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UNIVERSITY OF SOUTHAMPTON 

 

ABSTRACT 

 

FACULTY OF ENGINEERING AND THE ENVIRONMENT 

School of Civil Engineering and the Environment 

 

A STUDY OF THE STRUCTURE IN SOLID WASTE AND SOME IMPLICATIONS FOR 

FLUID FLOW IN LANDFILLS 

by Diana Milena Caicedo  

 

The search for alternative landfill operation and management strategies has triggered the 

development of the concept of a landfill as a bioreactor. The application of the concept 

requires the recirculation of liquids and hence a better understanding of fluid flow and 

transport processes that are strongly controlled by the physical structure of the media. It is 

generally accepted that as a result of the deposition in progressive layers, compaction and 

heterogeneity; solid waste develops a strong and anisotropic structure. Also, that due to their 

flat shape and orientation, materials such as plastics and textiles can influence flow behavior.  

The aim of this research was to provide a better understanding of the structure that develops 

when solid wastes are landfilled and the influence of this structure on fluid flow. The 

research included a characterization and description of specimens of raw household waste 

(MSW) and pretreated wastes (MBT) using PSD mathematical models, an study of the 

changes caused to particle size and shape by degradation processes, a study of the effect that 

flat shaped particles have on the fluid flow characteristics of a porous medium, and an 

investigation of the structure of a MSW specimen applying invasive and non-invasive 

radiographic techniques.   

 

The study revealed that the characteristics of particle size and shape differ between waste 

materials and also change with degradation. An MBT specimen that had gone a dual 

anaerobic aerobic treatment showed statistically insignificant changes in particle size and 

shape with degradation, whilst partially treated MBT and MSW specimens showed 

significant changes in the particle size and in the content of flat shaped materials. PSD models 

were successfully fitted to the different specimens investigated suggesting that analytical 

expressions can be incorporated into existing waste behavioural mathematical models to 

characterise the particle size. Flat shaped particles that comply to be at least 15 times larger 

than the matrix particles and constitute at least 7.3% by dry mass were found to reduce the 

hydraulic conductivity by a factor of more than 30%. The reduction factor is controlled by the 

relative content and size of the intrusive particles and it is always within one order of 

magnitude.  

 

The use of dye tracer visualization, thin sectioning and µCT techniques were pioneered 

during this research for the study of preferential flow and the structure in solid waste. This 
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study evidenced that the presence of high content of inert coarse flat shaped materials in a 

specimen of MSW resulted in the development of a strongly layered structure, with large 

pores horizontally connected and that favoured preferential flow.   
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SD Standard deviation during 

material characterisation  

LB-b Leighton Buzzard sand 

fraction b  

STDEV Standard deviation of the 

replicates taken in the 

sieving analysis 

LB-d Leighton Buzzard sand 

fraction d 
 

t-test Statistical test that 

compares the difference in 

the mean of two 

distributions  

MBT Mechanical and 

Biological Treatment 
 

UK MBT Sample collected in the UK 

from an MBT process  

MSW Sample of Municipal 

Solid Waste 
 

 

AR Aspect Ratio 

NORMDIST Normal distribution  
 VC Volumetric Content  

NORMINV Inverse Normal 

distribution  
 

PSD Particle size distribution 

PDF Probability density 

function 
 CT and μCT 

Computed Tomography 

and Microfocus CT 
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Notation 
Greek Symbols 

Symbol Definition 

α Proportionality constant (in application of Maxwell equation) that relates the 

volume proportion on 2D particles embedded in a matrix with the diameter of 

the matrix and 2D particles 

α1 Radius of the embedded particles in Maxwell equation 

α2 Radius of the matrix particles in Maxwell equation 

β An exponent in Equation 2-4 frequently taking of approximate ≈ 2 

∆l Distance between the manometer intakes 

ε Power coefficient applicable to D and d to ensure correct dimensionality in the 

application of Maxwell equation 

μ Dynamic viscosity 

μ Linear x-ray attenuation coefficient  

ν The specific discharge (Darcy´s Law) 

ρ Fluid density. Electron density in x-ray attenuation equations 

ρdry Solid dry mass density  

ρM Material density  

 

Roman symbols 

Symbol Definition 

ai Area of flow as a contribution of one particle in a range size 

A Cross section area in Darcy´s law 

AE Area of the elemental volume 

Ai Total channel flow area as a contribution of all the particles in a range size 

