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Abstract

The paper deals with the compression behaviour of mixed fractions of a mechanically treated and biologically dried waste
material with methanogenic fraction appropriate for landfilling in a bioreactor landfill. To this end oedometric compression
tests were carried out with specimens taken from the Waste Management Center Mari$¢ina, in Croatia. The compression
behaviour up to a maximum vertical stress of 119.5 kPa was investigated in a sequence of seven load steps with an adapted
oedometer device under three different drained test conditions: the dry state, the wet state, and wetting of the initially dry
and pre-compressed material. The interpretation of experimental data focuses on the immediate compression and mechanical
creep behaviour obtained within each load step. As the settlements are time dependent from the beginning of loading, no clear
distinction between immediate and secondary compression can be gathered from the settlement-time curves. To this end a
fictitious time where the immediate settlement ends is introduced based on common methods and a new method proposed
in this paper. The latter, is named the strain-rate method, which defines the time where a given strain rate is relevant for the
transition from the immediate compression to mechanical creep. Within the stress range considered, the approximation of
mechanical creep using the so-called modified secondary compression index showed that the value of this index decreases
for the moist waste material but it is almost constant for the dry material. Particular attention is also paid to so-called collapse
settlements under constant load which can take place as a result of an increase of the moisture content. For the mathematical
description of the mechanical behaviour enhanced approximation functions are proposed, which are also easy to handle for
practical application. The experimental results are comprehensively discussed and compared with data from the literature.
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Statement of Novelty

A reformulated compression law by Ohde which permits
a closer approximation of the oedometer experimental
data than the modified compression index is proposed.
The paper also considers a more detailed discussion of
the distinction between immediate and secondary com-
pression. Apart from some common methods such as the
“FORE method” a new method with the name “Strain-rate
method” was proposed, which assumes a fictitious strain
rate where immediate compression turns into mechanical
creep. In addition, the so-called collapsibility behaviour
caused by wetting of the initially pre-compressed material
under dry condition was also investigated. It is argued that
the mechanisms of collapse settlements are most probably
due to softening of hydrophilic waste particles and particle
contacts caused by wetting.

Introduction

As a response to the requirements of the Waste Frame-
work Directive (2008/98/EC) [1] to prevent or, at least, to
reduce the unfavourable impact on the environment and
human health caused by untreated landfills, many Euro-
pean countries have developed and implemented various
procedures for the mechanical and biological treatment
(MBT) of municipal solid waste (MSW). The most com-
mon, and widely adopted MBT process, is the composting
or so-called biostabilisation process. In the biostabilising
MBT plant the main goal is to obtain inert waste stream
without tendencies to any further meaningful physical,
biological or chemical changes. In the MBT plant, which
utilizes biostabilisation, the MSW is first mechanically
treated and sorted. The rest of the material is then submit-
ted to the biostabilisation process until all of its organic
components are decomposed. The final product after bio-
stabilisation has to be landfilled. A completely different
process to the biostabilisation process, and one that has
drawn increasing attention in the past decade, is the so-
called biodrying process. In the MBT plant, which utilizes
biodrying, the waste material is first submitted to the bio-
drying process and then mechanically treated and sorted
in several waste streams. One of the final waste-streams
that is obtained from the biodrying process is the so-called
methanogenic fraction. In contrast to the biostabilisation
process, the remained portion of organic components in
the methanogenic fraction is still significant, and therefore
still biologically active. This makes methanogenic frac-
tion suitable for landfilling in what is known as bioreac-
tor landfill. After mechanical and biological treatment,
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municipal solid waste has altered mechanical properties.
The compressibility of mechanically treated and biologi-
cally dried waste material with a methanogenic fraction
can be accompanied by collapse effects and time depend-
ent properties which strongly depend on the change of the
moisture content and the technology used for pre-treat-
ment of the material.

The mechanical properties of biodried methanogenic
fraction are of substantial interest for engineers in the design
and the safety issues of bioreactor landfills. While many
researchers have investigated the compression behaviour
of raw municipal solid waste material [2-22], their result
cannot be directly related to MBT waste materials, because
MBT process significantly alters the mechanical properties
of MSW.

Many researchers were also involved in the testing of
biostabilised MBT waste. The earliest pioneering work was
largely done by researchers in Austria, Germany and Italy,
e.g. [23-28]. In the past decade scientific interest in the com-
pression behaviour of biostabilised MBT waste has become
more widespread, e.g. [29-36]. Petrovic et al. [34] studied
the compressibility of biostabilised MBT waste using a
large scale oedometer with a specimen diameter of 500 mm.
Under a pressure of 400 kPa, a compaction between 20-30%
was observed. The comparison of the virgin compression
curve with the unloading curve indicates that only a minor
part of the total deformation can be recovered. Thus, the
main deformation of the waste material is inelastic. The
obtained stiffness module fitted well within the range of
the stiffness module obtained for waste materials of simi-
lar characteristics by other authors [23, 24, 37, 38]. Moreo-
ver, in the experiment by Petrovic et al. [34] the stiffness
module obtained with biostabilised MBT waste were also
compared with the stiffness module of raw waste material
published by Jesberger and Kockel [2]. It was found that the
biostabilisation of waste material prior to landfilling shows
similar stiffness properties to the raw waste material, which
was landfilled over a decade. The short-term compression-
rebound and long-term compression tests carried out by
Zhang et al. [36] showed that the immediate compression
ratio ranged between 0.233 and 0.247, which was compa-
rable to the aged high food waste content. The mechanical
creep ratio ranged between 0.012 and 0.018, being close to
the fresh and aged MSWs. In contrast to the situation for
biostabilised waste, data about the compression behaviour
of biodried waste materials with a methanogenic fraction are
rare. While many researchers were interested in optimizing
the biodrying process [39-46], the mechanical behaviour
of biodried waste material with methanogenic fraction is
barely investigated.

