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RESPONSE OF MUNICIPAL SOLID WASTE TO MECHANICAL COMPRESSION

Zekkos, D.,! M. ASCE, Fei, X.,>2 A.M. ASCE, Grizi, A.;® S. M. ASCE, Athanasopoulos, G. A.%,

M. ASCE
Abstract

The compressibility of municipal solid waste (MSW) is of engineering interest as it affects the
short and long-term performance of landfills, as well as their expansion, closure and post-closure
development. An assessment of the field settlement behavior of MSW can be reliably executed
only when the various mechanisms contributing to the settlement are properly accounted for. A
comprehensive large-size experimental testing program that involved a total of 143 one-
dimensional compression tests from five landfills, in Arizona, California, Michigan, and Texas
of the United States as well as Greece was executed to systematically assess the compressibility
characteristics of MSW subjected to a compressive load. Emphasis is given to the influence of
waste structure, waste composition, unit weight and confining stress on the compressibility
parameters that are used in engineering practice, such as the constrained modulus and
compression ratio, as well as long-term compression ratio due to mechanical creep only. The
effect of waste composition and unit weight on the compressibility parameters is quantified. It is
also found that the type of waste constituent (i.e., paper, plastic or wood), as well as the waste’s

anisotropic structure can have an effect on the compressibility characteristics of soil-waste
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mixtures. The proposed relationships can be used to estimate compressibility parameters of

MSW at any degradation state as long as the waste composition and unit weight are known.

Introduction

The compressibility of municipal solid waste (MSW) has been a topic of significant interest in
engineering practice because it affects the short and long-term performance of landfills, and
particularly, the performance of gas collection systems and landfill covers, the vertical expansion
and closure of landfills, as well as the post-closure development of landfills. Almost all post-
closure development projects involve an assessment of the response of the waste mass to a
change in stress conditions. In many cases, the uncertainties involved in the estimation of waste
compressibility increase the development risk and may adversely affect the decision to develop
closed landfills. Increased interest in vertical expansion of landfills also requires an assessment

of the compression of the waste in existing landfill cells.

It is not surprising that significant amount of effort has been expended since the early work by
Sowers (1973) to characterize the compressibility of MSW. Research has been directed towards
the collection of laboratory experimental data (Fei et al. 2014, Fei and Zekkos, 2013; Bareither et
al., 2012a; Reddy et al., 2011, Stoltz et al., 2010; Ivanova et al., 2008; Olivier and Gourc, 2007;
Hossain et al., 2003; Landva et al., 2000; Kavazanjian et al., 1999; Wall and Zeiss, 1995), field
measurement of settlements (Bareither et al., 2012b; Sharma and De, 2007; Yuen and
McDougall, 2003; Mehta et al., 2002; Zhao et al., 2001; Spikula, 1997; Stulgis et al., 1995;

Bjarngard and Edgers, 1990) and modeling of the settlement behavior (Bareither et al., 2013;
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Chen et al., 2010; Gourc et al., 2010; Oweis, 2006; McDougall and Pyrah, 2004; Ling et al.,
1998; Edil et al., 1990). An extensive review of the compressibility of MSW has been made by

McDougall (2011).

One of the complicating factors associated with assessing the compressibility of MSW in the
field, is that there are numerous mechanisms contributing nearly simultaneously to the observed
settlement of MSW. These include physical and biochemical processes. Biodegradation of the
organic constituents is one of the most critical contributors and often masks immediate and long-
term compression of the waste due to load application. However, as demonstrated by field and
laboratory evidence, MSW is a soft material that deforms significantly when subjected to a load,
and the settlement associated with mechanical compression of MSW may even reach half its

original height.

Understanding the various compression mechanisms of MSW and the ability to separate their
contribution to the observed total settlement are key to reliably predict settlement behavior
during waste filling, post-closure development, or even vertical expansion of a landfill. A
fundamental understanding of the factors that affect the mechanical compression of MSW will
allow its separation from other mechanisms associated with the biodegradation process of MSW.
The mechanisms causing mechanical compression of MSW are physical, whereas in the case of

biodegradation, are primarily biochemical.

The objective of this study is to systematically assess the compressibility characteristics of MSW
subjected to a compressive load. Emphasis is given to the influence of waste structure, waste
composition, unit weight and confining stress on the compressibility parameters that are used in

engineering practice, such as the constrained modulus and compression ratio, as well as long-
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term compression ratio due to mechanical creep only. Settlement associated with biodegradation

is beyond the scope of this paper.
Literature Review

Similar to soils, when a vertical load is applied on MSW, either due to overburden layers of
waste or another external load (e.g., a structure), there will be deformation of the waste mass.
This deformation is associated with a reduction of pore volume between particles, particle
slippage, particle movement and re-orientation, and especially for MSW, particle bending,
folding and compression or extension of waste constituents that can be soft and thin, as well as
raveling of finer particles into large voids within the waste structure (Bjarngard and Edgers,
1990, among others). Thus, it is not surprising that waste commonly compresses more than
inorganic soils. A portion of that deformation is recoverable upon unloading (i.e., elastic), and

the remaining portion is irrecoverable (i.e., plastic). Depending on the amount of

that is present within the voids, and as voids reduce in size upon load application, excess
moisture will squeeze out typically at high rates due to the relatively high hydraulic conductivity

of MSW, while some moisture will be retained within the waste matrix.

