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Back-analyses of paper mill sludge landfill cover slope failures 
L’Analyse des échec de couverts de site d’enfouissement fait apartir de boue d’usine de papiers

J.D.Quiroz — West Virginia University, Morgantown, WV, USA 
T. F. Zimmie — Rensselaer Polytechnic Institute, Troy, NY, USA

ABSTRACT: This paper deals with back-analyses performed on three landfill case histories (Landfills A, B and C) which 
experienced slope failures associated with their paper sludge hydraulic barriers. The main objective of this study was to back- 
calculate the undrained shear strength at the time of failure using limit equilibrium methods. The three landfills are located in the 
Northeastern United States. The covers for Landfills A and B experienced slope failures within the paper sludge hydraulic barrier 
layer, while the cover for Landfill C, which consisted of a composite barrier system, experienced a frictional interface failure at the 
paper sludge-geomembrane interface. In all cases, the side slopes were 25% or less which is lower than the typical 33% for 
compacted clay covers. These slope failures occurred during construction or immediately after indicating that the initial, short-term 
(undramed) slope stability case is critical.

Une étude a été effectuée à trois cites d’enfouissements où une rupture c'est produite dans la barrière hydraulique qui couvre le cite. 
Les barrières hydrauliques utilisées à ces trois cites étaient fabriqués à partir de boues d’usines de pâtes et papiers. L’objectif 
principal de l’étude était de déterminer les conditions qui existaient avant que la rupture des barrières hydrauliques se produisent à 
partir des conditions qui existaient après que la rupture c’était produite en utilisant la Mécanique des Sols en États d’Équilibre. Les 
trois cites d’enfouissements étudiés (A, B, et C) étaient localisés dans le Nord-est des États Unis. Pour les cites A et B, la rupture 
c'est produite à l'intérieur de la barrière hydraulique, et pour le cite C, la rupture c'est produite a l'interface entre barrière hydraulique 
et la geo-membrane qui couvre le cite. Pour tout les cites étudier, l'inclinaison de la barrière hydraulique était de 25% ou moins.
Cette inclinaison est plus base que celle qui est normalement utilisée (33%) pour construire des barrières hydrauliques pour couvrire 
des cites d'enfouissements à partir d'argile compactée. Toutes les ruptures ont eu lieu durant ou immédiatement après la construction 
des couvercles.

1 INTRODUCTION

In recent years, the use of paper mill sludge as the hydraulic 
bamer in landfill cover systems has emerged as an innovative 
application that makes beneficial use of the residual material 
from the paper making process. Since the early 1990’s several 
paper mill sludge landfill covers have been constructed within 
the United States (Zimmie et al. 1995, NCASI 1997, Floess et al. 
1998) and this technology has spread on the international level to 
countries such as South Africa, Canada and others within the 
European Community (e.g., Saarela and Zimmie (eds) 1997). In 
spite of many successful paper sludge landfill cover construction 
projects, recent slope failures associated with paper sludge 
hydraulic barriers have drawn attention to slope stability behav
ior for these innovative cover systems.

This study deals with back-analyses performed on three land
fill case histories (Landfill A  B and C) which experienced slope 
failures associated with their paper sludge hydraulic barriers. 
The main objective of this study was to back-calculate the 
undrained shear strength at the time of failure using limit equi
librium methods. The three landfills are located in the Northeast
ern United States. The covers for Landfills A and B experienced 
slope failures within the paper sludge hydraulic banier layer, 
while the cover for Landfill C, which consisted of a composite 
barrier system, experienced a frictional interface failure at the 
paper sludge-geomembrane interface. In all cases, the side slopes 
were 25% or less which is lower than the typical 33% for 
compacted clay covers. These slope failures occurred during 
construction or immediately after indicating that the initial, 
short-term (undrained) slope stability case is critical. A summary 
of back-calculated total stress, undrained shear strength or inter
face friction required for slope failure, i.e., factor of safety less 
than 1.0 , within the paper sludge layer or at the paper sludge-

geomembrane interface is presented, as well as the slope failure 
configurations and conditions.

