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Centrifuge Modeling of Solid Waste Landfill
Systems—Part 1: Development of a Model
Municipal Solid Waste

ABSTRACT: This paper presents the development of a model waste that has physical properties similar to those reported by investigators for
municipal solid waste �MSW�. The model waste was developed using a mixture of peat, E-grade kaolin clay and fraction-E fine sand. Unit weight,
compressibility, and shear strength characteristics of the model waste were experimentally determined and shown to match well with those reported
for MSW.
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Introduction

Every year, countries all over the world deal with the disposal of
millions of tons of municipal solid waste. Municipal solid waste
�MSW� mainly consists of everyday household waste items, such
as product packaging, grass clippings, clothing, bottles, food
scraps, newspapers, etc. Construction and demolition debris, mu-
nicipal wastewater treatment sludge, and nonhazardous industrial
wastes are materials that may also be disposed in landfills but are
not generally considered MSW. According to the U.S. Environment
Protection Agency, the United States generated over 230 million
tons of MSW in 1999 and about 55 % of it was landfilled. Landfill
can be defined as an area of land or an excavation in which waste is
placed for permanent disposal. Landfills exist all over the world as
it is one of the cheapest options for proper disposal of waste. Their
number and capacity vary from country to country. The United
States has about 2300 active landfills, New Zealand has over 115
active landfills, and the United Kingdom has over 1500 active land-
fills. Hence, MSW landfills are a major part of waste disposal in
countries all over the world.

The behavior of MSW landfills under monotonic and seismic
loading is a major concern as landfill failures can lead to ground
water contamination and other geoenvironmental disasters �Au-
gello et al. 1995 ; Koerner and Soong 2000 �. Study into the static
and dynamic behavior of MSW landfills has often been limited to
numerical analysis due to the difficulties associated with dealing
with real waste in experiments. For example, present understanding
of seismic behavior of MSW landfills is mainly based on paramet-
ric studies carried out using numerical packages, such as SHAKE91

�Bray et al. 1995 ; Nero et al. 1995 ; Bray and Rathje 1998 ; Rathje
and Bray 2001 � and the few recorded case histories following
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earthquakes �Anderson and Kavazanjian 1995 ; Augello et al. 1995
; Matasovic et al. 1998 �. As an alternative, centrifuge testing has
been used in the past by many researchers to study different aspects
of MSW landfills using processed waste, Syllwasschy and Jess-
berger �1998� , or soil, Madabhushi and Singh �2001� . However,
MSW is usually highly heterogeneous and variable in its content.
Thus, the use of real MSW in a series of experiments to understand
overall performance of a landfill has many concerns, such as the
dependence of test results on the source and age of the MSW and
hence the question of repeatability, the particle size of the real
MSW being large relative to the size of experimental equipment.
Health and safety issues also arise in handling real MSW under
laboratory conditions. It is therefore preferable to be able to per-
form the experiments using a model waste that can be reproduced
under laboratory conditions and whose properties closely match
those of real MSW. In this paper, the development of the model
waste will be presented while its use in centrifuge testing will be
described in the companion paper �Thusyanthan et al. 2006 �.

This paper presents the development of a model waste that has
similar mechanical properties to that reported in literature for
MSW. The model waste was developed using a mixture of peat,
E-grade kaolin clay, and fraction-E fine sand. Table 1 provides the
properties of fraction E sand and E-grade kaolin clay. Engineering
properties, such as unit weight, compressibility, and shear strength
of the model waste, are experimentally determined and compared
with those of a typical MSW.

Physical Modeling of Municipal Solid Waste

An ideal model waste should match the physical, chemical, and dy-
namic properties exhibited by the real MSW. However, it is both
impractical and virtually impossible to create such a model waste
without actually using real MSW. If the experimental study in
which the model waste is going to be used is aimed at understand-
ing the mechanical behavior of MSW and overall performance of a
landfill, then it would be sufficient to produce a model waste that
has the main relevant physical and dynamic properties of real
MSW.
The main physical properties of MSW considered here are unit
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weight, compressibility, shear strength, and moisture content.
Sharma and Lewis �1994� and Qian et al. �2002� provide a compre-
hensive summary on these properties published by various re-
searchers. Dynamic properties of the MSW, which are the shear
wave velocity, shear modulus reduction, and damping curves. Early
investigators, in the absence of laboratory data, suggested that
MSW would behave similar to a combination of peat and clay
�Earth Technology, 1988 ; Singh and Murphy, 1990 ; Sharma and
Goyal, 1991 �. Singh and Murphy �1990� suggested that the shear
modulus and damping curves for waste to be intermediate between
those for clay and peat that had been published by Seed and Idriss
�1970� . Stewart et al. �1994� reported that the MSW modulus and
damping curves recommended by Singh and Murphy �1990� , rep-
resenting a response between that of peat and clay, gave reasonably
good agreement between observed and predicted response at the
top of Operating Industries, Inc.�OII� landfill. Bray et al. �1995�
also used the shear modulus reduction and damping proposed by
Singh and Murphy �1990� for seismic analysis of MSW landfills.