C 
Dimensionless numerical coefficient whose value depends on geometrical 

shape of the internal structure of the medium  
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Symbol Definition 

d 
Characteristic length of the system that can indicate the effective particle 

size, the coarseness of the solid matrix or the capillary tube diameter 

D Fractal dimension or diameter of the 2D particles (polystyrene discs) 

d´ 
A parameter in the RR model that corresponds to the size of the particles 

where 63.2% by mass are smaller 

Ddiscs Diameter of the 2D particles (polystyrene discs) 

Di Channel diameter 

D10 The finest 10% fraction in particulate solid media 

D25 The finest 25% fraction in particulate solid media 

D50 The finest 50% fraction in particulate solid media 

D60 The finest 60% fraction in particulate solid media 

di Minimum size in a range of sizes 

dmin Minimum diameter of the particles that constitute the matrix (sand grains) 

dmax Maximum diameter of the particles that constitute the matrix (sand grains) 

E Energy of incoming x-ray beam 

e Void ratio 

fD( ̅ ) 
Size dependent function that relates the particles average size with the 

diameter of a channel element 

fL( ̅ ) 
Size dependent function that relates the particles average size with the 

length of a channel element 

f1(shape) 
A function of the pore or particle shape which includes characteristics such 

as the sphericity, roundness, packing and flow path tortuosity 

f2(n) A function of the porosity of the media 

g Gravity acceleration  

   Relative density of solid particles that constitute a porous media 

 ̅  Relative density of a mixture that constitute a porous media 

h Hydraulic head 

hi Elevations of the fluid levels in each manometer (Darcy´s Law) 
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Symbol Definition 

Io Initial beam intensity 

I(x) Transmitted beam intensity 

i Hydraulic gradient  (Darcy´s Law) 

k Intrinsic permeability 

K Hydraulic conductivity in Darcy`s law 

Ki Effective permeability for the group of channels within the network 

Kdiscs 
Hydraulic conductivity of the embedded particles (discs in the application 

of Darcy`s law) 

K0 Hydraulic conductivity of the matrix in Darcy`s law 

Kck Hydraulic conductivity estimated using the Carman-Kozeny model  

Ksaturated Hydraulic conductivity at saturated conditions 

l 

 

Element of channel length 

 

Le 
Length of the elemental volume or average effective path in Carman-

Kozeny model 

L 
Length of an hypothetical particle moving through a straight line in the 

Carman-Kozeny model 

Li Total channel length 

 (      )

  
 

In the fractal mode it is the mass fraction of material with a size less than 

the sieve size xmax 

n Porosity 

N 
Total number of particles (spheres or 2D particles in Maxwell equation ) 

embedded in a matrix 

Ni Total number of particles in a range of sizes 

N0 Total number of 2D particles in the sample 

NSE Nash-Sutcliffe model efficiency coefficient 

p Volume proportion of the embedded particles in a matrix 

qi Flow rate  for the group of channels within the network 
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Symbol Definition 

Q Fluid Flow rate 

Qsaturated Fluid Flow rate at saturated conditions 

Qexperimental Fluid Flow rate at unsaturated experimental conditions  

Qaverage Fluid Flow rate at average experimental conditions  

r 
Effective specific resistance  of a medium comprised of matrix and 

embedded particles (Maxwell equation) 

r1 Resistance of the embedded particles in Maxwell equation 

r2 Resistance of the matrix particles in Maxwell equation 

R2 Coefficient of determination for a linear regression 

 

RS 

 

Relation of sizes between the 2D particles and matrix material  

S Standard deviation of the distribution (in the variable x) 

sg 
Standard deviation of the distribution transformed according to the log-

normal law (in the variable z) 

Sdiff 
Difference of the standard deviations of the distributions before and after 

degradation 

S1 Standard deviation of the distribution before degradation 

S2 Standard deviation of the distribution after degradation 

v 

 

A parameter in the RR model that corresponds to the slope of the linear 

representation Y vs X 

v 

 

Velocity of a hypothetical particle in the Carman-Kozeny model 

 

vp Velocity of an actual particle in the Carman-Kozeny model 

V Specimen volume 

VC Volumetric content of 2D particles in the matrix material  

Vdiscs Volumetric content of 2D particles 

VE Elemental volume 
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Symbol Definition 

