressure), corresponding to the confining pressure at which
leachate breakouts take place, the factor of safety is about 0.94.
This response in the value of the F.S. to small changes in the
assumed injection pressures is indicative of the brittleness of the

2255

stability of the low density solid waste to pore pressures in the
solid waste.
7

CONCLUSIONS

Based on the analyses presented in summary form in this paper,
the authors concluded that the Doña Juana Landfill failure on 27
September 1997 was caused by high pore pressures in the solid
waste mass that resulted from the highly organic nature of the
waste plus the addition of recirculation-induced pore pressures.
This situation was exacerbated by the inadequately designed
leachate drainage and gas evacuation systems. Without leachate
recirculation the solid waste in Zone II would have been stable
but with a FS less than desirable. The successful behavior of the
adjacent La Mansión fill of a similar geometry and design but
with no recirculation confirms this assessment.
Additional conclusions of a more general nature that also
can be drawn from the evaluation of this failure are:
1.
2.

3.

4.

5.

6.

A conventional soil mechanics approach, including the
application of the effective stress principle, can be
successfully used to assess waste fill stability.
Large pore pressures can develop in highly organic waste
fills, especially where inadequate drainage and/or gas
removal systems have been installed. Large pore pressure
can also develop in more conventional landfills if drainage
systems are partially obstructed and/or if water entering the
landfill increases.
The design should evaluate this
accordingly and consider other causes of drainage system
failure such as sustained periods of low temperatures that
can induce freezing of drainage conduits, or
seismic-induced motions that can trigger partial or total
shearing of drainage systems.
Because of the low unit weight and high compressibility of
waste materials, landfill slopes are especially vulnerable to
increases in pore pressure that substantially reduce the
effective stress along potential sliding surfaces. Under these
conditions, the friction resistance becomes negligible.
Additionally, the large compressibility of the waste material
precludes the simultaneous development of significant
cohesion along extended slip surfaces triggering
progressive-type failures.
Extrapolation of precedent in landfill design requires careful
assessment of basic waste fill properties (i.e. moisture and
organic content) and careful design and installation of
adequate drainage and gas evacuation systems to achieve the
design pore pressures in the solid waste mass.
The implementation of a recirculation system in a landfill
requires consideration of the effect of the system on the
geotechnical aspects of the project. This consideration was
absent in the Doña Juana design.
Conventional vibrating wire piezometers were successful in
monitoring long-term pore pressure (i.e. flowed plus gas)
development in the waste fill cells.
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