Laboratory data and backanalysis earthquakes on MSW land-
fills have produced many improvements on shear modulus reduc-
tion and damping curves of MSW �Matasovic and Kavazanjian,
1998 ; Idriss et al., 1995 ; Morochnik et al., 1998 ; Augello et al.,
1998 �. Augello et al. �1998� concluded that the analysis with
curves intermediate between clay, plasticity index �PI�=30 and PI
=100 proposed by Vucetic and Dobry �1991� gave the best overall
fit to the recorded motions in OII landfill.

Preparation of Model Waste

Following from the published work, it can be concluded that a mix-
ture of peat and clay can be a starting point for modeling MSW.
Since there are legislations requiring that all MSW landfills be cov-
ered with at least 15 cm of daily cover, usually sand, the MSW in a
landfill can be expected to contain sand as well. Bray et al. �1995�
reported that 10 % to 30 % of the recovered material from MSW
landfill boreholes are soils used as daily cover. Therefore, a mixture
of sand, clay, and peat materials might produce a reasonable model
waste. In order to understand the ratios required to obtain real
MSW behavior, three different mixtures �A,B, and C� were pro-
duced and their physical properties investigated. Dry fraction-E
silica sand, dry E-grade kaolin clay and peat were mixed in known
ratios to produce the mixtures. Peat, classed as “Irish moss peat”,

TABLE 1—Properties of fraction

Fraction E fine sand

Property Value

Minimum voids ratio emin 0.613

Maximum voids ratio emax 1.014

Permeability at e=0.72 0.98�10−4 m

Critical state friction angle �crit 32°

TABLE 2—Mo

Weight ratios M

Peat

Clay

Sand

Dry gravimetric moisture content
was used. This peat had an initial water content of 200 %. The ratio
of peat: Clay: Sand by weight in Mixtures A, B, and C were 2:1:1,
1:1:1, and 1:2:1, respectively �Table 2�.

Peat has many constituents of varying size, such as roots and
seeds. The size and amount of these larger size constituents vary
from bag to bag. Thus, in order to have repeatable consistency the
peat was sieved using a BS 410-4 mm sieve �ASTM E11-No. 5�.
Known quantities of sand, clay, and peat were then mixed in a me-
chanical mixer until homogeneous. The mixture was again sieved
using a BS 410-2.36 mm sieve �ASTM E11-No. 8� to obtain the
final model waste mixture. Figure 1 shows the pictorial representa-
tion of the preparation of model waste mixtures.

During the sieving and mixing processes, evaporation could
occur and reduce the moisture content of peat. Thus, the moisture
contents of the final mixtures were measured. The measured mois-
ture contents of Mixtures A, B, and C were 29, 23, and 17 %, re-
spectively. The mixtures were stored in air-tight containers to main-
tain the moisture content. According to Qian et al. �2002� the
average moisture content of reported MSW is 26 %, hence, Mix-
tures A and B seem to be more suited as model waste than Mixture
C.

Physical Properties of Model Waste

One-dimensional compression tests and direct shear tests were per-
formed on all three mixtures to understand the variation of unit
weight with vertical stress, compressibility, and shear properties.
Both the compression tests and shear tests were performed in a
standard shear box �100 mm�100 mm�50 mm�.

Unit Weight

MSW density is one of the main parameters required for both static
and dynamic analysis of landfills. The unit weight of MSW can
range from 5 to 18 kN/m3 depending on its constituents and com-
paction effort in placement �Bray et al. 1995 ; Matasovic and Kava-
zanjian 1998 ; Zornberg et al. 1999 ; Kavazanjian 2001 �. The bore
hole sampling at OII landfill showed that the in situ unite weight of
the solid waste varied in a nonsystematic manner between approxi-
mately 12 and 21 kN/m3, with most values between 14 and
18 kN/m3 �Matasovic and Kavazanjian 1998 �. The unit weight

e sand and E-grade kaolin clay.