In one dimensional (1D) compression, in response to an increment of vertical stress, Aoy, there is

an immediate vertical strain increment Aeyi that is given by:

Aoy

Agy; = Y [1]

In Eq. 1, D is the constrained modulus and has units of stress. Since MSW behavior is confining

stress dependent, and the stress-strain response of MSW to a compression load is never linear, D
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is also not a constant during a compression sequence, but is dependent on the level of stress and
the stress or strain increment. In one dimensional compression, vertical stress is commonly used

to express the at-rest (Ko) anisotropic confining stress state of the specimen.

A common alternative to the use of the constrained modulus D that is also customarily used in
consolidation analysis is to use Eqg. 2 when calculating the immediate vertical strain in response

to a new stress increment:

Ae,; = C.e X log (M) [2]

(4700]

where oo is the initial vertical stress and Ce. is the compression ratio assuming that the material
has never experienced that stress level before. If the material has previously experienced that
stress level, Cc. can be replaced by the recompression ratio Cr.. It is commonly considered that
Cc: and Ci. are confining stress independent and constant for a specific ground material. Note
also, that the compression index C. is also used in the literature. However, use of the
compression index Cc for calculations of settlement requires also an estimate of the void ratio of
the MSW, which is practically impossible to obtain in MSW not only in the field but also in the

laboratory. Thus, Cc is not estimated in this study.

From Eqg. 1 and Eq.2, it can be deduced that:

Aoy

D= i) o

When subjected to sustained compression loading, waste will continue to deform due to the
physical mechanisms described earlier. These mechanisms result in stress redistribution and
changes in particle-to-particle stress contacts. Presence of moisture and liquid flow may also

cause particle lubrication and particle slippage or raveling. Occasionally, this progressive stress
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readjustment, and the material loss due to biodegradation, may lead to “unexpected” waste
structure collapse that may be reflected at the landfill surface as localized, and highly irregular,
differential settlements. Long-term deformation, commonly referred to as secondary

compression, can be calculated as follows:
t
A = Xl — 4
&yt = Cae X log (to) [4]

where C, is the modified secondary compression ratio, and to is commonly assumed to be the
time until the material first experiences the sustained constant loading (for clays this is
considered the near-completion of consolidation, i.e, when excess pore fluid pressures are nearly
dissipated). Typical ratios of C./Cc: for natural soils are between 0.03-0.06 with ratios for
amorphous and fibrous peats being around 0.035-0.085, and for organic silts 0.035-0.06 (Holtz

and Kovacs, 1981).

Since MSW is a geo-material, these fundamental principles are also applicable. A large number
of studies have used Eg. 1, 2 and 4 to estimate the compression characteristics of MSW. Eq. 4,
which was originally developed to capture only mechanical compression (or creep) has also been
used to empirically describe long-term settlement due to biodegradation. A synthesis of available
1D mechanical compression laboratory experiments (e.g., Sowers 1973, Landva and Clark 1990,
Chen et al. 2009) has been made by Bareither et al. (2012a) and McDougall (2011) and is
beyond the scope of this paper. Important recent lessons associated with the compressibility of

MSW in response to 1D compression loading include:

e Case histories-based back-calculated values of C are consistent with results from laboratory
studies. Sharma and De (2007) presented a comprehensive review of C,. values from a large

number of case histories and concluded that the overall range of C,c for MSW subjected to an
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external load generally varies between 0.01 and 0.07. A slightly narrower range (0.014-0.06)
was reported for Ca: of MSW subjected to the waste’s self-weight. From a fundamental, as
well as a practical perspective, the Ca. values are the same for self-weight vs. external
loading.

Accommodating the larger particles of MSW in laboratory testing is important to capture the
waste’s field settlement behavior. Performing tests on the finer fraction (<25 mm or <20 mm)
only is not representative of field behavior (Bareither et al., 2012a). Thus, conventional-size
devices are not appropriate for waste testing. Experience from compressibility testing
(Bareither et al., 2012a), shear strength testing (Bray et al. 2009) and degradation testing (Fei
and Zekkos, 2013) shows that a specimen size of 300-mm is probably adequate. Milling of
the coarser fraction to accommodate the larger size particles in smaller devices also affects
the characteristics of the MSW and its mechanical properties (Zekkos et al. 2008).

The effect of degradation on the immediate response of MSW to a compression loading
remains unknown. Hossain et al. (2003) performed small-scale testing (d=63.5 mm cells) and
found that the coefficient of primary compression generally increased as the cellulose and
hemicellulose to lignin ratios (C+H/L) decreased, i.e., more degraded waste was more
compressible. Reddy et al. (2011) found that for small-size, synthetic solid waste the
compression ratio decreased as the waste degradation increased. Bareither et al. (2012a)
found a negligible effect of waste decomposition on Ce. of reconstituted degraded specimens.
However, the authors also pointed out that the specimen undergoing degradation experienced

a decrease in Cce due to removal of organic content and stiffening of the waste matrix.

Approach - Methodology



150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

A total of 143 large-size (300 mm diameter or 300 mm square) one dimensional compression
tests were conducted on MSW from landfills in California, Texas, Arizona and Michigan of the
United States and Greece. Specifically, the following tests were conducted: 23 tests on
reconstituted MSW from Tri-Cities landfill in north California, 40 on soil-waste mixtures from
Xerolakka landfill in Greece, 31 from Sauk Trail Hills landfill in Michigan, 17 from the Austin
Community landfill in Texas, 8 from Los Reales landfill in Arizona and 24 from Lamb Canyon

landfill in south California.

The Tri-Cities landfill tests were conducted first to evaluate the effect of field waste composition
on the mechanical characteristics of MSW. Subsequent tests on reconstituted soil-waste mixtures
from Xerolakka landfill were performed to assess the impact of waste structure anisotropy and

waste constituent type on the compressibility of the soil-waste mixtures.

