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The geotechnical classification system presented in this paper utilises municipal waste from two landfills in Serbia.
Sorting and separating was performed according to the instructions outlined in the Solid Waste Analysis Tool
(S.W.A.-Tool), and the composition of the municipal waste was defined based on the results. The material was
grouped according to particle shape, which was identified through visual inspection. Three characteristic particle
shapes were isolated: ‘three dimensional’ (bulky, compact), ‘two dimensional’ (flat, platy, flakes, foils) and ‘one
dimensional’ (elongated, acicular, fibrous). The separated materials were further grouped according to the dominant
influence in relation to the three most important mechanical properties (compressible — C; incompressible — IC; and
with a reinforcement function - R), and the results are presented in a triangular diagram.

Notation

b particle width

d grain size

h particle thickness-height

1 particle length

r equivalent particle diameter

Introduction

A general, common classification system cannot be defined for
municipal waste by analysing the results of geomechanical
laboratory tests. The reason is that waste is highly heterogeneous,
and different test methods are used. Hence, it is necessary to find
a suitable geotechnical classification system that includes key
factors that affect the mechanical behaviour and physical
properties of municipal waste. The aim of the present study is to
develop a classification system that includes as many components
in waste as possible and to identify indicators that can be
described and tested in practice. Current municipal waste
classification systems are based on the composition of materials
(e.g. paper, plastic, metal and glass) or on the proportion of soil
and non-soil waste (Gabr and Valero, 1995; Jessberger and
Kockel, 1993; Kavazanjian et al., 1995; Landva and Clark, 1986;
Manassero et al., 1997; Siegel et al., 1990; Thomas et al., 1999).
Landva and Clark (1990) proposed a classification system based
on waste biodegradability in which a distinction is made between
organic and inorganic components (Figure 1).

Grisolia and Napoleoni (1996) grouped components of waste into
three different categories: degradable, inert and deformable. On that
basis, these researchers classified waste according to the percentage
of each group it contained and illustrated the results graphically on
a triangular diagram. The advantage of this system is that it
provides information on compressibility and degradability of
components; therefore, a comparison between different wastes is
possible (Rakic et al., 2015, 2016). Kavazanijan (2006) presented a
classification system in a document developed by GeoSyntec
Consultants, 2003 for managing old landfills entitled Standard
Also,
the geotechnical classification of municipal waste were proposed
by Zekkos (2005), Zekkos et al. (2006) and Fei et al
(2013). Geotechnical classification is performed in three phases:

Operating  Procedures. specific recommendations for

geotechnical classification of municipal waste in the field,
primary geotechnical classification of municipal waste and
secondary geotechnical classification of municipal waste. Zekkos
(2005) and Zekkos et al. (2006) list a relatively short time for

assessment as a basic priority.

Methods for the geotechnical classification of

municipal waste

Geotechnical classification of municipal waste varies according to
different situations and is based on the various existing
classification schemes that are used for soil. Unlike done for soil,
establishing a general geotechnical classification system for
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Figure 1. Waste classification system based on biodegradability
(Landva and Clark, 1990)

extremely heterogeneous waste is highly complex and is still
under development. Therefore, the literature primarily includes
geotechnical classification attempts to describe municipal waste
that are mostly based on a description of the composition but not
the behaviour of the waste (Table 1). The primary reasons for this
are (Manassero et al., 1997)

= difficulties in obtaining representative samples from municipal

waste landfills (there is no generally accepted sampling
method)

= significant changes in both the physical and mechanical
properties over time

= extreme heterogeneity of municipal waste; the composition
varies from location to location within one region, and even
more drastic variations occur in different geographic locations

m  education and training of staff employed in landfills is not
sufficient; staff are not trained to perform measurements and
interpret the results.