A question of specific interest is the mechanisms behind
collapse settlements caused by wetting of an initially dry
material. Experiments show that the classical effective stress
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theory originally introduced by Terzaghi [47] for granular
materials with incompressible particles fails for fully satu-
rated waste materials with a portion of compressible par-
ticles, e.g. Shariatmadari et al. [48]. In order to take into
account the compressibility of particles in the effective
stress relation, various theories are proposed in the litera-
ture, e.g. Biot [49], Skempton [50], de Boer [51], Ehlers
[52], Zhang et al. [53], Powrie et al. [54], Liang et al. [55].
Whether enhanced effective stress concepts are appropri-
ate for explaining the mechanisms of collapse settlements,
however, it is still an open question. A closer inspection
of the literature indicates that the mechanism of wetting
induced collapse settlement of waste, e.g. Sowers [56], is
in a phenomenological manner similar to that as observed
in weathered and moisture sensitive coarse-grained rock-
fills, where wetting settlements cannot be explained by the
concept of effective stresses (Brauns et al. [57]; Bauer [58];
Ham et al. [59]). The mechanism of wetting settlements is
mainly related to the moisture dependent degradation of
the particle hardness (Bauer et al. [60]). For partly or fully
saturated waste materials composed of a mixture of various
non-organic and organic matter, the individual properties of
particles, i.e. the moisture and pressure dependent degrada-
tion of particle strength, the porosity, the water adsorption
characteristic, the contact behaviour between particles of
different materials, the suction and the coupled mechanical
behaviour of particle assemblies is still a challenging task
for a comprehensive experimental investigation and also for
the calibration of refined constitutive models.

In this paper, the focus is on the one dimensional com-
pressibility and collapsibility of the dry and wet state of
mechanically treated and biologically dried waste material
with a methanogenic fraction. The pre-treated waste mate-
rial for the experiments was taken from the MBT plant
Mariscina, Istria, in Croatia and consists of a mixture of
shredded particles including the following main compo-
nents: plastic, paper, textiles, glass, metal, wood, stones,
ceramics and kitchen waste. The adapted oedometer equip-
ment that was used permits the study of various scenarios,
which can occur within the bioreactor landfill body. These
are the compression behaviour of the waste material under
the following conditions: dry state, wet state, pre-loading
under dry state and wetting under constant vertical load. For
these three particular states the time-dependent compression
behaviour of the material was investigated under drained
conditions for a total test duration of approx. 145 h and a
maximum vertical stress of 119.5 kPa, which was applied in
a sequence of seven load steps. The considered stress range
is also relevant to that for landfilling at the Waste Manage-
ment Center Maris¢ina, in Croatia. In order to avoid bio-
degradation of organic matter during the experiment, wet-
ting was carried out with a mixture of acetic and propionic
acid dissolved in deaerated water. The settlements caused by

degradation process were thus not taken into account in the
present research. For the interpretation of the time dependent
evolution of the load settlement data, particular attention was
paid on the distinction between immediate and secondary
compression. To this end the conceptual settlement model
proposed by Bareither et al. [61] is considered, which, in
general, distinguishes four time-dependent transition phases
under constant stress, i.e. immediate compression, mechani-
cal creep, bio-compression and final mechanical creep. Since
the long-term creep behaviour influenced by biodegradation
was not investigated experimentally in the present research,
this paper has as its subjects only immediate compression
and mechanical creep. The results of all experiments are
represented in total stresses measured on the boundary of
the waste specimens.

As no clear distinction between immediate settlements
and mechanical creep can be gathered from the settlement-
time curves the assumption of a fictitious time is required to
define the end of the immediate settlement (EOT). Various
pragmatic concepts for the estimation of the fictitious time
are proposed in the literature, e.g. [7, 62—66]. For instance,
Rakic et al. [66] assumed a fixed EOT value of 15 min, while
Bareither et al. [7] proposed for the determination of the
EOT value a combination of the so-called “FORE Method”,
originally presented by Handy [67], with the assumption
that the section of mechanical creep can be described in the
semi-logarithmic representation using a constant mechani-
cal creep ratio. Thus, for the time dependent compression
under constant stress the EOT value is defined for the state
in which the compression curve in a semi-logarithmic repre-
sentation turns into a straight line. In order to overcome the
influence of the scattering of experimental data a so-called
“modified FORE method” is also applied where a smoothed
representation of the experimental data is used in contrast to
the original “FORE method”. To estimate the EOT value for
the time dependent compression curves obtained in the pre-
sent research common methods, i.e. the “10 s method”, the
“FORE method”, the “Modified FORE method” are applied
and compared with the so-called “Strain-rate method”. The
latter is an alternative new method proposed in this paper.
The strain-rate method assumes a fictitious strain rate where
immediate compression turns into mechanical creep. In con-
trast to other methods the “Strain-rate method” is directly
related to an intrinsic material property under creep and thus
allows an easy determination of EOT values for a series of
experiments for a predefined strain rate.

The paper is organized as follows. In "Components of the
oedometer device" the components of the oedometric device
used in experiments are presented. "Physical characteristics
of the biodried MBT waste material" summarizes the physi-
cal parameters of the waste material used in the experiments.
The installation of the specimen and test procedure are out-
lined in "Testing procedure". In "Experimental results of
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short-term oedometer compression tests" the experimental
results, i.e. the mechanical parameter for immediate com-
pression and mechanical creep are presented and compared
with the data published by other researchers. Conclusions
are summarized in "Conclusions".

Components of the Oedometer Device

As illustrated in Fig. 1 the used oedometer device consists of
a compression cell, loading system and monitoring system.
The cylindrical compression cell is made of stainless steel.
The specimen ring has an inner diameter of 150 mm and can
hold specimens up to 80 mm. The top plate is graded and
guided by an upper ring to reduce side wall friction. In addi-
tion, the lateral surface of the top plate was sprinkled with
talc powder before installing the specimen. The self-weight

Fig. 1 Illustration of the oedom-
eter device cross-section

Displacement

of the top plate acts on the specimen with a vertical stress
of 5.39 kPa. The top plate has a threaded hole at the top,
on which a four-part steel rod with the overall length of
275 mm can be mounted. The rod operates as a guide in
order to ensure that the applied dead load is in the centre of
the compression cell. The rod yields an additional vertical
stress of 2 kPa to the specimen. For the dead load a 30 mm
thick square metal plates with a side length of 295 mm were
used. Each plate can provide a vertical stress of 11.21 kPa
to the specimen. In the centre of the plates a hole with a
diameter of 50 mm keeps the applied load in the axis of the
compression cell. The metal plates are placed on the speci-
men with help of a crane and an Archimedean pulley.
Figure 2 shows the oedometer assembly together with
the measuring system installed in the laboratory. In par-
ticular, the compression cell is conveniently positioned
on the already existing platform of the larger oedometer

Four-part rod

s Dead load
applied

Rigid plate

Ll

I transducer
0

Platform

Fig.2 Oedometer assembly placed on a large platform with incised channels: a compression cell without dead loads; b compression cell with

applied dead loads
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device developed by Petrovic et al. [34]. In the centre of
the base plate the vertical channel works as wetting/satu-
rating channel to inject fluid into the initially dry or moist
specimen, as well as the drainage path for the excess pore
water of wet specimens during consolidation.