In general, paper mill sludge has high water contents, high 
organic contents, high compression indices and low initial shear 
strengths (Zimmie and Moo-Young 1996, Kraus et al. 1997, 
Quiroz and Zimmie 2000). Thus, when using paper sludge in 
geotechnical construction, the unique geotechnical behavior of 
the sludge must be factored into design and construction 
strategies.

2 DESCRIPTION OF LANDFILL COVER FAILURES

2.1 Landfill A

The Landfill A cover cross section consisted of a 15 cm top soil 
layer, 30 cm sand drainage layer, 91 cm paper sludge hydraulic 
barrier and 30 cm sand gas vent layer. Side slopes were esti
mated to be at about 25%.

The Landfill A failure occurred during construction of the 
paper sludge hydraulic barrier in July 1996. It was suggested that 
unusual, heavy rainfall seeped into the paper sludge that was 
exposed and decreased the undiained shear strength to critical 
values. Thus about a 0.5 hectare section of the paper sludge 
hydraulic barrier layer failed and slid downslope. Figure 1 shows 
the cross section and slope configuration at failure for Land
fill A. The sludge that failed was replaced with production 
sludge from the paper mill.

It is interesting to note that the section adjacent to the failed 
areas was stable, most likely because it was at least covered with 
the sand drainage layer which protected the paper sludge. This 
indicates that the confining effect of the sand drainage layer 
helped to stabilize the side slopes as well as provide drainage 
during the heavy rainfall events. Constructing paper sludge land
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fill covers in small sections, up to at least the sand drainage layer 
and preferably to the top soil layer, may prevent any decreases in 
shear strength caused by increases in water content due to heavy 
rainfall. Moreover the sand drainage layer may provide the 
needed confining stresses to initiate paper sludge layer consoli
dation which in turn decreases the void ratio (or correspondingly, 
decreases the water content) increasing the undrained shear 
strength and improving overall slope stability.

Sludge is most vulnerable when exposed, i.e., prior to place
ment of the protective layers on top of the sludge. Thus, every 
effort must be made to minimize the area of sludge left uncov
ered overnight, and especially on weekends or holidays. Con
structing the landfill cover in small sections may not seem the 
most efficient method of construction, but in the long run it may 
be the most efficient because failures are avoided.

2.2 LandfillB

Landfill B has a footprint of 5.7 hectares and side slopes at about 
25%. The typical cross section of this landfill cover system is 
similar to that for Landfill A.

Failure of the paper sludge hydraulic barrier occurred imme
diately, within days after construction of the complete cover 
system, on two separate occasions. Figure 1 shows the cover 
cross section and slope configuration at failure for Landfill B. 
The conditions that led to failure are low initial shear strength of 
the paper sludge material, and increased pore pressures within 
the paper sludge induced by the overburden layers which were 
placed rapidly relative to consolidation time for the sludge. The 
first event occurred in mid-July 1997 and basically consisted of a
0.2 hectare area that slid downslope about 1.5 m. The second 
slope failure event occurred in late-July 1997 after construction 
of the rem ain ing sections of the landfill. In this case, cover fail
ure occurred in several zones that varied in size from about
0.1 hectare to several square meters. Typical downslope move
ments ranged from about 30 cm to 1 m. The paper sludge in the 
failed areas (which corresponded to a large percentage of the 
recently completed area at the time) was removed and replaced 
by new production sludge.

2.3 Landfill C

Landfill C has a foot print of approximately 15.4 hectare and 
about 20% or flatter side slopes. In this landfill the paper sludge 
was placed above the waste as fill for final grading before cover 
placement The paper sludge layer in some cases was between
1.5 m to 3 m thick The proposed cover system consisted of a 
40 mil HDPE (high density polyethylene) textured geomembrane 
placed directly on the sludge layer, followed by a 30 cm sand 
drainage layer, then a 15 cm top soil layer. Although the paper 
sludge was not a hydraulic barrier per se, a considerable amount 
of information can be obtained from this case history relative to 
construction and design strategies for paper sludge- 
geomembrane composite barriers.