Vsand Volumetric content of sand grains 

x Sieve size and length of x-ray path through a material 

xmax The maximum sieve size in the fractal model 

xmean1 Sieve size mean value before the degradation 

xmean2 Sieve size mean value after the degradation 

yaverage 
Arithmetic mean for the material mass fraction that is retained or passes 

through a sieve 

yestimated Material mass fraction estimated with a mathematical model 

ymeasured Material mass fraction measured experimentally 

ypassing Material mass fraction that passes  through a sieve of a certain size 

yretained Material mass fraction retained in each of the sieves of a stack 

z 
Logarithmic transformation of the sieve size to make a log-normal 

distribution 

zi Elevation of the manometer intake (Darcy´s Law) 

zmean Mean of the values of sieve size logarithmically transformed 

Z Effective atomic number 
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1. Introduction  
Landfilling is generally considered the least desirable option for final disposal of solid waste. 

Nevertheless, in many countries, landfilling remains the final disposal route for solid wastes. 

Recalcitrant contaminants in landfill sites are likely to persist for centuries rather than 

decades and liner and leachate collection systems are likely to fail before this time (Hall et al., 

2007). Thus the risk of pollution posed by active and closed landfill sites extends well beyond 

the operational period for the site (Hudgins and Harper, 1999). 

The search for alternative landfill operation and management strategies has triggered the 

development of the concept of a landfill as a bioreactor, aiming to enhance biodegradation, 

which has many advantages. These include improved site utilization (through accelerated 

settlement), leachate management, physicochemical stabilization and removal of 

contaminants. The application of the concept requires the recirculation of liquids and hence a 

better understanding of fluid flow and transport processes in landfills.  

Research in porous media including soils, packed beds and foams, has revealed that flow and 

transport processes are strongly controlled by the physical structure of the media. The term 

structure refers to the particles’ arrangement or organization, which is determined by their 

geometrical properties, i.e. size and shape. The geometry of the solid matrix in turn controls 

the architecture of the pore space, i.e. total porosity, geometry and interconnectivity of the 

pore space, through which fluids flow (Collins, 1961, Beven and Germann, 1982, Dullien, 

1992, Hillel, 1998).  

Municipal solid waste (MSW) is a porous medium comprising a mixture of highly diverse 

materials (e.g. plastics, textiles, glass and organic waste). It is recognized that like geological 

materials and as a result of the deposition in progressive layers, compaction and 

heterogeneity, MSW develops a strong (Dixon and Jones, 2005) and anisotropic structure 

(Hudson, 2007). It is also accepted that plastics and textiles, due to their flat shape, tensile 

strength and orientation, can enhance the strength (Kölsch, 1995, Dixon et al., 2008), and it 

has been argued that they could also influence flow behaviour by diverting fluid flow (Xie et 



 26 

al., 2006, Velkushanova et al., 2009). The introduction of the European Landfill Directive 

(1999), aiming to reduce the amount of biodegradable waste sent to landfill, has produced a 

new range of mechanical and biological pre-treated wastes (e.g. generically referred as MBTs) 

that will develop a different structure in landfills (Powrie et al., 2007). Additionally, as 

degradation progresses and in common with other organic materials (e.g. organic soils and 

peat), changes in the waste structure can be expected that will produce alterations in the pore 

space and in the hydraulic properties that control flow and transport processes  (White and 

Beaven, 2008).  

All this indicates that the structure of solid wastes plays an important role in flow and 

transport processes, and stresses the need for improving the current understanding of its 

nature and influencing factors. The structure of solid wastes, as it happens with any porous 

medium, is influenced by the properties of the material at different levels which range from 

the particle to the packed bed material (Beven and Germann, 1982, Donohue and Wensrich, 

2009, Dullien, 1992, Felske et al., 2001). Therefore, the study of the structure in solid wastes 

should involve the investigation of properties at least at these two levels. Additionally, the 

structure can be indirectly studied by understanding material behaviour through, for 

example, the investigation of fluid flow properties.  

At the particle level, geometric and physical characteristics are of relevance for structure 

development. This group of properties includes the particle size, particle shape, specific 

surface, roughness, bulk density, water absorption and water content (Felske et al., 2001). 