In order to secure uniform settlement of the cylindrical
specimen, a possible tilting of the top plate is reduced with
the help of the guiding ring placed on the specimen ring.
In order to exclude experiments with significant tilting of
the top plate, which can be effected by a pronounced inho-
mogeneous specimen, the vertical displacement of the sur-
face of the top plate during loading is checked with three
displacement transducers. As a means of gaining a more
precise measure of tilting the displacement transducers
are placed at the end of a rigid plate, which is connected
with the top plate of the compression cell as shown in
Fig. 2. The three displacement transducers are positioned
in a triangular shape, so that a tilting occurrence of the top
plate can be determined from the measured settlement dif-
ferences. Two displacement transducers with a resolution
of 0.01 mm were placed on the left hand side. These dis-
placement transducers were connected to the computer via
the Arduino platform and the displacements were logged
every second. The third transducer, i.e. a Vishay 115 L
linear transducer with a resolution of 0.1 mm was placed
on the right hand side and connected to the computer
through an independent data logger. The displacements
were recorded every ten seconds.

Physical Characteristics of the Biodried MBT
Waste Material

In the experiments mechanically shredded and biologically
dried waste material with a methanogenic fraction was taken
from the MBT plant Mari$¢ina, in Istria, Croatia. A brief
summary of the procedure for the pre-treatment of the waste
material carried out in the MBT plant is outlined by Petrovic
et all. [68].

Composition of the MBT Waste Material

Two representative specimens of 1 kg each were taken by
quartering method from the 30 kg sampled MBT waste. The
applied procedure was adopted from ASTM D6323-19 [69]
standard. In order to determine the composition of the waste
material the individual ingredients were manually separated
and weighed. The components and corresponding mean val-
ues of the mass portion from the specimens are summarized
in Table 1. The parts of the waste here that could neither be
identified nor separated are declared as “Unidentified”.

Table 1 Mass portion of MBT waste components

Component Mass portion [%]
Plastics 6.43
Textile 0.22
Glass 10.62
Metal 0.94
Paper/cardboard 4.71
Wood 1.18
Bones/skin 0.20
Stones 2.76
Ceramics 0.46
Rubber 0.13
Kitchen waste 2.15
Unidentified >2 mm 42.48
Unidentified <2 mm 27.72
Total 100

Particle Size Distribution

The procedure for particle size analysis was adopted from
ASTM D 422 [70] standard for Particle-Size Analysis of
Soils. A total of 25 specimens were sieved on a series of
sieves with hole sizes of: 31.5, 16, 8, 4, 2, 1 and 0.5 mm.
The particle size distribution averaged from all specimens is
shown in Fig. 3 and has a mean particle diameter of approxi-
mately 6 mm which is 25 times larger than the diameter of
the oedometer specimen. More than 90% of particles were
smaller than 25 mm. A minor proportion only were in the
larger range between 31.5 mm and 50 mm and these were
soft particles such as paper or plastic strips manufactured by
the process of shredding.

Although a biodried MBT waste material was used in the
present study, the corresponding particle size distribution
curve lies rather well within the range of the particle size
distribution curves obtained with biostabilised MBT waste
materials from Austria, Germany and UK as also shown in
Fig. 3.

Organic Matter

The procedure followed for the determination of the organic
matter content was in accordance with the ASTM D 2974
[71] standard for measuring moisture, ash, and organic mat-
ter of peat and other organic soils. To this end a specimen
with the mass of 50.04 g was used in which the mass portion
of the individual components have a fair correspondence
with the mass portion of waste components presented in
Table 1. Each individual component was tested separately.
To this end each component was placed in an own container
and then subjected to the ignition process in the muffle fur-
nace under 440°C until no further changes in mass were
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Fig. 3 Particle size distribution curves of the tested material and other publications

Table 2 Biodegradable content

Component Mass [g] Mass loss caused by igni- ~ Organic mass portion on the
tion process [g] basis of the total mass [%]
Plastics 3.29 2411 4.81
Textile 0.14 0.103 0.21
Glass 5.32 0.007 0.01
Metal 0.33 0.091 0.18
Paper/cardboard 2.44 1.929 3.86
Wood 0.60 0.538 1.07
Bones/skin 0.09 0.036 0.07
Stones 1.51 0.016 0.03
Ceramics 0.26 0.028 0.05
Rubber 0.05 0.021 0.04
Kitchen waste 1.19 0.944 1.89
Unidentified >2 mm 21.00 14.00 27.98
Unidentified <2 mm 13.82 5.711 11.41
Total 50.04 25.83 51.62

observed. Based on the differences of the weight before and
after the ignition process, the mass portion of the organic
content of each individual component were determined.
Table 2 shows the organic content of each individual compo-
nent which reveals that the total quantity of organic content
in the examined specimen is 51.62%.

Particle Density

The particle density of MBT waste mixture was determined
using a modified gas pycnometer. The gas pycnometer
method is adapted from the ASTM D 5550 [72] standard.
The results obtained from 5 specimens vary from 1.811 g/
cm’ to 1.998 g/cm?. The scattering of the data is caused by
a certain variation in size of individual waste particles and
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strong inhomogeneity of tested specimens (Yesiller et al.
[73]). The average value obtained from the 5 specimens is
1.894 g/cm?.

Testing Procedure

Three specimens, in the following, denoted as #1, #2 and
#3, were placed into the oedometer cell as shown in Fig. 4.
Prior installation the MBT waste material was subjected
to an oven temperature of 60° C for 24 h. All specimens
had a mass of 0.4224 kg, an average solid density of p,=
1.894 g/cm3, and thus, the volume of the solid material can
be calculated to 223.0 cm®. The material was installed in
three consecutive layers. In order to achieve a dry density of
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Fig.4 Dry specimen installed in the oedometer cell and weight used
for initial compaction

approximately 0.38 g/cm?, which is relevant at the landfill
location in Maris¢ina, each layer was compressed with help
of weight of 2 kg (Fig. 4).