Data related to the mass per cent of extracted components from
waste can often be found in the literature. The volume per cent
of waste components is rarely analysed, and data pertaining to
the size and shape of extracted components are also rare. In the
geotechnical classification of municipal waste, information on the
physical properties of certain waste components is particularly
important (Dixon and Jones, 2005; Pulat and Yukselen-Aksoy,
2013; Rakic et al., 2011; Singh, 2008; Sreedeep, 2015; Withiam
et al., 1995). Therefore, in addition to general knowledge of the
composition, geotechnical classification requires determination of
the size and shape of extracted components, and based on these
data, the structure of the waste inside a landfill body can be
determined. This structure is particularly important for the
analysis of mechanical characteristics of the waste, since the
waste structure affects the mechanical behaviour of the entire
landfill body. Therefore, waste composition information should
include mass and, if possible, the volume per cent of each
component, specific material groups within extracted components
and the size and shape of components.

Basic mechanical properties that should be analysed for all
extracted elements are shear strength, tension, pressure, strain at

failure and deformability. It should be noted that mechanical
properties of extracted elements change in time primarily because
of changes in the shape and size of components, conditions of
waste disposal (e.g. compression and covering), changes in the
stress state, deformation of certain particles and degradation
process. One potential characteristic that influences the
mechanical behaviour of waste is the shape of components. Based
on visual observations of the shape of extracted components and
their effect on mechanical properties, they can be grouped as one
dimensional (1D), two dimensional (2D) with a dominant
reinforcing role (e.g. particles of plastic, paper, rubber, fibrous
components) and three dimensional (3D). Three-dimensional
components can be further grouped as compressible (high

Table 1. Overview of existing systems for the classification of municipal waste (Langer, 2005; Rakic, 2013)

Author Basis for separation - distinction

Sowers (1973)
Turczynski (1988)

Siegel et al. (1990)
Landva and Clark (1990)

Mass content

Waste type

Material groups

Content of organic and inorganic
substances

Visual inspection

Comparing the waste characteristics in
different countries

Degradability, inaction and deformability
of extracted groups

Material groups

Similarity to soil, others

Similarity to soil, differences from soil

Change of waste colour and compaction

Phase composition, classification

Barlaz (1990)
Westlake (1995)

Grisolia et al. (1995)

Kolsch (1996)

Manassero et al. (1997)

Thomas et al. (1999)

Kavazanijan (2006)

Zekkos (2005)

Rakic (2013) Visual inspection, phase composition,
sorting

Properties used for separation - distinction

Wet, moist, dry

Compaction, shear strength parameters, permeability, plasticity

Mass fraction based on composition

Degradability (fast, slow, undeveloped), shape (hollow, flattened,
elongated, massive)

Chemical composition and possibility of creating methane

Weight ratio and density

Strength, deformability

Size, dimension

Index characteristics

Material groups

Degree of degradation and structure

Composition, age, temperature, moisture content, size and content of soil
particles

Material shape, mechanical behaviour mode: content of reinforced,
incompressible and compressible fractions
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compressibility — materials that rapidly decompose, plastic
packaging in its original form and similar; low compressibility —
e.g. cans) and incompressible components that practically do not
deform under the effective stresses of the landfill dead load or
under compression (e.g. metal parts). One of the important
elements of the geotechnical classification of municipal waste is
the size of components. According to the research of Kolsch
(1996), the highest mass per cent of waste at a landfill is made of
components between 40 and 120 mm. This mass per cent includes
the so-called heavy components, such as crushed glass, ceramics,
metals and pieces of rock, as well as components with
‘reinforcing’ properties — for example, paper, rubber and plastics.

Results from the geotechnical classification of
municipal waste from landfills in Serbia

At municipal landfills in Serbia, the composition of municipal
waste and determination of the percentage share of individual
components is rarely registered. Based on data obtained from a
project performed by the Department of Environmental
Engineering in Novi Sad (2009), the composition of waste in
Serbia largely matches the composition of waste elsewhere in the
world (Figure 2).

The most common component is organic waste (garden waste and
other biodegradable material), which accounts for almost 50% of
the mass of municipal waste. There is significant deviation for the

content of category PL4 — plastic, which has almost twice the
mass percentage of the world average. It should be noted that
these data pertain to waste that is directly disposed of to the
landfill from its origin.

Sample selection and sorting of waste

The present study investigated municipal waste taken from an
active landfill that is currently being used for waste disposal
(Novi Sad) and from a landfill that is closed (Ada Huja). Waste
from the Ada Huja landfill was collected from the exploration
boreholes, while the waste from the landfill in Novi Sad was
taken from the exploration pits (Figure 3).