E-grade Kaolin clay

Property Value

Plastic limit 30 %

Liquid limit 51 %

Permeability 10−9 m/s

Critical state friction angle �crit 26°

aste mixtures.

Mix B Mix C

1 1

1 2

1 1

23 % 17 %
E fin

/ s
del w

ix A

2
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1
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profile for a MSW landfill located in southern California was inves-
tigated by Zornberg et al. �1999� by direct field measurements and
spectral surface wave analysis surveys. The waste unit weight ob-
tained from direct field measurements ranged approximately from
10 to 15 kN/m3 at a depth of between 8 and 50 m below the landfill
surface.

Powrie and Bewven �1999� performed compression tests on mu-
nicipal solid waste in a purpose-built compression cell known as
Pitsea compression cell, which is 2 m in diameter and 3 m in height.
The test results show that the density at field capacity �total amount
of moisture which can be retained in a waste sample subject to
gravitational pull� increases with the average vertical stress up to
500 kPa and then flattens out �11.6 kN/m3 at 500 kPa�.

The variation of unit weight with vertical stress was investigated
for all three model waste mixtures. Unit weight was calculated by
dividing the initial weight of the mixture by the present volume of
the mixture during the compression test. Figure 2 shows the varia-
tion of unit weight of the mixtures with vertical stress. All three
mixtures exhibited the same trend of variation of unit weight with
vertical stress; however, Mixture A had the highest and mixture C,
the lowest unit weight for a given vertical stress. The variation of
unit weight with vertical stress exhibited by the mixtures is very
similar to that of real MSW reported in the literature, for example

FIG. 1—Preparation
Powrie and Bewven �1999� .
Compressibility

Compressibility of MSW is a vital parameter which determines the
capacity of the landfill and helps in planning of MSW landfill sites.
Conventional soil mechanics theory defines the primary compres-

odel waste mixtures.
of m
FIG. 2—Variation of unit weight with vertical stress for model waste mixtures.
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sion index �Cc� using change in voids ratio. However, the void ratio
of waste cannot be determined easily, hence a modified parameter
known as the coefficient of primary compression index �Cce� is de-
fined in terms of waste height. The definitions of Cc and Cce are as
follows:

Cc =
�e

log��1/�0�
�1�

Cce =
�H

H0 log��1/�0�
�2�

where �e is the change in void ratio, H0 is the original thickness of
waste layer, �H is the change in thickness of waste layer, �0 is the
initial vertical stress, and �1 is the final vertical stress.

Landva et al. �2000� provided a comprehensive summary on
previously reported coefficients of primary and secondary com-
pression from 12 sources. The reported coefficients of primary
compression ranged between 0.08 and 0.5 and had an average of
0.22. Qian et al. �2002� suggests that, depending on the initial com-
paction effect and composition of the waste, the coefficient of pri-
mary compression could vary from 0.17 to 0.36.

Figure 3 shows the compressibility of model waste mixtures. In
the first series of experiments �Set 1�, the mixtures were precom-
pressed by the 11.4 kPa load; hence, 10 kPa was taken as the datum
for strain measurements. In the second set of experiments �Set 2�,
mixtures were precompressed by 1.6 kPa. The results show that all
three mixtures exhibit a very similar coefficient of primary com-
pressibility �Cce=0.25�, which is within the range of Cce reported
for MSW.

Shear Strength

The shear strength of municipal solid waste depends on many fac-
tors, such as its constituents, the mode of placement �i.e., the com-
paction, amount, and type of daily cover�, and the age. Hence, when
characterizing the shear strength of MSW, thought should be given
to these factors. The shear strength properties of MSW reported in
literature have been determined by direct laboratory testing, field
testing, or backanalyses from failures �Singh and Murphy, 1990 ;
Fassett et al., 1994 ; Jessberger, 1994 ; Jones et al. 1997 ; Van Impe

FIG. 3—Vertical strain vs vertical stress for model waste mixtures.
and Bouazza, 1998 ; Qian et al., 2002 �.
Kavazanjian et al. �1995� and Eid et al. �2000� used shear
strengths from backcalculated case histories and direct shear tests
on MSW to propose Mohr–Coulomb strength envelopes. Kavazan-
jian et al. �1995� proposed �=0° with c�=24 kPa at normal stress
below 30 kPa and �=33° with c�=0 at higher normal stresses,
while Eid et al. �2000� proposed �=35° and cohesion c� in the
range 0 to 50 kPa. More recently, Pelkey et al. �2001� carried out
simple and direct shear tests on a number of samples of municipal
waste obtained from major landfills across Canada. The results,
supporting the results of Singh and Murphy �1990� , showed that
large shear strains �30%� were required to mobilize peak shear
strengths. Pelkey et al. �2001� reported mobilized friction angles in
the range from 30° to 55° at large strains from direct shear tests.