To support a homogeneous drainage of the specimen dur-
ing loading a geotextile layer was placed at the bottom of
the cell. On the top of the specimen, a geomembrane was
placed to prevent fines of the specimen to enter the small gap
between the oedoemeter ring and the top plate.

The three tested specimens were loaded in seven load
steps L1 to L7 under different test conditions. In order to
compare the influence of dry and wet state of the specimens
on the compression behaviour, all three specimens were
loaded in steps with the same sequence of load increments,
i.e. the accumulated vertical stresses were for L1 =5.39 kPa,
L2=17.17 kPa, L3=28.38 kPa, L4=51.32 kPa,
L5=74.2 kPa, L6 =96.68 kPa and L7=119.5 kPa. The
first vertical stress of 5.39 kPa results from the weight of
the top platen. Immediately after reading the correspond-
ing initial settlement under L1, an additional load plate act-
ing with a vertical stress of 11.78 kPa on the specimen was
applied. Thus, in the second load step L2 the vertical stress
is 5.39+11.78 =17.17 kPa. To investigate also the evolu-
tion of creep settlements the load was kept constant for 24 h
before the next load increment was applied. Similar proce-
dure was also applied for the subsequent load steps L2 to L7.

The applied maximum vertical stress of L7=119.5 kPais a
little more than the vertical stress of 80 kPa estimated at the
bottom of the 21 m high Mariscina landfill.

Specimen #1 with an initial height of 62.9 mm was com-
pressed under dry condition. Specimen #2 was wetted with
a solution of deaerated water mixed with 10 g acetic acid
and 10 g propionic acid per litre of fluid. The addition of
acetic acid and propionic acid should prevent biodegrada-
tion process during the test (Siddiqui et al. [31]). The liquid
was added slowly enough to prevent any disturbances of the
installed specimen. In particular, with an Enterprise Level
Pressure Volume Controller a total volume of 535.974 cm®
of the liquid was added. The solution was added to the speci-
men from the bottom of the oedometer cell. Before loading
specimen #2 had an initial height of 63.15 mm. Specimen
#3 was first loaded under the dry state in a sequence of five
load steps up to the vertical stress of 74.2 kPa. Under this
constant stress the specimen was wetted until a saturation of
68.99% was achieved. Wetting was completed after 35 min
and specimen #3 was still left until 24 h was reached under
the same vertical stress of 74.2 kPa, while recording the evo-
lution of settlements caused by wetting. Then the load steps
L6 and L7 were applied under drained condition according
to the general loading program for all three specimens.

The physical parameters of the specimen before loading
are summarized in Table 3 where, p denotes the bulk den-
sity, w the moisture content, p, the dry density, p, the aver-
age solid particle density, e, the initial void ratio, and S, the
degree of saturation.

Experimental Results of Short-Term
Oedometer Compression Tests

Load and Time Dependent Evolution of Compression

For the three tested specimens #1, #2 and #3 the load and
time dependent evolution of settlements are presented in
Fig. 5.

It is clearly visible that the maximum immediate com-
pression occurred in the first load step, L1, under the sitting
pressure of 5.39 kPa caused by the weight of the top plate.
These settlements can be attributed to the expulsion of gas
and compression of very soft particles. Creep settlements

Table 3 Physical parameters of Specimen » lg/em’] W [%] p, gfem’] p, [g/em’] e S,
tested specimens in the initial ’ (%]
state
#1 0.38 * 0 0.38 1.894 3.984 0
#2 0.8588+* 126.9 0.3785 1.894 4.005 60.02
#3 0.3758 * 0 0.3758 1.894 4.04 0
*Dry state

**Wet state
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Fig.5 Settlements versus time Time [h]
of the three tested specimens:
specimen #1—dry; specimen 0 20 40 60 80 100 120 140 160 180
#2—wet; specimen #3—dry— 0 + t } f t } } } }
wet
Load steps:
®L1=539kPa

10

15

Settlement [mm]

20

25

30

WL2=17.17 kPa
A L3 =28.38kPa
¢ 14=51.32kPa
OL5=74.20 kPa
L6 =96.68 kPa
& L7=119.50 kPa

Wetting under
constant L5

|
|-<i Collapse settlement
due to wetting under L5

35

Table 4 Immediate compression of specimens #1, #2 and 3# under
load step L1, i.e. under the weight of the top plate

Specimen #l1 #2 #3
Displacement [mm] 5.310 10.85 6.760
Vertical strains [%] 8.442 17.18 10.63

caused by the top plate were not investigated, because the
second load increment was applied almost immediately after
the placement of the top plate. For the three tested speci-
mens the immediate compression and corresponding vertical
strain caused by the top plate is shown in Table 4.

Under the load step L1 the immediate settlement is much
more pronounced for the wet specimen #2 than for the dry
state of specimens #1 and #3. The difference of the initial
settlements of dry specimens #1 and #3 can be attributed to
an inhomogeneous distribution of waste components and
particle sizes within the specimen, which is an expected fact
of waste material with a nature composition. This effect is
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not only a question of the random distribution of each com-
ponent within the mixture, but may also depend on the rela-
tion of the maximum particle sizes to the specimen size. The
effect of inhomogeneous distribution of the waste mixture
can presumably be reduced using larger specimens or a finer
shredded waste material.

The strain increments obtained within the duration of
24 h are summarized for load steps L2 to L7 in Table 5. The
strain increments include the contribution of both immedi-
ate settlement and secondary settlement. It is obvious that
for all three specimens the strain increments of load step L3
are of one order less than for load step L2. For load step L4
the values are in general greater than for load step L3 which
may be explained by an increase of the deformation and
breakage of weak particles under this stress level. Under
higher stress levels, i.e. for load steps L4 to L7, the strain
increments become smaller as can be clearly seen in Fig. 6.
The results also indicate the scattering of the data mainly
appears within the first three load steps, i.e. up to a vertical
stress of about 50 kPa. For both dry and wet specimens, the
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Table 5 Strain increment within

Specimen L2 L3 L4 L5 dry L5 wet L6 L7
the load steps L2-L7
#1 0.0523 0.0356 0.0491 0.0350 0.0307 0.0259
#3 0.0758 0.0162 0.0539 0.0351 0.2082%* 0.0256%* 0.0228%**
#2 0.1626 0.0334 0.0630 0.0434 0.0280 0.0209
**Specimen #3 in the wet state
Fig.6 Strain increment €, 0.18 T T T T T T
within the load step L2-L7 of | : I : I :
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amount of strain increments is rather close to each other in
the load steps L6 and L7. Thus, it can be concluded that
the strain increments under higher stresses are not signifi-
cant influenced by the moisture content of previous loading
conditions.