After drying at 60°C, the mass of extracted waste groups were
measured to define the mass per cent in relation to the total
sample mass and the composition of the waste was defined. Thus,
the sorted waste is slightly different compared to the composition
presented in Figure 2.

In fact, the presented analysis of the composition of waste in
Serbia shown in Figure 2 refers to fresh waste that still needs to
be disposed of in a landfill, while the waste that was sampled for
the present study is older and contains a significant percentage of
unsorted and soil material (material used for covering or as a
result of the advanced stages of decomposition (Figure 4)).
Considering the average period of waste disposal in landfills (over
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Figure 2. Comparison of the composition of waste in Serbia with that of the rest of the world according to the European Commission

catalogue (Rakic, 2013)
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Figure 3. Analysed municipal waste from exploration boreholes and exploration pits
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Figure 4. Material composition of municipal waste that was used for testing

30 years in Serbia), the authors suggest that this composition is
representative of established landfills.

After defining the composition, sorting of waste was performed
according to the partially modified procedure presented in Figure 5
(Rakic, 2013), also known as the Solid Waste Analysis Tool
(S.W.A.-Tool) (EC, 2004).

Recommendation for the geotechnical
classification of municipal waste

Unlike soil, waste consists of components that have very different
properties, which complicates classification. For this reason,
geotechnical classification is difficult and requires a substantial
amount of data. Therefore, certain assumptions are necessary
regarding waste type, shape, size, homogeneity, influence on
mechanical characteristics and potential biodegradability. Typical
particle size distribution curves for waste that was used in the
geotechnical classification are presented in Figure 6.

4

The largest diameter of particles used for waste classification was
80 mm, and fractions finer than 10 mm comprise more than 55%
of the tested material.

As the shape of particles significantly affects the mechanical
characteristics of waste, characteristic shapes were determined by
visual inspection for each material group

m 3D’ (large, compact)
m ‘2D’ (flattened, laminar, flakes, foil)
m ‘1D’ (elongated, acicular, fibrous).

The first group includes particles with approximately the same
length (/), width (b) and thickness—height (#) dimensions (i.e. the
ratio of the equivalent particle diameter () and the characteristic
dimension /I, /b and r/h is about 1). When the ratio of the
thickness to the width and length of particle is small (4// and A/b
< 1/100), particles are included in the second group. The third
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Figure 5. Applied procedure for sorting municipal waste (EC, 2004; Rakic, 2013)
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Figure 6. Particle size distribution curves of waste that was used
for geotechnical classification

group includes particles that have small thickness and width-to-
length ratios (/I and b/l < 1/100). The shape of particles is taken
into account for two reasons: first, because of practicality reasons
for separating particles and, second, because the identified shapes
affect the mechanical characteristics of waste (Rakic et al., 2013).
This classification method cannot be performed based on the
particle size distribution. Therefore, the percentage of each
material group is estimated visually, and the results are presented
in Table 2.

These data and material type data were used to sort further the
waste based on the three most important mechanical behaviour
with  reinforcing characteristics,
compressible materials and incompressible materials. With this

characteristics: ~ materials
approach to the classification of municipal waste, specific
mechanical characteristics can be considered, primarily strength
and deformability. Characteristic are
important for understanding the shear strength of municipal waste.
the same material, some of determined mechanical
characteristics overlap (e.g. textile, rubber and paper can have

reinforcing properties
For

reinforcing properties and can be compressible/incompressible;

unclassified material can be incompressible or compressible). An
indication of the dominant influence is given in the form of a
triangular diagram, an example of which including all extracted
materials is presented in Figure 7 and Table 3 (Rakic, 2013).