Direct shear tests were performed on the model waste mixtures
to understand the shear characteristics. A strain rate of
0.48 mm/min was used in the tests. The test results at normal ef-
fective stress of 50 kPa show that all three mixtures exhibit very
similar shear characteristics, mobilized friction angle of 39° at dis-
placements of 5 mm and increasing with displacement �Fig. 4�. The
friction angle exhibited by the model waste mixtures is within the
range reported in literature for real MSW. The increase of the mo-
bilized friction angle with shear displacement �or with shear strain�
is a characteristic of MSW as reported by researchers �Pelkey et al.
2001 ; Singh and Murphy 1990 �. This behavior is exhibited by the
model waste mixtures as seen in Fig. 4.

Particle Size Distribution

Figure 5 shows the particle size distribution of model waste mix-

FIG. 4—Shear strength of model waste mixtures.
FIG. 5—Particle size distribution of model waste mixtures.
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tures and fraction-E silica sand obtained using a single particle op-
tical sizer �Nicomp Accusizer 780�. The single particle optical siz-
ing method �White, 2003 � was used as it requires small quantity of
sample and is reliable. The particle size distribution of processed
MSW given by Jessberger �1994� is also plotted for comparison.
The particle size of model waste mixtures are some what smaller
than processed MSW as larger particles were not included in the
model waste mixtures. This difference in particle size distribution
is considered acceptable as the main impetus was to create a model
waste to simulate the mechanical behavior of MSW in centrifuge
testing. The uniformity coefficient �D60/D10� for the model waste
Mixtures A, B, and C are calculated as 4.4, 4.7, and 5, respectively.

Choice of Model Waste

Table 3 summarizes the suitability of Mixtures A, B, and C as MSW
model waste. Mixture C tended to form kaolin dust while handling
at its moisture content of 17 %, and Mixture A was not consistent in
its compressibility due to high peat content. Thus, even though all
three mixtures have the potential to be used as model MSW, Mix-
ture B was chosen as the most suitable due to ease of handling and
consistency.

It has been shown that all three mixtures exhibited similar shear
characteristics when sheared at a strain rate of 0.48 mm/min. It is
recognized that the direct shear tests on the model waste may not be
totally drained as pore pressure generation is possible. A shear test
on Mixture B was carried out at a higher strain rate of 1.2 mm/min
�Fig. 6�. The results of this test match reasonably well with the
0.48 mm/min test results suggesting that the excess pore pressure
generation effects and strain rate effects are small.

Figure 6 also shows the effect of overconsolidation on shear
strength. Mixture B consolidated to 100 kPa and sheared at 100 kPa

TABLE 3—Suitability of Mix

Property Mix A

Unit weight *

Compressibility **

Shear characteristics **

Moisture content **

Easy of handling *

Total 8*

aNote: **=Well suitable; *=Reasonably suitable; and �

FIG. 6—Strain rate and overconsolidation ratio �OCR� effects on shear strength

of Mixture B.
exhibits a lower mobilized friction angle than that consolidated to
50 kPa and sheared at 50 kPa. Overconsolidated Mixture B �OCR
=2� sheared at 50 kPa exhibits higher mobilized friction than that
sheared at 50 kPa with OCR=1. This trend is similar to the results
of simple shear and direct shear tests reported by Pelkey et al.
�2001� .

Conclusion

Landfills are used worldwide and it is important to understand the
behavior of MSW landfills. Centrifuge modeling can be used to
understand the mechanics and performance of landfills. However,
there is a need to develop a model waste that can be used in the
small-scale centrifuge models to produce repeatable results. Such a
model waste with physical properties similar to those reported in
literature for MSW was developed using a mixture of sand, peat,
and clay. Unit weight, compressibility, and shear strength charac-
teristics of the model waste were experimentally determined and
shown to match well with those values reported by investigators for
real MSW. The results of this paper and the companion paper on
usage of this model waste in centrifuge tests show that the model
waste could be used to understand both the static and dynamic be-
havior of MSW landfills.
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