The overall strain depending on the applied vertical stress
are shown in Fig. 7. In particular, the data of load steps
L2-L7 are related to the states of compression the specimen
was lasted 24 h under the same vertical stress. The strain
increases nonlinear with increasing load. The overall com-
paction of the wet specimen #2 is more pronounced than
the dry specimen #1. specimen #3 in its dry state showed
behaviour similar to the specimen #1 while in its wet state
its behaviour was similar to the specimen #2. Wetting of
the specimen #3 at the preloading stress of L5 =74.2 kPa
leads to a significant compaction which is usually called
collapse settlement. The mechanisms of collapse settlements
are most probably due to softening of hydrophilic waste par-
ticles and particle contacts caused by wetting. In addition,
a reduction of friction among the waste particles and along
the wall of the oedometer cell may also cause additional
rearrangement of particles into a denser formation. After
increasing the saturation of the waste material from 44 to

100% a significant jump of the settlement was also reported
by Basha et al. [12]. At the end of wetting a continuous load-
ing of specimen #3 follows close to the compression curve
of the initially wet specimen #2. It is also of interest to note
that a similar behaviour was also observed in experiments
with weathered, moisture sensitive coarse grained rockfills,
e.g. [74-76]. While in the stress strain representation in
Fig. 7 the wetting induced settlement appears as a jump,
closer inspections show that the so-called collapse settle-
ments are time dependent, which is clearly visible in a semi-
logarithmic representation of the strain versus time scale as
discussed in "Mechanical creep". In Fig. 5 this behaviour is
indiscernible, because of the selected coarse resolution for
the linear time scale in hours.

The oedometric compression modulus, M, for the stress
increment between two load states is defined as:

v

Moed =
oed = — ey

£y

where Ao, is the increment of the vertical stress and Ag, is
the strain increment encountered 24 h after the stress incre-
ment was applied. The obtained oedometric moduli for the
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Table 6 Oedometric moduli M, of specimens #1, #2 and #3
Load step L1 L2 L3 L4 L5 L6 L7
Stress range [kPa] 0-5.39 5.39-17.17 17.17-28.38 28.38-51.32 51.32-74.2 74.2-96.68 96.68-119.5
Oedometric modulus [kPa]
Specimen #1 63.85 225.22 314.78 466.97 654.16 732.64 880.27
Specimen #2 31.37 72.43 335.50 363.99 527.33 802.04 1091.04
Specimen #3 50.71* 155.44% 692.19% 425.36* 652.54* 877.13%* 1001.64%*
*Specimen #3 in the dry state
**Specimen #3 in the wet state.
six stress states of the three specimens are summarized in r_ &y
Table 6. Figure 8 clearly shows the nonlinear increase of ¢ log(o,/0,) @)

M., with an increase of the vertical stress.

Various empirical functions are proposed in the lit-
erature to approximate the strain €, as a function of the
applied stress ¢,. A common approach is the representa-
tion of the strain versus the logarithmic stress by a straight
line. The slope of the line is defined by the so called modi-
fied compression index C;:
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Herein o, denotes the pre-existing vertical stress in the
specimen prior the first load step, i.e. fore, = 0. In Fig. 9 it
is clearly visible, especially for the dry state of the material,
that for the considered pressure range the experimental data
don’t fit well the linear approximation using Eq. (2). A simi-
lar behaviour was also observed in experiments by Zhang
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Fig.8 Stress dependent 1200

oedometric moduli, M
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et al. [36] with a MBT waste material from China. In an
attempt to get closer approximation to experimental data the
pressure dependent oedometer modulus equation proposed
by Ohde [77] and Janbu [78] is proposed, i.e.

s
Eoed — E;)L’d <i> (3)

O-vr

where the reference modulus E;’ed is related to the cor-
responding vertical stress ¢,=o,,. With respect to
do, = E°“Ude, the integration of this differential equation
leads (Bauer [79]):

6, \ 17
£, =¢€,.| — @)
o

Herein €, denotes the reference strain at the reference
stress o,,, i.e€, = 0,/ (E;’”’(l — f)). The experimental data
together with the approximation function (4) is shown in
Fig. 10. The approximation functions (2) and (4) are com-
pared in a semi-logarithmic representation in Fig. 9.

Based on the strain—stress relationship approximated by
Ohde’s function also a smooth representation of the stress
dependent oedometer modulus E"ed(av) can be obtained.
With respect to Eq. (4) Ohde’s Eq. (3) can be rewritten to:

B
O, O,
E()Ed — vr _v 5
Er(l_ﬂ)<6vr> ©)
In particular, the following approximation functions are
obtained: for the dry specimen #1:

goed _ 119.5 ( o, )0-58

~0.313046(1 — 0.58) \ 119.5 ©

and for wet specimen #2:

20 200
o, [kPa]
ved _ 119.5 < o, )0.724 (7)
0.523212(1 — 0.724) \ 119.5

The corresponding relations for specimen #1 and speci-
men #2 are shown in Fig. 11 together with the oedometric
moduli obtained by Jessberger and Kockel [2], Chen et al.
[19] and Zhang et al. [36]. In particular, the data by Jess-
berger and Kockel [2] were obtained with fresh and decom-
posed raw MSW material. It should be noted that the results
presented by Jesberger and Kockel [2] are derived from the
virgin compression line by considering only mechanical
compression. According to their results decomposed raw
MSW material under the same stress level exhibits a much
stiffer behaviour than the fresh raw MSW. Clearly, decompo-
sition of organic content within the raw waste matrix leads to
the loss of the light-weight and highly compressible organic
particles. Consequently, void spaces emptied by the decom-
position process allow inert waste particles to rearrange their
position into a denser state which leads to a stiffer behaviour.
The lower compressibility of decomposed waste compared
to the fresh and less decomposed waste specimens are also
reported by Reddy et al. [80]. Figure 11 also shows the
results obtained by Reddy et al. [80] for two waste specimens
with different degree of decomposition (DOD). Compared to
the less decomposed specimen the more decomposed sam-
ple shows a much higher stiffness and for DOD of 86% it is
higher than the upper boundary proposed by Jesberger and
Kockl [2]. The oedometeric moduli of raw waste obtained
by Chen et al. [19] are close to the oedometric moduli for the
fresh raw MSW material published by Jesberger and Kockel
[2]. Zhang et al. [36] tested two MBT waste specimens from
different seasons. Specimen M1 was obtained in the win-
ter period and shows a higher stiffness in the lower stress
range than that of specimen M2 which was obtained in the
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Fig.9 Compression behaviour
in a semi-logarithmic represen-
tation of: (a) specimen #1; (b)
specimen #2; (c) specimen #3
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Fig. 10 Vertical strain vs. verti-
cal stress of specimens #1 and
#2: shapes denote experimental
data, solid curve and dashed
curve the approximation with
Eq. (4)