A large number of tests were also conducted on fresh reconstituted specimens from Texas,
Arizona, and California to assess whether the trends observed in these earlier test programs were
generally applicable. All 1D compression tests were conducted prior to shearing and had a
duration of approximately 24 hrs (1440 min). Shearing results have been reported elsewhere for
Tri-Cities and Xerolakka landfill waste (Zekkos et al., 2010a; Zekkos et al., 2013), and Michigan

waste (Fei and Zekkos, 2015) and are not the focus of this paper.

MSW from the Michigan and Texas landfills was not only tested at its fresh state, but also at a
fully biodegraded state, using large-size (d=300 mm; h=600 mm) sealed landfill simulators.
Detailed description of the experimental setup is provided in Fei et al. (2014), and experimental
results are presented in Fei and Zekkos (2015) and Fei et al. (2015). Briefly, fresh, well
characterized, waste was placed in these simulators and leachate was recirculated three times per

week for a period of three to four years. Biogas was generated and chemically analyzed

8
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regularly, and the evolving biochemical characteristics of leachate were also monitored. Volume
and mass change was also measured. The waste was considered fully biodegraded when the
biochemical characteristics in the leachate indicated no additional activity, biogas generation was
completed and settlement of the waste was slowed down. The degraded specimen was removed
from the simulator in an undisturbed manner and was loaded to the target vertical stress to assess
the compressibility of the waste in response to load application. Upon completion of the test, the
material was again fully characterized to record changes in waste composition due to
biodegradation, had a visual appearance of degraded material (i.e., appeared to be mostly soil-

like) and had no smell.

An example of data collected during 1D compression of a specimen from Tri-Cities landfill is
shown in Fig. 1, along with the procedures used to calculate the relevant compressibility
parameters. For each test, the strain of immediate compression (Aeyi) due to a vertical stress
increment of Aov , Ce, D, and C,: are derived. Note that in the subsequent analyses, the
influence of suction stresses is ignored, and the total stresses are assumed to be equal to the

effective stresses.

Specimen preparation

Waste composition was well defined for each prepared specimen. The characterization
procedures proposed by Zekkos et al. (2010b) were used for all specimens and included an
assessment of the amount and type of waste constituents, and a detailed characterization (grain

size distribution, Atterberg limits, moisture and organic content) of the <20 mm fraction.
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Specimens were compacted through a variety of techniques: (a) Repeated drops of a 4.5 kgr, 100
mm in diameter drop mass on subsequent layers of waste to achieve a high compaction energy
level. In this case, specimens of a height of 13 cm were prepared in 4-5 layers of 2.5-3 cm in
thickness, and for each layer 2-3 rounds of 9 drops of the drop mass were performed to prepare a
dense specimen; (b) moist-compaction in layers using a tamper; and (c) placement of the
material without any compaction effort. It was generally found that for specimens with the same
waste composition and as-prepared unit weight, the method of specimen compaction was not

critical.

An important differentiation among specimens relates to the manner by which waste was placed
in the specimen preparation mold. With the exception of the Xerolakka landfill waste, all other
specimens were prepared in layers of mixed waste material, i.e., all constituents were mixed
together at the target waste composition and placed in layers in the specimen mold and
compacted. Observations during compaction showed that, similarly to field conditions, the
fibrous waste constituents (majority of >20 mm fraction) tend to become aligned in the
horizontal direction, resulting in an anisotropic waste structure (Zekkos, 2013). To investigate
this issue further, specimens from Xerolakka landfill were prepared and included only the <20
mm material and one specific waste constituent type only (i.e., plastic, paper or wood). The
material was placed in successive layers of <20 mm material and waste constituent separately.
This specimen preparation technique resulted in a well-defined waste structure that permitted a
more careful assessment of the impact of waste structure and waste type on the compressibility
of soil-waste mixtures. A detailed description of this specimen preparation technique is included
in Zekkos et al. (2013). Although the soil-waste specimens from Xerolakka landfill are not

representative of field conditions because they included only soil and one more waste
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constituent, their layer-cake structure may not be entirely unrealistic, especially in landfills
where soil cover is placed on top of thick layers of waste, as well as at high overburden, where

the layering of the waste becomes more pronounced.

Note that all Xerolakka landfill and Tri-Cities landfill specimens were tested at their field
moisture content, which was 10% and 12% respectively (for the smaller than 20 mm material, as
defined by Zekkos et al. 2010b) and was below field capacity, i.e., the level of moisture retained
by the waste mass after gravity drainage. These conditions are typical of MSW landfills that are
regulated by Title 40 of the Code of Federal Regulations (CFR) of the Resource Conservation
and Recovery Act (RCRA) also known as Subtitle D, i.e., dry tomb landfills. Specimens from
Sauk Trail Hills landfill and Austin Community landfill were tested at their field moisture
contents (which was 35% and 30-32% respectively), as well as nearly saturated levels of
moisture (which was 64-65% and 66-73% respectively). MSW from Lamb Canyon landfill in
south California and Los Reales landfill in Arizona were tested at their field moisture content,

which was 24% and 32% respectively.

Results

Impact of waste composition and unit weight on compressibility of MSW

As mentioned earlier, the impact of waste composition and unit weight on the compressibility of
MSW was systematically assessed using waste from Tri-Cities landfill. As shown in Fig. 2a, Ce.
is affected by the amount of <20 mm material. As the percentage by weight of <20 mm material
increases, Cc. reduces, i.e., MSW becomes stiffer. Waste-rich MSW has Cc. values that may vary

by a factor of two, or more, compared to specimens with 100%<20 mm.