Knowledge of these properties gives an indication of the nature of the structure created once 

the material is placed (Donohue and Wensrich, 2008, Donohue and Wensrich, 2009). For 

example, a material with particles distributed over a range of sizes show better packing 

properties (e.g. smaller porosity) than a material with uniform size particles (i.e. the smaller 

particles can fill the pores formed between the coarser particles). At the packed bed level, 

properties such as the degree of packing, porosity, pore size distribution, degree of 

networking and tortuosity describe the characteristics of the structure created. At the level of 

fluid flow behaviour, properties such as the hydraulic conductivity, fluid distribution and 
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retention time can be used to enhance the understanding of the characteristics of the in situ 

structure (Beven and Germann, 1982, Flury et al., 1994). 

The research detailed in this thesis is based on an experimental programme that included 

tests in solid wastes at different levels. The study comprised the investigation at the particle 

level with the analysis of the size and shape in specimens of solid waste from diverse sources 

(i.e. MSW, MBT from a facility in the UK and in Germany). At the level of the packed bed, the 

characteristics of the structure of a specimen of MSW were studied with the use of a non-

invasive direct technique (i.e. computed tomography). In the same specimen and at the fluid 

flow behaviour level, dye tracers were used to understand fluid paths. Also, analogous 

specimens (i.e. sand and flat particles) were prepared in the laboratory for a systematic study 

of the impact of flat shape materials on the hydraulic conductivity. This investigation 

component was also used to examine the porosity at the packed bed level.  The properties 

investigated and the relationship between the levels of investigation and research objectives 

are presented in Table 1-1. The research objectives are detailed and justify in the next 

paragraphs.   

 

Table 1-1 Levels of investigation and correspondence with research objectives 

 

 

Level of 

Investigation
Properties Investigated

Samples                  

/Specimens 

Knowledge 

Gaps

Research 

Objective
Chapter

MSW

UK MBT

German MBT

MSW

UK MBT

German MBT

Pore space

Pore size distribution

Degree of networking

Porosity Analogues 4

Hydraulic conductivity Analogues 4

Flow paths MSW 5

2

3

5

a,b,d

c,d

ii

PARTICLE

PACKED BED

FLUID FLOW 

BEHAVIOUR

i

e

Particle size distribution

Particle shape

MSW
iii
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Existing knowledge in the area of waste structure includes the following subjects where our 

detailed understanding is still limited:  

a. the geometrical characteristics of the particles in solid wastes 

b. how the geometry of the particles varies between residues from different origins 

c. the structure that develops once solid waste is placed into landfills 

d. how the structure changes with degradation 

e. and how that influences fluid flow  

 

Characterisation of solid waste has traditionally been performed with the purpose of 

assessing waste management strategies and developing criteria for admission of residues to 

landfill sites. Consequently, most classification systems emphasise the material type and 

degradability (Landva and Clark, 1990, Siegel et al., 1990, Grisolia, 1995), and only limited 

attention has been given to properties such as particle size and shape. Characterisation of 

solid waste for geotechnical applications has however became a matter of research interest 

during the last few years. Particle size and shape are recognised to influence the mechanical 

and fluid flow properties in residues (Kölsch, 1995, Dixon and Jones, 2005) and are 

considered in the most recent classification systems (Dixon and Langer, 2006). Dixon and 

Langer (2006) proposed a comprehensive procedure where by material type, particle size and 

shape are all considered in grouping components according to their compressibility and 

reinforcing properties. The benefits of the Dixon and Langer (2006) system are recognised; 

however, the number of studies that have used it and therefore comprehensive information 

of particle size, material type and particle shape in wastes remains limited.  

 

Another limitation arises from the fact that none of the classification systems has attempted 

to relate the characteristics of the waste particles to their influence on fluid flow properties. 

This has been the subject of research in more conventional porous media. These studies 
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provide some general understanding of the role of particle size and shape on the hydraulic 

conductivity, but the unique and highly heterogeneous nature of solid wastes limits the direct 

applicability of results. 