Figure 7 shows that the dominant function of plastic materials is
reinforcement, while solid components (such as small fragments
of wood, pieces of metal and glass) are included in the
incompressible material group. These materials do not change
their shape and do not deform under the effective load of the

Table 2. Visual estimation of the particle shapes of extracted
materials (Rakic, 2013)

Percentage
of extracted

Material type Analysed sample view shapes: %
3D 2D 1D
Plastic a 5 85 10
Textile . 5 70 25
A A
Wood O 20 50 30
Rubber @ 20 70 10
|
Ceramics + rocks ; 65 30 5
Glass 45 50 5
Metal ) 30 50 20
Paper + cardboard 25 70 5
Unclassified Y { 70 20 10
Soil 90 5 5
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Figure 7. Triangular diagram of material shapes with an evaluation of mechanical behaviour

Table 3. Classification of materials according to aspects of
mechanical behaviour

Mechanical
characteristic

Material type — mass
participation: %

Reinforcing
components — R

1 x plastic
0-5 x textile
0-5 x rubber
0-5 x paper
1 x wood
1 x metal
1 x glass
0-5 x textile
0-5 x rubber
0-5 x paper
0-5 x unclassified
0-5 x ceramics + gravel + rock
1 x soil + fine fraction
0-5 x unclassified
0-5 x ceramics + gravel + rock

Incompressible
materials — IC

Compressible
materials — C

landfill (Rakic, 2013). Compressible materials can be classified in
such a way that extremely compressible and poorly compressible
materials are separated. However, this limit is difficult to quantify.
One of the methods is estimation based on visual inspection of
the waste material. For example, thin packaging materials, such as
plastic foil or paper, can have a 3D shape when they are wrinkled,
and these materials would be classified as highly compressible. In
contrast, the materials’ original appearance would be classified as
poorly compressible or even incompressible if their orientation is
perpendicular to the load. This finding means that the boundary
between extremely compressible and poorly compressible material
differs from case to case; therefore, to simplify the process, they
are not determined. This classification recommendation is applied
to the predefined composition of the studied Serbian landfills, and
the results are presented in Table 4 (Rakic, 2013).

Since an analysis of particle shape does not consider particle size,
it is proposed that size be defined based on the particle size
distribution. The results presented in Tables 3 and 4 were used to
obtain frequency curves — that is, particle size distribution curves
of extracted groups of materials. Based on these curves, the effect
of particle size was analysed and also included in the waste
classification, and the two following criteria were adopted (Rakic,
2013).

= Particles with a reinforcing function only apply to particles
with over 10 mm size, and finer particles were included in the
incompressible materials group, which is considered to have
no reinforcing effect.

m  Particles measuring 2 mm are compressible, and finer particles
were included in incompressible materials group.

These criteria are recommended for waste with a maximum
particle diameter of 80 mm. This characteristic is defined in the
laboratory. In the case where classification is performed in the
field, and materials with significantly larger dimensions are
extracted, these criteria should be changed.

Cumulative particle size distribution curves with the adopted
criteria and per cent curves of individual particles within the
groups of extracted material are presented in Figures 8—10, and
apply to the Ada Huja landfill in Belgrade.

A similar analysis was performed for the Novi Sad landfill, and
the results are presented in Figures 11-13.

Thus, calculated values were corrected in relation to the total
mass participation of extracted groups. Based on these data and
the data provided in Table 4, waste classification was performed
in relation to the basic forms of mechanical behaviour. In Table 5,
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Table 4. Classification of materials according to the content of reinforcing, compressible and incompressible components

Ada Huja Novi Sad
Material type
Mass fraction: % Frequency Mass fraction: % Frequency

Reinforcing components — R
1 x plastic 5-59 615 6-35 635
0-5 x textile 115 12:6 091 9-1
0-5 x rubber 0-55 6-1 0-64 6-4
0-5 x paper 1-80 19-8 2-10 21-0
3 9-09 100-0 10-00 100-0

Compressible materials — C
1 x soil + fine fractions 3417 60-0 29-43 56-5
0-5 x unclassified 19-69 346 20:05 38:5
0-5 x ceramics + gravel + rock 3-05 5-4 2:66 5-0
3 56-91 100-0 52-14 100-0

Incompressible materials — IC
1 x wood 0-98 29 2:92 77
1 x metal 1-94 57 2:38 6-3
1 x glass 4-85 14-3 6-24 16-5
0-5 x textile 115 3-4 091 2:4
0-5 x rubber 0-55 16 0-64 1-7
0-5 x paper 1-80 53 2:10 55
0-5 x unclassified 19-69 57-9 20-01 529
0-5 x ceramics + gravel + rock 3:05 8-9 2:66 7-0
3 34-01 100-0 37-86 100-0
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Figure 8. Cumulative particle size distribution curve and per cent curve for material with reinforcing characteristics — Ada Huja landfill

the results are presented for waste from the Ada Huja landfill and
from the Novi Sad landfill (Rakic, 2013).