11
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Cq is also affected by the amount of <20 mm material, as shown in Fig. 2b. As the <20 mm
material increases, Cq. reduces, i.e., the long-term settlement is lower. Waste-rich MSW has C

that may also vary by a factor of two, or more, compared to 100%<20 mm material.

The observed scatter in the data is largely attributed to the variable compaction efforts involved
in preparing the specimens. Highly compacted, denser specimens plot below the regressed line
shown in Fig. 2 and looser specimens plot above. Vertical stress does not appear to play a role on
the Ccc and C, values. However, as discussed subsequently, an observed small effect of vertical
stress on C is actually an artifact of the effect of compaction on the specimen’s compression
characteristics, with specimens at low stress levels behaving as “overconsolidated” due to

compaction.

Similarly, as shown in Fig. 3, unit weight affects both Cc; and Cq.. In Fig. 3, total unit weight
prior to immediate compression (yw) is shown. All Tri-Cities landfill specimens have moisture
contents of 12% that are lower than field capacity. The observed impact of unit weight on
compressibility can be attributed to two main factors: (a) for the same waste composition,
specimens that are compacted with more energy input are denser and tend to have lower Cc;and
Cus; and (b) unit weight and composition are strongly correlated. Waste-rich MSW has lower
unit weight (3-8 kN/m?®) and soil-rich MSW has higher unit weight (12-17 kN/m?®) for the same
vertical (or confining) stress and the same compaction effort (Zekkos et al. 2006). Thus, the

range of total unit weight (from 5 to 15 kN/m®) is also indicative of waste composition.

Note that in Fig. 3b the total unit weight upon compaction yt is shown. A similar relationship
was also observed when the data were plotted against the total unit weight upon completion of
the immediate compression, i.e., the density state of the MSW during long-term compression.

However, the regression results were similar and so that relationship is not shown. Regression of

12
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the data indicates the following approximate relationship for Tri-Cities specimens at moisture

contents below field capacity:
Cee = 0.18 — 0.0098 X ¥, (R=0.41) [5a]

Cae = 0.016 — 0.00078 X ¥4 (R?=0.61) [5b]

Impact of waste structure & waste constituent type on compressibility of MSW

A series of tests was also conducted on soil-waste mixtures from Xerolakka landfill. As
mentioned earlier, these specimens were prepared in carefully placed successive layers of soil
and waste with the intent to assess the impact of waste structure, as well as the impact of specific

common waste constituents on compressibility of a soil-waste mixture.

The type of waste constituent (i.e., paper, plastic or wood) is found to affect the stiffness of the
soil-waste mixture. Soil-waste mixtures that are compacted with the same compaction effort, and
consist of soil-paper only, soil-plastic only, or soil-wood only, have different Cc; and Cq.. Fig. 4
shows test results on specimens that include variable amounts of <20 mm material subjected to
compression from 1.8 kPa to 50 kPa. Specimens with soft plastic or paper have significantly
higher C¢. and C,. than specimens with wood, or specimens that consisted entirely of <20 mm
material. The change in C¢; and C,: due to inclusion of wood constituents compared to specimens

with 100%<20 mm is not comparatively significant.

The amount of waste constituent is also found to affect the stiffness of the mixture, but its
influence on C¢;and C,: is also dependent on the type of fibrous waste constituent. As shown in

Fig. 4, for specimens compressed in the direction parallel to the waste constituent orientation

13
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(i=90°), as the amount of paper and plastic increases, Cc: and Cq increases significantly. Ce; is
highest for plastic fibers, followed by paper fibers, and practically unaffected by the amount of

wood fibers. Cq is highest for paper, followed by plastic, and then wood.

Previous studies have highlighted the pronounced effect of waste anisotropy on hydraulic
conductivity (Landva et al. 1998; Hudson et al. 2009), shear strength of MSW (Bray et al., 2009;
Zekkos et al., 2010a), and seismic wave propagation (Sahadewa et al., 2014a; Sahadewa et al.,
2014b; Zekkos, 2013). The influence of structure of the soil-waste specimens on the stiffness
was also assessed by preparing specimens of soil and waste in layers at different angles
compared to the horizontal, with emphasis on having a well-defined orientation of fibrous
constituents. As shown in Fig. 5, the stiffness of the specimens is dependent on the relative
orientation of the waste fibrous constituent’s long axis and the direction of compression loading.
Overall, as shown in Fig. 5b, C: varies as much as 2.4 times for specimens of soil-plastic
mixtures as a function of the orientation of the waste constituent, but less for soil-paper (factor of
1.7 difference for different waste constituent orientations) and soil-wood mixtures (factor of 1.25
difference). Soil-paper and soil-wood mixtures are found to be the softest (have the highest Cc)
when the fibrous constituents are oriented perpendicular to the load (i=0°), but the opposite trend
is observed for specimens that include soil-plastic only. These specimens appear to be stiffer
when plastic fibers are oriented perpendicular to the compression load (i=0°). The results shown
point to the significant anisotropy of soil-waste mixtures. This finding is also supported by
limited testing on specimens from Tri-Cities landfill, as shown in Fig. 6 that had intermediate
waste composition (Zekkos 2013). Tri-Cities fibrous waste constituents were found to become
horizontally oriented during compaction, although that was not intentional. Thus, of two

identical specimens, one specimen was loaded vertically as is, while the second one was

14
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prepared in a custom-made split-mold and was rotated by 90° prior to being placed in the
compression device. When subjected to 1D compression, it was found that the specimen with
particle orientation parallel to the vertical compression loading (i=90°) was stiffer (not more than
20%) than the specimen with particle orientation perpendicular to the compression loading
(i=0°). The results of this study point to the importance of the direction of loading compared to

the waste structure in assessing the compressibility of MSW.