Fig. 11 Oedometric modulus
depending on the vertical stress
of specimen #1 and specimen
#2 together with experimental
data by Jessberger and Kockel
[2], Chen et al. [19], Zhang

et al. [36] and Reddy et al. [80]
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Table 7 Physical parameters of Specimen condition p [g/cm3] W (%] P4 [g/cm3] e; S, [%] £

tested specimens at the end of

the oedometer compression test 41 (dry) 0.553 0 0.553 2.424 0 03131
#2 (wet) 1.180 56.61 0.754 1.376 77.92 0.5232
#3 (dry—wet) 1.237 56.93 0.788 1.274 84.64 0.5438

summer period. The results in Fig. 11 show that the stiffness
moduli of the dry and wet MBT waste material of the present
research, i.e. specimen #1 and specimen #2, lie within the
range of the of published values by Jessberger and Kockel
[2] for the fresh and decomposed raw MSW material.

Physical quantities at the end of the tests are presented in
Table 7. Under the maximum vertical load the dry specimen
#1 gained a vertical strain of 31.3% while for the initially wet
specimen #2 the obtained vertical strain was 52.3%. Conse-
quently, the final void ratios e; of wet specimens #2 and #3
are much lower than for the dry specimen #1 while the bulk
density, p,, of the wet specimens is significantly higher. The
differences between specimens #2 and #3 maybe caused by
the higher degree of saturation of specimen #3.

Distinction Between Immediate and Secondary
Compression

A closer inspection of the settlement-time curves indicates
that for the MBT waste material used no clear transition
from the instantaneously compression to the secondary
compression can be detected for both the dry and the wet
states of the material. For instance, Fig. 5 shows that the
settlements are time dependent immediately after a new load
increment is applied. Thus, the use of terms such as “imme-
diate compression” or “immediate settlement” for inherently
time dependent processes can be misleading. As delayed
settlements can also be observed for the dry state of the
material the time dependent behaviour under constant load
cannot be explained by mechanisms considered in classical
consolidation theory. From the phenomenological perspec-
tive, it can therefore be suspected that certain components of
the MBT waste mixture exhibit an inherently viscous behav-
iour. As no clear distinction between immediate and sec-
ondary compression can be gathered from the course of the
settlement-time curves within each load step several prag-
matic rules are proposed in the literature to define a fictitious
time, EOT, at which the compression behaviour transitions
from immediate compression to secondary compression (e.g.
[63—66]. As biodegradation is avoided during the whole test,
the secondary compression is only caused by mechanical
creep. Although EOT is not a physical quantity, a distinc-
tion between immediate and secondary compression can for
instance be of practical interest for the formulation of simple
bi-linear compression models. For the tested specimens in
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the present research the following four different methods for
computing the EOT values were investigated:

In the “10 s” method a fixed EOT value of 10 s is assumed
after applying a new load increment. The corresponding
strain is taken as g,

According to Bareither et al. [7] in the “FORE method”
the assumption is made that the mechanical creep can be rep-
resented in a semi-logarithmic representation by a straight
line. In particular, the experimental data overlapped by the
FORE equation and the part of data represented by a straight
line in a semi-logarithmic representation are assumed
to encompass the entire mechanical creep. Thus, EOT is
defined for the time, the two equations become coincide.
For instance, for the experimental data of the load step L4
of the wet specimen #2 the relevant FORE equation reads:

gv — 10(—0.0011[—1.5678) + 00636 (8)

and the semi-logarithmic equation, SLE, for the part
of experimental data approximated by a straight line
reads:e, = 0.0089 In (¢) + 0.0007 (9)

In Egs. (8-9) the time is given in minutes. The results of
the two equations together with the experimental data are
shown in Fig. 12. On following the proposed procedure the
values obtained are EOT =110 min and &g, = 0.0428.

In order to overcome the influence of the scattering of
experimental data on the estimated EOT value, the method
outlined in (b) is applied to the smoothed representation of
the experimental data. In particular, for the stress level L4
of specimen #2 the strain vs. time data are approximated by
the following equation, SAE:e, = 0.0072 In(t) + 0.0113 (10)

The corresponding FORE equation reads:

g, = 100000718309 4 0,066 (11)

Based on the smoothed curves shown in Fig. 13 a value
of EOT =140 min and a value of €,,= 0.0475 are obtained.
Compared to the results in Fig. 12 obtained with the raw
data, even though the EOT time is higher the differences in
the obtained values were negligible.

In the “strain-rate method” (SRM) the determination of
the EOT values are based on a specific strain rate, which
is assumed to be the same for all load steps. The proposed
method is motivated by the observation that under the same
initial moisture content the strain rate of mechanical creep
is not significantly affected by the stress level. With the
assumption that mechanical creep can be approximated by
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a single creep ratio the EOT values obtained with SRM are
similar to those of the methods described in (b) and (c).
However, compared to the methods described in (b) and (c)
the procedure required for SRM is simpler. In this paper the
SRM is applied to smoothed strain vs. time. The strain rate
vs. time curve can be obtained either analytically or from the
numerical time derivative of the strain vs. time curve. The
reference strain rate was assumed for the state and the reduc-
tion of the strain rate with time turns almost into a straight
line, i.e. the state in which the retardation of the strain rate
takes on an almost constant value. As the strain rate did not
significantly vary for the other load steps a fixed value of
0.00001 min~! was assumed for all load steps and for both
the dry and the wet states of the material. Figure 14 shows
the procedure for estimating EOT for the data of the load
step L4 of the wet specimen #2. In particular, for a strain rate
of 0.00001 min~! the value of EOT =700 min.