Fill operations had been ongoing throughout 1998 according 
to final grade requirements. By November 1998, the total area of 
the landfill was covered with the paper sludge fill. Next, cover 
system construction on the side slopes commenced over approxi
mately one third to one half the total area on the southern portion 
of the landfill (the top of the landfill was not covered). The geo- 
membrane was placed starting from the top of the slope, and the 
geomembrane ends at the top were anchored by a sand sur
charge. Construction operations continued with placement of the 
sand drainage layer over the textured geomembrane. Slope sta
bility problems were encountered during placement of the sand, 
or immediately thereafter. Figure 1 presents the landfill cover 
cross section and slope configuration at failure for Landfill C. 
Sliding of the cover system, geomembrane and sand layer, for a 
distance of 60 cm to 1.5 m downslope was observed Also, the 
paper sludge under the geomembrane seemed to slide along with 
the cover system. In the failed areas, gas vent caps were either

LANDFILL A

LANDFILL B

Figure 1. Cross section and slope configurations of landfill 
failure case histories.

displaced or tilted, tension cracks were visible in the sand layer, 
rippling and overlapping of the geomembrane with tears and 
water visibly flowing out of these tears was noticed, and a num
ber of gas bubbles measuring several feet in length were con
tained by the geomembrane.

These slides were most likely a result of high internal pore 
pressures caused by overburden (e.g., cover system) loads, that 
could not be released by the existing cover system configuration. 
Excess pore (or consolidation) water trying to escape at the paper 
sludge-geomembrane interface decreased the interface friction, 
causing sliding. Also, the sludge layer essentially liquefied 
towards the sludge-geomembrane interface, lost all strength and 
slid downslope. This liquefaction phenomenon is the result of 
consolidation water that could not drain away from the sludge. 
Moreover, the high internal pore pressures that were trapped by 
the geomembrane, acting as a vapor barrier, lifted the 
geomembrane in the form of gas bubbles as described 
previously.

Later, modifications were made to the design, such as placing 
a geosynthetic drainage layer below the geomembrane. The 
addition of more gas vents and a high capacity drainage layer 
placed below the geomembrane were possible options to help 
release high internal pore pressures.

3 BACK-ANALYSIS METHODOLOGY

3.1 Limit equilibrium and total stress analysis

The stability of slopes, in general, is analyzed using limit 
equilibrium methods, because they are relatively simple and only 
require information about the strength of the soil. Details regard
ing slope movements are not provided and are typically solved 
using the finite element method. The foundation of limit equi
librium stability analyses is based on the calculation of a factor 
of safety for the critical slip surface determined through an
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iterative process. In general, the factor of safety (FS) can be 
defined as follows:

against interface sliding can be determined after (Koemer 1998):

FS =
Resisting Forces 

Driving Forces
( 1)

FS =
Resisting Forces

Driving Forces H yt sin8
(2)

FS =
tanö 

tan 9
(3)

which is an overall measure of global equilibrium. If the FS is 
greater than 1.0 , then the structure is theoretically stable, while a 
FS less than 1.0 indicates that failure is imminent. A FS equal to
1.0 indicates the structure is metastable.

A total stress analysis uses the soil shear strength based on 
total or undrained shear strength parameters and does not require 
pore pressure information. The measurement of in-situ pore pres
sures resulting from overburden loads, excavation or changes in 
external water level is a difficult process both in the laboratory 
and field, costly, and often not practical. Since the previously 
mentioned paper sludge cover failures occurred during or imme
diately after construction (before the paper sludge layer was 
allowed to fully consolidate or drain) a total stress or short-term 
analysis was applied.