Synthesis & recommendations for compressibility of MSW

Tests were also executed on specimens from four additional landfills in the United States and
specifically, in Arizona, south California, Michigan, and Texas. A summary figure of the 143
test data is shown in Fig. 7. In this figure, hollow symbols are used for specimens that are nearly
uncompacted, whereas full symbols are used for specimens that have intermediate to high
compaction efforts. As shown in Fig. 7a, immediate strain (Asvi) can reach 60% of the specimen
initial height, Cc; ranges from 0.01 to 0.26 and C, ranges from less than 0.001 to 0.014.
Specimens that are soil-rich (100%<20 mm) and/or compacted, tend to have lower immediate
strains (up to approximately 30%), and lower Cc; values (up to 0.15), but generally similar Cee
values. As discussed earlier, no effect of vertical stress on Cc: (Fig. 7b) and C,: (Fig. 7c) is

observed.

Figure 8 shows the relationship of C¢. with waste composition and dry unit weight prior to
compression (ydo). Note that the dry unit weight is used instead of total unit weight, because
some of the specimens in the entire dataset are in nearly saturated conditions. Cce is better

correlated with yqo (Fig. 8b) instead of the percentage of <20 mm material (Fig. 8a) because
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compaction effort plays an important role on the achieved specimen unit weight. There is scatter
in the data, which is not surprising given the variable waste sources, compositions and testing
conditions. Looser and waste-rich specimens have distinctly higher Cc. values than denser and

soil-rich specimens. A relationship between Cc: and yqo Was derived with an R?=0.67:
Coe = 0.39 X e~015*Vdo [6]

Eq. 6 and the data from this study that it is based on, is also reproduced in Fig. 9 along with data
on MSW compressibility from the literature. Specifically, all the test data on specimens that are
at least 270 mm in diameter compiled by Bareither et al. (2012a) were included. This dataset
includes a total of 39 additional tests generated by Rao et al. (1977), Beaven and Powrie (1995),
Chen and Lee (1995), Landva et al. (2000), Olivier et al. (2003), Vilar and Carvalho (2004),
Stoltz and Gourc (2007), Olivier and Gourc (2007), and Stoltz et al. (2010). In addition, the Ce
reported by Bareither et al. (2012a) is used. The relationship from this study seems to also
provide a reasonable estimate of C¢. for the data available in the literature. Some scatter is
observed, which is expected, since the dry unit weight of MSW that is used is just indicative of
waste composition and unit weight, but cannot possibly capture all the factors that affect waste
compressibility. However, the regression analyses indicate higher R? values than previously
reported in the literature, while the parameter used for the regression is simple, i.e., the dry unit
weight of the material. A regression considering the data from this study, as well as the literature,
results in similar parameters as shown in Eq. 6. Specifically, in Eq. 6, 0.39 becomes 0.46 and -
0.15 becomes -0.16. Alternatively, Bareither et al. (2012a) used the Waste Compressibility Index
(WCI), which is a function of waste water content, percentage of biodegradable organic waste

and dry unit weight.

16



350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

Figure 10 shows the variation of C, with waste composition (Fig. 10a) and yq (Fig. 10b).
Significant scatter in the data is observed for the entire dataset, there is a stronger relationship
between C,. and the amount of <20 mm material rather than with yqo. This may not be surprising
given the established influence of organic substances on the long-term compressibility of ground

materials.

The results are presented in terms of the constrained modulus D in Fig. 11. D is increasing with
vertical stress, as shown in Fig. 11a. At the same vertical stress, soil-rich specimens (100%<20
mm) and denser MSW specimens are stiffer, i.e., they have higher D values. Fig. 11b illustrates
the relationship between the normalized constrained modulus D’ and mean vertical stress ovm

defined as follows:

D
D' = 7
p— [7]
Opft0; . . .
where g, = =22 i.e., the mean vertical stress over the stress increment.

2

As shown in Fig. 11b, initially, it appears that D’ reduces with vertical stress. This observation is
consistent with Ce. increasing with normal stress as shown in Fig. 2a and was also previously
reported by Bareither et al. (2012a) in terms of Cc¢;, who showed an increase in Cc: up to a stress
level beyond which it becomes constant. As also indicated by Bareither et al. (2012a), this
apparent trend is merely a reflection of the effect of compaction effort and densification.
Compacted specimens are practically overconsolidated and appear to have higher D’ (or lower
equivalent Cc¢) especially at lower normal stresses, (e.g., <50 kPa), i.e., the compacted specimens
appear stiffer than the uncompacted ones for stress increments that are below or near the
compaction stress level. However, as the stress increment increases to levels higher than the

compaction stress levels, the compressibility parameters approach a relatively “constant” value.
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The “overconsolidation” observation has also been made in terms of shear wave and p-wave
velocity in the field by Sahadewa et al. (2014b) with reported maximum past pressures of up to
50 kPa. Overall, in the normally consolidated regime, D’ is essentially nearly constant and
ranges between 4 and 8. This range can be used as a first-order estimate of the constrained

modulus of MSW in the absence of site specific data.