The results were used to perform a geotechnical classification of
municipal waste, and the outcome is presented in a triangular
diagram (Figure 14).

Results of the present classification indicate that wastes from the
Ada Huja and Novi Sad landfills differ somewhat. Waste from the
landfill Ada Huja is older; therefore, the content of compressible
components is slightly lower. Also, the content of reinforcing

components is lower, which may be related to the age of the
waste.

An estimation of biodegradation (i.e. degradation of certain
materials) was not analysed in the present study. However, it
should be noted that the condition of waste components is
affected by time and changes through three phases of landfill
construction: the initial state (corresponds to the characteristics of
waste that is transferred to the landfill), the state occurring a
certain time after disposal and the state during long-term

decomposition and  degradation.  Therefore, information
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Figure 10. Cumulative particle size distribution curve and per cent curve for material with compressible components — Ada Huja landfill
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Figure 13. Cumulative particle size distribution curve and per cent curve for material with compressible components — Novi Sad landfill

Table 5. Waste classification in relation to mechanical characteristics

Characteristic Percentage: % Mass participation: % Cumulative percentage: %
Ada Huja
Reinforcing components — R R=734 9-09 67
IC =266 24
Incompressible components — IC IC =505 34-01 17-2
R =495 16-8
Compressible components — C C=512 56-91 29-1
IC =488 27-8
Classification R IC C
% 235 47-4 291
Novi Sad
Reinforcing component — R R =854 10-00 8:5
IC =146 15
Incompressible components — IC IC =496 37-86 18-8
R =504 19-1
Compressible components— C C=602 52-14 314
IC =398 207
Classification R IC C

z 276 41-0 314
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Figure 14. Classification of landfill material according to various
aspects of the mechanical behaviour of municipal waste (Rakic,
2013)

concerning the potential degradation of certain materials can be
used to determine the eventual state of components through the
phases of disposal. This finding is particularly important for
determining long-term conditions and the complete decomposition
and degradation of waste (Rajesh et al., 2015).

Langer (2005) presented a draft recommendation using certain
assumptions about the potential degradation of waste components
to define the state of the component in relation to the disposal
phase. A partial upgrade of this recommendation could be
performed by introducing the effects of particle size and shape
changes (Rakic, 2013). By performing the current analysis of two
landfills in Serbia, the authors conclude that there is a general
trend related to differences in the initial phase of waste disposal
and after a certain period of time. Initially, waste has large
compressibility (over 40% contains compressible components),
and the quantity of reinforcing components increases over time
and ultimately becomes the largest component. In the final stage
of the waste disposal cycle, there are no longer any compressible
replaced by
incompressible components. This finding means

components, and they are reinforcing and
that the
percentage of compressible components decreases, and the
content of incompressible and reinforcing components increases,

over time at municipal waste landfills.

Conclusions

Information on the composition, shape and size of particles in a
landfill can be of great importance for analysing the mechanical
characteristics of municipal waste. Therefore, these properties form
the basis of a new geotechnical classification system for municipal
waste, which is presented in this paper. This study was completed in
several phases starting from analysing the composition of waste,
sorting and classifying waste into groups and classifying material by
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particle shape by visual inspection. Based on the information
obtained, the key factors that affect the mechanical behaviour of
municipal waste are defined. These factors are primarily the content
of compressible and incompressible particles and the presence of
reinforcing components. The effect of the shape and size of particles
is defined based on an analysis of particle size distribution by
adopting certain criteria. Furthermore, geotechnical classification
was performed according to the basic mechanical characteristics and
presented as triangular diagrams. Geotechnical classification of
municipal waste is recommended and may facilitate long-term
analysis of the state of a landfill, particularly for proposals and
solutions regarding landfill closure and future land use at these sites.
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