 

A further knowledge gap identified is that the structure that develops during landfilling solid 

waste has been little explored. This is due to the experimental difficulties associated with the 

preservation of the structure during sampling (Clayton et al., 1982) and the lack of 

transference of methodologies from other areas of research. Traditionally, the structure in 

soils has been studied using indirect and invasive methods (e.g. field observation, thin 

sectioning, breakthrough curves and dye staining). The use of these techniques has provided 

with essential understanding of structural characteristics such as macroporosity and layering 

(Beven and Germann, 1982, Allaire et al., 2009). The study of preferential flow, a mechanism 

which causes the transport of fluids and contaminants to be associated primarily with a small 

fraction of the total pore space, has also benefited from the application of indirect techniques 

(Morris and Mooney, 2004, Flury et al., 1994). The introduction in early 1990’s of non-invasive 

direct techniques from the field of diagnostic medicine, i.e. X-ray Computed Tomography 

(CT) and high resolution Computed Tomography (µCT), has provided major advances in 

understanding the micro level structure of porous media. Detailed information on the 

structure, pore space architecture, fluid flow and porous medium interaction processes in 

soils are extensively reported in the literature (Kettridge and Binley, 2008, Heijs et al., 1995, 

Amos et al., 1996, Mooney and Morris, 2008, Sato and Suzuki, 2003). However, CT has seen 

limited use in the study of waste structure and fluid flow phenomena with Watson et al. 

(2006) and Watson et al. (2007) being the only references identified at the time of writing this 

thesis.  

 

The study of preferential flow has relevance for solid wastes. Preferential routes may 

accelerate or delay the movement of dissolved matter and contaminants and thus have 

significant implications for the remediation of landfill sites. Experimental work in waste 
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packed columns has indicated the presence of channelling (Johnson et al., 2001, Korfiatis, 

1984, Zeiss and Major, 1992, Bendz and Singh, 1999). However, since little information on the 

characteristics of the residue, i.e. material composition and particle size, is provided in these 

studies, the possibility to establish links between preferential flow, waste characteristics and 

waste structure is limited.  

 

Considering the gaps in the knowledge discussed, the objectives of this research were 

established as:  

i. The development of a detailed characterization of the geometrical properties of 

particles in solid wastes from different sources, i.e. MSW and MBT, and an analysis of 

the changes in particle size and shape caused by degradation 

ii. A study of the effect that flat shaped particles, e.g. plastics and textiles, have on the 

fluid flow characteristics of a porous medium   

iii. The development of methods for the characterization of structure in solid wastes and 

the application of such methods to wastes  

 

The characterisation of MSW and MBT is detailed in Chapters 2 and 3. This required the 

development of methods to describe, in simple yet meaningful terms, the size and shape of 

the particles in solid wastes. Results revealed that the content of flat particles is considerable 

and increases with degradation. Flat particles are thought to influence flow behaviour; 

however, the lack of studies in the topic limits the ability to estimate the magnitude of this. 

Thus, a study was designed to understand he effect of flat particles on the hydraulic 

conductivity. Analogue specimens were formulated considering the ranges in particle content 

and size revealed during the characterisation. This is discussed in Chapter 4. The study 

proved that the presence of flat shape particles reduces the hydraulic conductivity of solid 

wastes. However, this is probably not their only effect on fluid flow. Evidence from columns 
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packed with solid waste suggests the presence of preferential flow paths (Zeiss and Major, 

1992, Korfiatis, 1984) and anisotropy in the hydraulic conductivity (Hudson, 2007). Flat 

particles could be the explaining cause as they could divert flow, change the structure and 

favour some flow paths. An investigation to examine the structure and visualise preferential 

flow paths in a specimen of waste fully characterised was introduced during this research 

and published in Caicedo et al.(2010). Also, the use of µCT was pioneered during this 

research and published in Caicedo et al.(2011). These publications can be found in Chapter 9. 

Further details of this investigation are detailed in Chapter 5.  

 

Further details on the contents of each chapter follow: 

 

Chapter 2 is dedicated to the characterisation of particle size. The description of particle size 

was based on mathematical analysis of the cumulative particle size distributions (PSD) using 

a series of models traditionally applied to particulate matters and soils. The use of 

mathematical models offers several advantages. It allows the analytical representation of the 

entire PSD. The type of model that best fit the data set reveals details of the process followed 

to reach such PSD, and the model parameters can assist in the calculation of the intrinsic 

permeability. Nevertheless, mathematical PSD models are rarely used in geotechnical 

engineering where the description of particle size is commonly based on ratios between 

specific points of the distribution. So far, the use of PSD mathematical models had been 

missed in the literature for solid wastes. The research presented in this chapter is innovative 

in at least four aspects: 