Tests on fresh and fully biodegraded specimens were executed on specimens from Michigan and
Texas landfills. As explained earlier, biodegradation was executed for extended periods of time
using large-size laboratory simulators and the tests were completed when, based on the measured
physicochemical characteristics of the solid, liquid and gas phases of the MSW, the specimen
was considered fully degraded. The biodegraded specimens were then subjected to 1D
compression and the results are also included in the dataset. The degraded specimens are no
different than the fresh specimens in their general trend. This observation indicates that the
relationships shown in this study should be valid regardless of the state of degradation of the
specimen, as long as the waste composition and unit weight of the material is known. However,
note that the composition and total unit weight of the degraded specimen are different than those
of its fresh counterpart because during biodegradation both the %<20 mm material and dry unit
weight increase. Thus, the compressibility parameters of the degraded specimen is different than

the same specimen at its fresh state.

Figure 12 illustrates the empirical relationship between Cc; and D’. Each of the compressibility
parameter values shown has been derived from the experimental data independently. The two
parameters are expected theoretically to be closely correlated, as shown in Eq. 3. For the data
presented, the following simple relationship can be used in practice to quickly calculate C¢; from

D’ and vice versa:
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Of interest is also the ratio of Cq. to Cc:. As mentioned earlier, typical ratios of Cq./Ce. for natural
soils are between 0.03-0.06 with ratios for amorphous and fibrous peats being around 0.035-
0.085, and ratios for organic silts 0.035-0.06 (Holtz and Kovacs, 1981). The experimental data
from this study indicate that typical ratios are 0.01-0.04 for normally consolidated MSW. Note
however that, as discussed earlier, in this ratio, Cq is representative of mechanical compression

(creep) only, and does not include the biodegradation component of the long-term settlement.

CONCLUSIONS

The response of MSW to a compression load has been experimentally investigated by executing
a total of 143 large-size 1D compression tests on solid waste from six landfills. The results of
this study indicate that the compressibility characteristics of MSW, as expressed by Cce, D’ and
Coe are largely vertical stress independent. The compressibility characteristics are primarily
impacted by waste composition and dry unit weight. Waste composition is a critical factor. The
%<20 mm material and the unit weight of the material can be used to provide a reasonable
estimate of the compressibility parameters. However, the type of waste constituent (i.e., paper,
plastic or wood) can have an effect on the compressibility characteristics of the soil-waste
mixture. Also, because of the anisotropic structure of the MSW, the direction of compression
load compared to the fibrous constituent orientation may need to be considered. Relationships of
Ce, (or D), Cq as a function of waste composition and unit weight were derived. The

relationships shown can be used for specimens of any degradation state, as long as the waste
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composition and unit weight are known. Typical ratios of C./Cc. for MSW are between 0.01-

0.04.

ACKNOWLEDGEMENTS

This research was partially supported by the National Science Foundation (NSF), Division of
Civil and Mechanical Systems under Grant No. CMMI-1041566, Division of Computer and
Communication Foundations under Grant no. 1442773, and by fellowships from the
Geosynthetic Institute (GI) and the Environmental Research and Education Foundation (EREF).
ConeTec Investigations Ltd. and the ConeTec Education Foundation are acknowledged for their
support to the Geotechnical Engineering Laboratories at the University of Michigan. Any
opinions, findings, conclusions and recommendations expressed in this paper are those of the
authors and do not necessarily reflect the views of the NSF, GI or EREF. We thank Dr. Andhika
Sahadewa for assisting with waste characterization, Andrew Tamer and Shih-cheng Chu for
assisting with specimen preparation and Xeni Founta who assisted in a number of the laboratory

tests from Xerolakka landfill.

REFERENCES

Bareither, C., Benson, C., and Edil, T. (2012a). "Compression behavior of municipal solid waste:
Immediate compression.” Journal of Geotechnical and Geoenvironmental Engineering,

138(9), 1047-1062.

20



436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

Bareither, C. A., Breitmeyer, R. J., Benson, C. H., Barlaz, M. A., and Edil, T. B. (2012b). "Deer
track bioreactor experiment: Field-scale evaluation of municipal solid waste bioreactor
performance.” Journal of Geotechnical and Geoenvironmental Engineering, 138(6), 658-670.

Bareither, C. A., Benson, C. H., and Edil, T. B. (2013). "Compression of municipal solid waste
in bioreactor landfills: Mechanical creep and biocompression.” Journal of Geotechnical and
Geoenvironmental Engineering, 139(7), 1007-1021.

Beaven, R. P., and Powrie, W. (1995). "Determination of the hydrogeological and geotechnical
properties of refuse using a large scale compression cell." 5th Int. Sardinia Landfill Conf.,
CISA, Cagliari, Italy, 745-760.

Bjarngard, A., and Edgers, L. (1990). "Settlement of municipal solid waste landfills." Proc., 13th
Annual Madison Waste Conference: Municipal & Industrial Waste, 192-205.

Bray, J. D., Zekkos, D., Kavazanjian, E., Jr., Athanasopoulos, G. A., and Riemer, M. F. (2009).
"Shear strength of municipal solid waste.” Journal of Geotechnical and Geoenvironmental
Engineering, 135(6), 709-722.

Chen, R. H., and Lee, Y. S. (1995). "Settlement analysis of a waste landfill." 3rd Int. Symp. on
Environmental Geotechnology, CRC Press, Boca Raton, FL, 539-553.

Chen, Y. M., Zhan, T. L. T., Wei, H. Y., and Ke, H. (2009). "Aging and compressibility of
municipal solid wastes." Waste Management, 29(1), 86-95.