3.2 Mechanisms o f infinite slope analyses

When a relatively thin soil layer, compared to the slope length, 
or veneer slides parallel to the slope, an infinite slope analyses 
can be utilized to approximate this translational slide condition 
(Figure 2). From Figure 2, the factor of safety (FS) is defined as
follows:

where t u = undrained shear strength, H = layer thickness, yt = 
total unit weight, and 0 = slope angle (degrees). This analysis 
assumes the end forces are equal, which results in a conservative 
approach since the lower resisting forces are typically greater 
than the upper forces (in actuality, CTi > <j3 as shown in Figure 2).

Figure 2 can also illustrate the infinite slope mechanism for 
interface sliding where the resisting force, T, is dependent on the 
interface friction angle between a geosynthetic and soil. The FS

Infinite Slope:

where 5 = interface friction angle (degrees) and 0 = slope angle 
(degrees). For the interface sliding case of Landfill C, the geo
membrane was between a sand layer and paper sludge, thus both 
interfaces should be checked to determine which interface is 
criticaL

Back-analyses were performed for the cases presented in Fig
ure 1 and described in Section 2 to determine the undrained 
shear strength or interface friction angle at failure, i.e., FS < 1.0.

4 RESULTS AND DISCUSSION

For the landfill case histories in this study, field vane tests were 
performed to evaluate the in-situ undrained shear strength of the 
paper sludge layers. Field vane testing of paper sludge is beyond 
the scope of this paper. The field vane results presented in this 
study reflect the recommendations established by Quiroz (2000) 
which applies a reduction factor ()3 = 0.5) to estimate the actual 
undrained shear strength

4.1 Landfill A  back-cmalysis

From the back-analysis at failure conditions for the Landfill A 
paper sludge barrier layer, an undrained shear strength of 2.6 kPa 
was required, which is quite low. Field vane tests were per
formed in the failed areas and generally resulted in almost no 
measurable residual strength since the paper sludge was com
pletely remolded. These results are reasonable since the initial 

sludge undrained shear strength was low, and one would not 
expect to measure high residual shear strengths after failure.

Field vane tests performed in the stable slopes adjacent to the 
slide zone measured an adjusted peak undrained shear strength 
of about 9.8 kPa and provide an indication of relative strength 
between the failed and stable areas.

The failed area was reconstructed and since 1996 the landfill 
cover side slopes have remained stable indicating that short-term 
failure is no longer a concern. Future problems are not expected 
due to the large settlements and corresponding large reductions 
in void ratio (or water content) typically associated with paper 
sludge barriers, which ultimately increase undrained shear 
strength (Quiroz and Zimmie 2000).

4.2 Landfill B back-analysis

For the Landfill B paper sludge layer to fail an undrained shear 
strength of 4.3 kPa was required at failure conditions. Measured 
field vanes in the failed sections measured almost zero shear 
strength, as for Landfill A, due to the fact that the sludge was 
completely remolded or disturbed. Again, these results are rea
sonable since the initial strength (at failure) was low, and hence 
even lower or zero residual shear strengths would be expected 
after failure. The strength for failure was slightly lower (enough 
to cause failure) than the adjusted field vane strength of 6 kPa 
which was the m in im u m  strength measured for stable slopes 
during that time period, immediately after construction. A FS of
1.39 is calculated for the stable slope areas with a m in im u m  

strength of 6 kPa. As stated, the undrained shear strength of the 
paper sludge barrier layer is expected to increase due to consoli
dation. The failed areas were reconstructed and since 1998 no 
subsequent slope failures have been reported, therefore, short
term failure is no longer critical.

Figure 2. Infinite slope mechanism.

Free Body Diagram: Total stress analysis
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4.3 Landfill B back-analysis Table 1. Summary of back-calculated slope stability parameters.

Tlie back-analysis for the Landfill C paper sludge cover system 
considered two failure interfaces. First, sliding between the sand- 
geomembrane interface and internal sliding of the sand was 
checked for stability. A sand internal friction angle, ()>', of 30° 
and an internal friction angle, 8 , between the sand-geomembrane 
interface of 18° (corresponds to a sand and smooth HDPE geo- 
membrane, a conservative value since the actual geomembrane 
was textured) was assumed for interface sliding stability calcu
lations. The estimated factors of safety indicated that the sand- 
geomembrane interface was not a concern.