 It presents a comprehensive characterisation of particle size for solid wastes from 

different sources 

 It provides an analysis of the changes that degradation produces in particle size  
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 It introduces the use of mathematical models for the description of PSD in solid 

wastes and 

 it uses the model information to infer some characteristics of the transformation 

processes, i.e. degradation and mechanical pre-treatment, that result in changes in 

particle size  

 

Chapter 3 focuses on the characterisation of particle shape. The characterisation followed a 

classification system proposed as part of this research and published in Velkushanova et 

al.(2009). The system extended the Dixon and Langer (2006) scheme by considering the effect 

of particle shape on fluid flow. Particle shape was defined according to the dimensionality, 

following Kölsch (1995), as 0D, 1D, 2D or 3D. 2D particles (e.g. plastic sheets) were assumed 

to have the potential to alter fluid flow properties. This assumption is supported by the 

research by Xie et al. (2006) and further investigated in Chapter 4. This chapter explores the 

application of the Velkushanova et al.(2009) framework to samples of MSW and MBT before 

and after degradation. Differences between samples and the changes in composition caused 

by degradation are discussed. The chapter emphasises the significant content of 2D particles 

in solid waste (>30% dry mass) and how this content sees a further increase with degradation.  

 

Chapter 4 investigates the effect of 2D particles on the hydraulic conductivity. Mixtures of 

sand systematically modified with 2D plastic discs were used. The hydraulic conductivity of 

each mixture was determined experimentally. Two parameters were investigated: the 

2D/sand relative size and the relative content of 2D particles. Two further factors were 

considered for discussion: the angle formed between 2D particles and the plane normal to the 

flow direction and the porosity. The study showed that the inclusion of 2D particles reduces 

the hydraulic conductivity by a factor that increases with both the relative content and size of 

the particles, and is always within one order of magnitude. It provided also a quantification 

of the size and content of 2D particles above which significant changes in the hydraulic 
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conductivity start. These results can be used to develop the criteria introduced in 

Velkushanova et al. (2009) to classify materials according to their potential to influence fluid 

flow. A further analysis was carried out comparing the experimental data against a model 

proposed by Maxwell (1954) for conduction through heterogeneous media. The investigation 

revealed that the reduction in the hydraulic conductivity can be expressed in terms of a single 

term p, the proportion by volume of 2D particles calculated from the number of particles and 

their size. The outcome of this analysis suggests that p is a reasonable factor to use to quantify 

the magnitude of the reduction in the hydraulic conductivity.     

  

Chapter 5 focuses on the study of preferential flow phenomena and the structure in a 

specimen of MSW.  The investigation combined the use of invasive and non-invasive 

techniques and required the production of a representative specimen with a well preserved 

structure. A cored sample of a specimen of MSW fully characterised in Chapters 2 and 3 was 

selected. Preferential flow was studied using dye staining methods to facilitate the 

visualisation of flow paths and the diversion caused by flat shaped materials. The results of 

this study were published in Caicedo et al. (2010). The structure was studied at two different 

scales. At centimetre scale, 8 cm thick slices were produced by sectioning following a 

procedure carefully designed to ensure sharp cuts. At millimetre scale, one of the 80mm thick 

slices was investigated using µCT. This step required the development of an examination 

procedure appropriated for the characteristics of solid waste as detailed in Caicedo et al. 

(2011). The use of µCT revealed details in the structure of the specimen down to 0.125 mm.  

The study evidenced the presence of preferential flow channels, flow diversion caused by flat 

shape materials, a layered structure and pores better connected in the horizontal than in the 

vertical direction. It was possible to reveal high level of details using µCT, this itself is 

innovative as not previous studies have been reported using this technique for solid waste. 

The combination of invasive and non-invasive methods for the study of the structure of solid 

waste is innovative and provides the first study of this nature. 
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Chapter 6 presents general conclusions, recommendations, links between the different 

chapters and highlights future areas of investigation. 
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2. The nature of particle size in solid 

waste and its role on waste 

behaviour  
The physical structure of a solid medium plays an important role in a range of phenomena 

such as fluids conduction and biodegradation which are both of relevance in the context of 

solid wastes.  The term structure refers to the geometry of the solid particles and includes 

aspects such as their size, shape and orientation as well as the geometry and architecture of 

the resulting pores (Hillel, 1998). This chapter concerns the study of particle size in solid 

waste and discusses the potential effects on waste behaviour, particularly on fluids flow. The 

introductory part of this chapter discusses first the role of the structure on fluid flow 

processes, then examines the importance of considering the nature of structure during 

biodegradation processes and finishes with a review of the nature of the changes expected in 

the structure with the biodegradation.   