Chen, Y. M., Ke, H., Fredlund, D. G., Zhan, L. T., and Xie, Y. (2010). "Secondary compression
of municipal solid wastes and a compression model for predicting settlement of municipal
solid waste landfills." Journal of Geotechnical and Geoenvironmental Engineering, 136(5),

706-717.

21



458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

Edil, T. B., Ranguette, V. J., and Wuellner, W. W. (1990). Settlement of municipal refuse, Amer
Soc Testing and Materials, Philadelphia.

Fei, X., and Zekkos, D. (2013). "Factors influencing long-term settlement of municipal solid
waste in laboratory bioreactor landfill simulators.” Journal of Hazardous, Toxic, and
Radioactive Waste, 17(4), 25-271.

Fei, X., and Zekkos, D. (2015). "Large-size controlled degradation experiment and constant load
simple shear testing on michigan municipal solid waste.” Proc., XVI European Conference on
Soil Mechanics and Geotechnical Engineering, Edinburgh, 13 - 17 September 2015.

Fei, X., Zekkos, D., and Raskin, L. (2014). "An experimental setup for simultaneous physical,
geotechnical and biochemical characterization of municipal solid waste undergoing
biodegradation in the laboratory.” Geotech. Test. J., 37(1).

Fei, X., Zekkos, D., and Raskin, L. (2015). "Archaeal community structure in leachate and
municipal solid waste is correlated to the methane generation and volume reduction during
biodegradation of municipal solid waste." Waste Management, 36, 184-190.

Gourc, J. P., Staub, M. J., and Conte, M. (2010). "Decoupling msw settlement into mechanical
and biochemical processes - modelling and validation on large-scale setups.” Waste
Management, 30(8-9), 1556-1568.

Holtz, R. D., and Kovacs, W. D. (1981). An introduction to geotechnical engineering, Prentice
Hall, Englewood Cliffs, NJ.

Hossain, M. S., Gabr, M. A., and Barlaz, M. A. (2003). "Relationship of compressibility
parameters to municipal solid waste decomposition.” Journal of Geotechnical and

Geoenvironmental Engineering, 129(12), 1151-1158.

22



480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

Hudson A.P., Beaven R.P. and Powrie W. (2009). “Assessment of vertical and horizontal
hydraulic conductivities of household waste in a large scale compression cell.” In Ed by
Cossu R, Diaz LF and Stegman R (eds), Proceedings of the 12th Waste Management and
Landfill Symposium Sardinia 2009, CISA, S. Margherita di Pula, Italy (in cd-rom).

Ivanova, L. K., Richards, D. J., and Smallman, D. J. (2008). "The long-term settlement of landfill
waste." Waste and Resource Management, 161(WR3), 121-133.

Kavazanjian, E., Jr., Matasovic, N., and Bachus, R. C. (1999). "Large diameter static and cyclic
laboratory testing of municipal solid waste.” Proc., 7th International Waste Management and
Landfill Symposium, 437-444.

Landva, A. O., and Clark, J. . (1990). "Geotechnics of waste fill." Geotechnics of waste fills -
theory and practice, A. Landva, and G. D. Knowles, eds., Amer Soc Testing and Materials,
Philadelphia, 86-103.

Landva, A. O., Pelkey, S. G., Valsangkar, A. J. (1998). “Coefficient of permeability of municipal
refuse.” Proc., Third Int. Congress on Environmental Geotechnics, Balkema, Rotterdam, 163-
167.

Landva, A. O., Valsangkar, A. J., and Pelkey, S. G. (2000). "Lateral earth pressure at rest and
compressibility of municipal solid waste." Can. Geotech. J., 37(6), 1157-1165.

Ling, H. ., Leshchinsky, D., Mohri, Y., and Kawabata, T. (1998). "Estimation of municipal solid
waste landfill settlement.” Journal of Geotechnical and Geoenvironmental Engineering,
124(1), 21-28.

McDougall, J. (2011). "Settlement: The short and the long of it." Geotechnical characterization,

field measurement, and laboratory testing of municipal solid waste: Proceedings of the 2008

23



502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

international symposium on waste mechanics, D. Zekkos, ed., ASCE, Geo-Institute, Reston,
Va, 76-111.

McDougall, J. R., and Pyrah, I. C. (2004). "Phase relations for decomposable soils.”
Geotechnique, 54(7), 487-493.

Mehta, R., Barlaz, M. A., Yazdani, R., Augenstein, D., Bryars, M., and Sinderson, L. (2002).
"Refuse decomposition in the presence and absence of leachate recirculation.” J. Environ.
Eng.-ASCE, 128(3), 228-236.

Olivier, F., and Gourc, J. P. (2007). "Hydro-mechanical behavior of municipal solid waste
subject to leachate recirculation in a large-scale compression reactor cell." Waste
Management, 27(1), 44-58.

Olivier, F., Gourc, J. P., Lopez, S., Benhamida, S., and Van Wyck, D. (2003). "Mechanical
behavior of solid waste in a fully instrumented prototype compression box." 9th Int. Waste
Management and Landfill Symp., CISA, Cagliari, Italy, 1-12.

Oweis, I. S. (2006). "Estimate of landfill settlements due to mechanical and decompositional
processes." Journal of Geotechnical and Geoenvironmental Engineering, 132(5), 644-650.
Rao, S. K., Moulton, L. K., and Seals, R. K. (1977). "Settlement of refuse landfills." Proc.,
Geotechnical Practice for Disposal of Solid Waste Materials, ASCE, New York, 574-598.
Reddy, K. R., Hettiarachchi, H., Gangathulasi, J., and Bogner, J. E. (2011). "Geotechnical
properties of municipal solid waste at different phases of biodegradation." Waste

Management, 31(11), 2275-2286.