For the paper sludge-geomembrane interface to fail an inter
face friction angle, 5, of 11.2° was required, which is logical 
based on Equation (3) which essentially states that failure will 
occur for interface friction angles less than the slope angle, 9. It 
is important to note that this interface friction angle, which is 
undrained and based on the given field loading conditions for the 
geomembrane and paper sludge, is most likely lower due to the 
presence of water at the interface. Thus, the paper sludge- 
geomembrane 5 represents a maximum value. This is an inter
esting issue since modeling undrained, interface problems in the 
laboratory is difficult, and caution should be exercised when 
interpreting laboratory interface friction test results for applica
tion to field conditions.

The mechanisms of failure for this case study have important 
implications in design, and attention to the physics of the prob
lem provides added insight Although the objective was not to 
create a composite hydraulic barrier with the paper sludge and 
geomembrane, the failure of this type of configuration illustrates 
a potential design flaw. A paper sludge-geomembrane composite 
barrier will most likely fail at the interface due to the low sludge- 
geomembrane interface friction values induced by the excess 
consolidation water (from surcharge loads) at the interface that 
cannot drain. The composite barrier configuration is typically not 
a problem for compacted clays and its use is quite common 
(Koemer and Daniel 1997), however, paper sludges provide 
complications due to the large reductions in void ratio even 
under relatively light loads which result in large amounts of 
excess consolidation water. Thus a ' composite sludge- 
geomembrane barrier is not recommended, and provisions for a 
drainage layer above and below the paper sludge layer allowing 
any excess water to drain freely will add to stability. Promoting 
consolidation of the paper sludge layer is paramount since its 
geotechnical properties such as hydraulic conductivity (Moo- 
Young and Zimmie 1996) and shear strength (Quiroz and 
Zimmie 2000) improve with reductions in void ratio (or water 
content) over time.

5 SUMMARY AND CONCLUSIONS

Table 1 provides a summary of back-calculated total stress, 
undrained strength or interface friction required for slope failure,
i.e., FS < 1.0, within the paper sludge layer or at the paper 
sludge-geomembrane interface for Landfills A, B and C. In all 
cases, the side slopes were 25% or less.

In general, low undrained shear strengths less than 5 kPa 
(from back-analyses) were required to cause failure within the 
paper sludge hydraulic barrier layer. Paper sludges, due to low 
initial undrained shear strength ranges and variable, high water 
contents have the potential to reach critical values if not moni
tored closely. Water content is a primary factor in undrained 
shear strength, as the water content increases the undrained shear 
strength decreases (Quiroz and Zimmie 2000). Thus, strict CQA 
for water content and undrained shear strength should be exer
cised during construction to avoid slope stability problems.

In addition, the physics and mechanisms behind the paper 
sludge-geomembrane interface friction failure introduced poten
tial design flaws if composite (paper sludge-geomembrane) bar
riers are desired. The angle of interface friction for failure at the

Back-calculated

Case

Time to Slope failure 

location
0 tu 8

failure O kPa O

A during

construction

paper sludge 
barrier layer

14 2.6

B immediately

after

construction

paper sludge 
barrier layer

14 4.3

C during

construction

paper sludge- 
geomembrane 

interface

11.3 1 1 .2a

3 maximum value.

paper sludge-geomembrane interface was back-calculated to be
11.2 °, however, this value is most likely a maximum due to the 
presence of excess sludge pore water at the interface resulting 
from the consolidation process. Paper sludges due to high initial 
water contents are very compressible, thus the release of pore 
water in large amounts at the interface due to loading can rapidly 
reduce the interface friction to critical values. Thus proper drain
age for the paper sludge layer is recommended to promote con
solidation which decreases the void ratio (or water content) and 
increases the undrained shear strength improving slope stability.

In conclusion, the slope failure case histories provided valu
able information about the unique geotechnical behavior of paper 
sludge hydraulic barriers relative to slope stability design and 
construction strategies.
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