2.1. The role of structure on fluid flow and biodegradation 

processes 

2.1.1. The role of structure on fluid flow processes 

The influence of solid particles on fluid flow has been extensively studied in porous media. 

For example, in Darcy’s law (Equation 2-1) the hydraulic conductivity K is a function of the 

intrinsic permeability k which depends entirely on the properties of the solid medium (see 

Equation 2-3). 

 

KAiQ   Equation 2-1 
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gk
K   

                                              Equation 2-2 

 

  

where  and are the fluid density and the dynamic viscosity respectively and g the 

acceleration due to gravity.  

 

A theoretical deduction of an expression for k in terms of the particle size and shape 

(Equation 2-3) was obtained by Hubbert (1940) who considered the forces that act on a 

microscopic fluid element and used a dimensional analysis. In Equation 2-3, d is a 

characteristic length of the system that indicates the coarseness of the solid matrix, and C a 

dimensionless numerical coefficient whose value depends upon the geometrical shape of the 

internal structure of the medium. Further explanation on Hubbert’ (1940) work can be found 

in Chapter 4. 

 

2Cdk   Equation 2-3 

 

A number of equations agree with Hubbert (1940) expression in relating k to the size and 

shape of particles and pores (Hazen, 1911, Krumbein and Monk, 1942). The equations 

discussed can be well represented with the form of Equation 2-4, where )(1 shapef  is a 

function of the pore or particle shape which includes characteristics  

 

)()( 21 nfdshapefk   Equation 2-4 

 

such as the sphericity, roundness, packing and flow path tortuosity. In Equation 2-4, the term 

d is an effective particle size or capillary tube diameter, whilst the exponent β is the power 

value for d which generally takes values close to 2.  This agrees with the theoretically based 

Equation 2-3. The term )(2 nf  is a function of the porosity of the media. It is interesting to 

notice that k in both Equation 2-3 and Equation 2-4 is related to d , a parameter that indicates 
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a characteristic length or an effective particle size, which varies according to the specific 

media under study (e.g. D10 for sandy soils). Some questions that subsequently arise from 

Equation 2-4 are how could d  be better described in solid wastes and which would be the 

form of )(1 shapef  and )(2 nf in solid wastes. This chapter discusses some background that 

could aid in answering that question.  

 

Like other porous media, solid wastes are expected to have k  influenced by the size and 

shape of the solid particles. Yet, as only a limited amount of studies in the topic can be found 

in the literature (Felske et al. 2001, White et al. 2004, McDougall 2007) the nature of such 

influence remains highly unexplored and general equations to estimate k unavailable. 

However, research over the last decade has added information to understand the influence of 

the characteristics of landfilled waste on fluid flow and more specifically to understand the 

nature of )(2 nf (e.g.  Powrie and Beaven (1999)). 

 

Powrie and Beaven (1999) investigated the hydraulic conductivity in raw and pulverised pre-

landfill directive household solid wastes over a stress range of 0- 600 kPa, where the residues 

investigated displayed a decrease in K of three orders of magnitude. The results by Powrie 

and Beaven (1999) showed that the porosity, which results from the effective stress 

conditions, controls the vertical saturated hydraulic conductivity. Mathematical expressions 

were obtained that relate effective stress to porosity and porosity to intrinsic permeability.  

 

Little differences between raw and pulverised pre-treated samples were reported in Powrie 

and Beaven (1999), which on first examination seems to suggest that the size and shape of the 

particles have only a minor influence on the hydraulic conductivity of solid waste, i.e. a 

reduction in particle size by pulverisation caused little changes in K . However, when the 

results are examined in more detail, some features emerge that need further analysis (see 

Annex 2-1). For example, below the D25 (the finest 25% fraction) the PSDs for the waste 

samples investigated are very similar, i.e. D10 is approximately 15mm for both. In many types 

of soils, i.e. sandy soils, D10 controls the hydraulic conductivity (Hazen, 1911). The D10 
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fraction could influence the hydraulic conductivity of landfilled solid wastes as it does in 

soils. This would imply that when D10 is constant only minor variations in the hydraulic 

conductivity are expected, i.e. within one order of magnitude. Another observation is that 

raw and pulverised samples originated at different sources. The material characterisation 

demonstrated differences in the mass content of paper (39 vs 49%), film plastics (4.4 vs 8.3%), 

glass (7 vs 1.3%) and putrescibles (13 vs 6.5%). This limits comparisons to estimate the 

influence of particle size on hydraulic conductivity, i.e. it cannot be isolated from factors such 

as the composition and particle shape.  