Sahadewa, A., Zekkos, D., Fei, X., Li, J., and Zhao, X. (2014a). "Recurring shear wave velocity

measurements at smith’s creek bioreactor landfill." Geocongress 2014, American Society of

Civil Engineers, Reston, VA, U.S., Atlanta, GA, 2072-2081.

24



525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

Sahadewa, A., Zekkos, D., Woods, R. D., Stokoe, K. H., II, and Matasovic, N. (2014b). "In-situ
assessment of the dynamic properties of msw at a landfill in Texas." Earthquake Engineering
and Soil Dynamics Journal, 65 (October 2014), 303-313.

Sharma, H. D., and De, A. (2007). "Municipal solid waste landfill settlement: Postclosure
perspectives.” Journal of Geotechnical and Geoenvironmental Engineering, 133(6), 619-629.

Sowers, G. F. (1973). "Settlement of waste disposal landfills." Proc., 8th International
Conference on Soil Mechanics and Foundation Engineering, 207-210.

Spikula, D. R. (1997). "Subsidence performance of landfills." Geotext. Geomembr., 15(4-6),
395-402.

Stoltz, G., and Gourc, J. P. (2007). "Influence of compressibility of domestic waste on fluid
permeability.” Sardinia 11th Int. Waste Management and Landfill Symp., CISA, Cagliari,
Italy, 1-8.

Stoltz, G., Gourc, J. P., and Oxarango, L. (2010). "Characterisation of the physico-mechanical
parameters of MSW." Waste Management, 30(8-9), 1439-1449.

Stulgis, R. P., Soydemir, C., and Telgener, R. J. (1995). “Predicting landfill settlement.” Proc. Of
Geoenvironment 2000. ASCE, Reston, VA, USA, 980-994.

Vilar, O. M., and Carvalho, M. F. (2004). "Mechanical properties of municipal solid waste."
Journal of Testing and Evaluation, 32(6), 438-449.

Wall, D. K., and Zeiss, C. (1995). "Municipal landfill biodegradation and settlement.” Journal of
Environmental Engineering-Asce, 121(3), 214-224.

Yuen, S. T. S., and McDougall, J. (2003). "Effect of enhanced biodegradation on settlement of

municipal solid waste landfills." Australian Geomechanics, 38(2), 17-28.

25



547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

Zekkos, D. (2013). "Experimental evidence of anisotropy in municipal solid waste." Proc.,
Coupled Phenomena in Environmental Geotechnics, Taylor & Francis Group, London, 69-77.

Zekkos, D., Grizi, A., and Athanasopoulos, G. (2013). "Experimental investigation of the effect
of fibrous reinforcement on shear resistance of soil-waste mixtures." Geotech. Test. J., 36(6),
867-881.

Zekkos, D., Athanasopoulos, G. A., Bray, J. D., Grizi, A., and Theodoratos, A. (2010a). "Large-
scale direct shear testing of municipal solid waste.” Waste Management, 30(8-9), 1544-1555.

Zekkos, D., Kavazanjian, E., Bray, J. D., Matasovic, N., and Riemer, M. F. (2010b). "Physical
characterization of municipal solid waste for geotechnical purposes.” Journal of Geotechnical
and Geoenvironmental Engineering, 136(9), 1231-1241.

Zekkos, D., Bray, J.D., and Riemer, M.F. (2008). “Shear Modulus and Material Damping of
Municipal Solid Waste Based on Large-Scale Cyclic Triaxial Testing,” Canadian
Geotechnical Journal, 2008, Vol. 45, No. 1, 2008, pp. 45-58.

Zekkos, D., Bray, J. D., Kavazanjian, E., Jr., Matasovic, N., Rathje, E. M., Riemer, M. F., and
Stokoe, K. H., 11 (2006). "Unit weight of municipal solid waste." Journal of Geotechnical and
Geoenvironmental Engineering, 132(10), 1250-1261.

Zhao, Y. C., Chen, Z. G., Shi, Q. G., and Huang, R. H. (2001). "Monitoring and long-term
prediction of refuse compositions and settlement in large-scale landfill." Waste Manage. Res.,

19(2), 160-168.

26



0.00 v

% Tri Cities Landfill, CA
f 7,=13.1 KN/m® y,=14.1 kN/m®|]

ool 6,=150 kPa o,=1.8 kPa

e

4

% Ac =c -c =150 kPa
;'é Compression index:
%
&
3

)

>
w
~0.04

C..=A¢ JAlog(c,)
Constrained modulus:

£

@©

= D=Ac /Ag,,

17

_8 0.06 ?30 i
© :

(] AY ! %‘é‘:«
= L. Vi i o

“--“""'-C)--‘.).._Q a
0.08f “Qea g

C,.=Ae, /Alog(t)

010 At b s aaaal Ak 2 s aaal P | aaal
0.1 1 o 100 1000
Time (min)

Figure 1: Example compressibility data for a specimen from Tri-Cities landfill, and associated compressibility
parameters.
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Figure 8: Relationship between C.: and (a) percentage of <20 mm material, and (b) dry unit weight prior to
compression (ydo). (The legend is split in two figures for illustration purposes only.)
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Figure 10: Relationship between Cq: and (a) percentage of <20 mm material, and (b) dry unit weight prior to
compression (ydo). The legend is split in two figures for illustration purposes only.
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Fig. 11. Relationship between mean vertical stress (ovm) and (a) constrained modulus (D), and (b) normalized
constrained modulus (D).
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