The EOT values obtained for the different methods are
summarized in Table 8 for the three tested specimens and

the load steps L2 to L7. The comparison of the different
methods shows, that the value of EOT is different for the
dry and the wet material and it also depends on the applied
load. Thus, a method with a fixed value of EOT, such as is
assumed in the “10 s” method, cannot be recommended for
the calculation of the strain, €z, the material turns from
immediate to secondary compression. Using the FORE
method the differences between €, strains obtained from
method (b) and method (c) in most cases are less than 10%
even though the corresponding EOI values differ signifi-
cantly. Interestingly, the £, values obtained with the SRM
method on dry samples do not significantly differ from the
€poy values obtained with the FORE method. For the wet
specimen #2, however, the SRM method provided higher
EOT and €, values than for the FORE method. The tran-
sition from immediate to secondary compression occurs at
higher values of EOT for the wet than for the dry specimen.
It can be noted that in all methods the end-of-time for the dry
state of the specimens scatters significantly for lower load
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Fig. 14 Time derivative of the
strain vs. time for the stress

level L4 of specimen #2 1000 1200 1400 1600

1.0E+01 | I T
| | I
| | I

1.0E+00 }-—-——-d—————4—— - —— oo I i
. I

1.0E-01 O Experimental data JI ______
—Fitted curve I

+ 10E-02 jy———4—————T7——"—"—"—r——F—————— T————- ==
© | | I
9 10603 4 - 5
° o

1.0E-04 i————- JI- ————— {——————{ ——————
| | | I
| | | I

1.0E-05 i—e_—CT_—C——E——_é—_: ______
1.0E-06 ' ' ' L

steps up to 50 kPa. This fluctuation can most probably be
attributed to the effect of a locally higher contact resistance
between the heterogeneous distribution of particular waste
components. At higher load steps the corresponding values
of £, does not deviate strongly for the considered methods
(b)-(d). The consequences of the different EOT methods on
the calculated modified secondary compression indexes are
discussed in the next subsection.

Mechanical Creep

The time dependent evolution of the vertical strain for the
load steps L2 to L7 is shown in the semi-logarithmic rep-
resentation for specimens #1, #2 and #3 in Figs. 15, 16 and
17, respectively. In that the vertical strains represents the
total values and the time scale denotes the time interval of
24 h within the load steps are kept constant. The onset of
the mechanical creep phase depending on the EOT method
discussed in "Distinction Between Immediate and Second-
ary Compression" is indicated for each individual load
step by corresponding markers. Shortly after applying the
additional load the inclination of the creep curves reaches
almost from the same order as that of the dry specimen #1.
Compared to the dry specimen the inclination of the creep
curves of the wet specimen #2 are greater, which reflects
the combined process of both consolidation and creep and
it is more pronounced for the load step L2 than for the other
subsequent load steps. Specimen #3 shows in the dry state
a sudden significant change of the strain velocity at about
8 min after applying load step L2 which may be related to a
delayed reaction of an inhomogeneous arrangement of vis-
cous particles within the particle skeleton of the specimen.
Compared to specimen #1 the total strain increment of speci-
men #3 under load step L2 is significantly greater, which
is an indicator of the difficulties to be faced in reproducing
experimental data under low stress levels. Under the higher
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stress levels of load steps L3, L4 and LS5 the corresponding
stress increments obtained with specimen #1 and specimen
#3 are more similar. Wetting of the initial dry specimen #3
was carried out under the constant pre-compressed vertical
stress of 74.2 kPa within 35 min as outlined in more details
in "Testing Procedure". The wetting phase shows a rather
uneven change of the strain velocity, which may be caused
by slow wetting of the specimen from the bottom to the top.
The course also indicates that wetting induced settlements,
frequently referred to as “collapse settlements”, are time
dependent. Sequence loadings under L6 and L7 lead within
the investigated time interval to strain increments similar to
both specimen #3 and specimen #2.

For a detailed quantification of the mechanical creep it is
assumed that the corresponding time dependent settlements
under constant vertical stress can be represented by the so-
called modified secondary compression index, C;,E, which
is defined as:

/ Ae

c = _~&
“C log(t/1)) (12)

In Eq. (12) Ae denotes the creep stain induced within
the time interval ¢-¢; of the secondary compression phase
and ¢, is the time for completion of the immediate set-
tlements. With respect to the EOT methods (a), (b) and
(c) outlined in "Distinction between immediate and sec-
ondary compression” the value of C;E calculated for the
load steps L2-L7 are summarized in Table 9. The results
for the specimen #1 and Specimen #2 are also visual-
ized in Fig. 18a, b, respectively. It is clearly visible that
for the dry specimen the “10 s method” provides higher
values for C:“_ than the “FORE method” and the “strain
rate method”; while for the wet specimen the behaviour
is largely revised. As for the wet specimen #2 the course
under load step L3 seems to be rather unrealistic and it is
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Table 8 End-of-immediate compression time, EOT, and corresponding strain, €, for applied methods (a-d), and the load steps (L2-L7) of specimens #1, #2 and #3

L3 L4 L5 L6 L7

L2

Load step

epoil-1 EOT [min] €poil-1 EOT [min] egoil-1 EOT [min] €poil-1 EOT [min] egoil-1 EOT [min] epoil-1

EOT [min]

0.0061
0.0219
0.0216
0.0215
0.0032
0.0147
0.0122
0.0186
0.0030
0.0159
0.0166
0.0160

0.167
240
200

0.0108
0.0237
0.0261
0.0275
0.0030
0.0156
0.0160
0.0221
0.0010
0.0113

0.167
48

0.0137
0.0300
0.0287
0.0316
0.0050
0.0284
0.0267
0.0388
0.0010
0.0300
0.0294
0.0319

0.167
100

75

0.0262
0.0440
0.0423
0.0473
0.0046
0.0428
0.0475
0.0550
0.0280
0.0476
0.0476
0.0512

0.167
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0.0205

160
260

110

450
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neglected in Figs. 18b and 19. In summary it can be con-
cluded that compared with the “10 s method” the “FORE
method” and “strain rate method” yield, for the wet speci-
men, higher values for C,, under the same stress state.
It is obvious that the Values of C . obtained from the
different EOT methods show greater differences for the
load increments L2-L4, but it become lesser for higher
stresses, i.e. under higher stresses the investigated EOT
methods lead to C:” values which are relatively close to
each other. ’

In order to visualize the trend of the evolution of the
pressure dependent modified secondary compression index,
the mean values of C . obtained from the investigated EOT
methods (a)—(d) were ﬁtted by a linear approximation. The
corresponding functions for the dry specimen #1 and the
wet secimen#2 read C, """ = —1.058 x 1075, + 0.0049
and C,,""" = —0.0001213 x 10~%5, + 0.0235, respec-
tively. From the linear fitting shown by a solid line in
Fig. 18 it can clearly be seen that the average value of
C; . is higher for the wet specimen #2 and it decreases with
inereasing stress. On the other hand for the dry specimen
#1 the decrease of C . with increasing stress is very small
and influenced by the data scattering of data for lower
stresses.

A comparison of the stress dependent mean values of
the modified secondary compression index obtained in the
present study with data published in the literature is shown
in Fig. 19. In particular, the data by Hyun et al. [30] were
obtained from an untreated 10 years old municipal solid
waste with a maximum particle size of 4.8 mm and a mean
particle size of about 2.5 mm. The tested specimen was in a
wet state. Siddiqui et al. [62] investigated two different MBT
waste materials, i.e. a specimen from an MBT plant located
in Southern England (UK) and a specimen from an MBT
plant located in Northern Germany (GER). The former of
the two was an aerobically degraded MBT waste with maxi-
mum particle size of about 20 mm. The maximum particles
size of the later was 60 mm. The granulometric curves of
waste samples used by Siddiqui et al. [62] can be found by
Velkusanova [29] which are also presented on Fig. 3. During
testing the samples were fully submerged and subjected to
a leachate recirculation process. Jessberger and Kockel [2]
tested 15 years old untreated municipal solid waste material
in an unsaturated state. Although different waste materials
are used in the experiments shown in Fig. 19 the results are
within the stress range obtained in the present investiga-
tions. It can also be noted that for the present experimen-
tal investigations the value of C decreases for the moist
waste material but it is almost constant for the dry mate-
rial. A similar tendency for the wet specimen #2 can also be
observed from the experimental data by Siddiqui et al. [62]
obtained from wet specimens in Southern England (UK) and
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Fig. 15 Creep curves under the
individual load steps L2-L7 of
specimen #1

Fig. 16 Creep curves under the
individual load steps L2-L7 of
specimen #2
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Fig. 17 Creep curves under the
individual load steps L2-L7 of
specimen #3

Table 9 Modified secondary
compression indexes C;.e for
individual load steps L2-L7
and for the EOT methods (a),
(b), (¢) and (d)

Northern Germany (GER). However, the way in which the
moisture content, the particle size distribution, the history
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of C'_is still an open question.
a,E

of pre-treatment, and aging influence the stress dependency
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Fig. 18 Modified secondary compression index, C;,E, vs. vertical
stress, oy, for the investigated methods (a-d) and for particular load
steps of: (a) specimen #1; (b) specimen #2

Conclusions

In this paper the time dependent compression behaviour of
an initially dry and of an initially wet state of a mechani-
cally treated and biologically dried waste material with
a methanogenic fraction was investigated in an adapted
oedometer device with a specimen diameter of 150 mm.
The waste material had a mean particle diameter of approxi-
mately 6 mm and was composed mainly of plastic, paper,
textiles, glass, metal, wood, stones, ceramics and kitchen
waste. In order to investigate only the purely mechanical
response, in the experiments biodegradation of the wet
specimen was suppressed with an addition of acetic and
propionic acids to the waste material. The maximum verti-
cal stress of 119.5 kPa was applied in a sequence of seven
load steps, with each load step being kept constant for 24 h.
The maximum vertical stress was applied to each specimen
during a total duration of 7 days and in the context of the
applied specimen preparation for preventing biodegradation
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Fig. 19 Mean value of the modified secondary compression index,
C’ , vs. vertical stress, oy, and for particular load steps of specimen

e’

#1 and specimen #2 compared with data published

processes a notable change of the specimen temperature can
be excluded. Thus, the experimental results can be assigned
as short-term compression tests under constant temperature.

For the interpretation of the experimental data a distinc-
tion is made between the oedometric compression modulus,
the modified compression index and the modified second-
ary compression index. It is shown that a reformulation of
the compression law by Ohde, originally proposed for sand,
permits a closer approximation of the experimental data than
the modified compression index. With help of Ohde’s law
a smooth representation of the stress dependent oedometer
modulus could be obtained for the testes stress range.

The paper also considers a more detailed discussion of
the distinction between immediate and secondary compres-
sion. The settlements are time dependent already at the onset
of each new load increment for both the dry and the wet
material. The waste material used thus exhibits an inher-
ently viscous behaviour and a distinction between immediate
and secondary compression using a fictitious time, which is
more pragmatic than physical. Various concepts for choos-
ing a fictitious time were investigated with regards to their
influence on the modified secondary compression index.
Apart from some common methods such as the “FORE
method” a new method with the name “Strain-rate method”
was proposed, which assumes a fictitious strain rate where
immediate compression turns into mechanical creep. While
in the “FORE method” the fictitious time is estimated based
on strain vs. time scale in a semi-logarithmic representa-
tion, in the “Strain-rate method” the strain rate is chosen
based on the strain-rate- time scale in a linear representation.
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For the latter values that were a little higher were obtained
for the fictitious time and also for the modified secondary
compression index. Furthermore, it can also be noted that
for the tested material the value of the modified secondary
compression index decreases for the wet material but it is
almost constant for the dry material. Although the results of
the stress dependent oedometric modulus and the modified
secondary compression index lay within the range of experi-
mental data published by other authors, the way in which
the portion of individual waste components of the mixture,
moisture content, particle size distribution and history of
pre-treatment influences the mechanical parameter it is still
an open question.

In addition, the so-called collapsibility behaviour caused
by wetting of the initially pre-compressed material under
dry condition was also investigated. A closer inspection of
the time scale shows that wetting deformation is also time
dependent. It is of interest to note that after wetting a con-
tinuous loading follows close on the compression curve of
the initially wet specimen. A similar behaviour was also
observed in experiments with weathered, moisture sensi-
tive coarse grained rockfills.
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