 

The analysis above suggests that although the study by Powrie and Beaven (1999) evidences 

the dominant role of the porosity on fluid flow in solid wastes, it also emphasises the need for 

further research to understand the role of complementary factors such as the size and shape 

of the waste particles. For instance, it might be that in solid wastes variations in porosity 

explain the large changes in hydraulic conductivity ( e.g. changes in the order of magnitude), 

whilst changes in size and shape might explain variations in the hydraulic conductivity 

within one order of magnitude.  

 

Not only would the estimation of k  benefit from a more comprehensive understanding of 

the controlling factors, but also properties such as the hydraulic conductivity (White et al., 

2004, McDougall, 2007). 

 

As previously mentioned, the estimation of k  needs a sensible description of d .  This is 

where this chapter focuses by investigating the nature of the particle size distribution in solid 

wastes. Some of the specific objectives are justified in the following paragraphs:   

 

1. The study of the nature of the particle size distribution (PSD) in solid wastes.  

 

For that, PSDs of samples of pre and post landfill directive wastes were analysed using two 

approaches: conventional methods from geotechnical engineering (i.e. cumulative curves) 
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and methods from the powder manufacturing industry (i.e. adjustment of the experimental 

curve to a reference model (BS ISO 9276-3, 2008)). The need for using different methods is 

justified. Like most particulate materials, solid waste is a non uniform material with particles 

distributed over a very wide range of sizes (e.g. three orders of magnitude). Size data is thus 

available as a distribution rather than as a single figure. This creates difficulties for the 

estimation of the effective size d  required to calculate k (i.e. Equation 2-4). This difficulty 

can be dealt with by applying the following two approaches:  

 

 Determination of the size of the fraction that dominates the flow, and use of that value as 

the effective size d . For example, in sandy soils (Hazen, 1911) observed that the size of 

the 10% finest fraction dominated liquid flow. The well-known Hazen equation that 

relates k  with d is based on this finding (Equation 2-3 with d  = D10). Similarly, Slichter 

(1898) proposed an expression to calculate k as a function of the 30% finest fraction 

(Dullien, 1992).   

 

 Determination of the type of mathematical model that best describes the experimental 

curve, e.g. normal, log-normal, etc. (BS ISO 9276-3, 2008). Then, the fitted mathematical 

expression is used to calculate some curve parameters that are useful to estimate the 

effective size d . For example, if data follows a normal distribution, the mean and the 

standard deviation can be used to fully represent the distribution  (Herdan, 1960). 

Krumbein and Monk (1942) adopted this approach and obtained an expression for k in 

terms of the mean size and the standard deviation for normally distributed grains of 

unconsolidated sands. They found that, as distributions have higher standard deviations 

(i.e. had particles spread over a wider range of sizes), the smaller grains fill the pores 

formed by the coarser particles and create a media with less pore space and a resulting 

lower hydraulic conductivity. If the particle size distribution (PSD) follows an alternative 

mathematical model (e.g. Rosin-Rammler, Fractal, etc.) analogous analyses are possible 

and the analytical description of the distribution is achieved using the model parameters. 
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A discussion of the two approaches in the context of solid waste follows. Particles in solid 

waste are highly heterogeneous. Hence, it is likely that more than one fraction controls the 

hydraulic conductivity, e.g. fines filling the pores and coarse-impermeable fraction restricting 

the flow (this will be further discussed in Chapter 3). Therefore, representations of PSDs 

using mathematical models and the acquisition of the model parameters may be a more 

sensible approach towards the description of d  for solid wastes. This was therefore the 

approach selected during the experiments described along this chapter. Some mathematical 

models were evaluated to describe the PSD of different samples of waste, then the one with 

the best fit was identified and the distribution described using the parameters of the model 

that was selected. Some background about the use of mathematical models, the type of 

models that are frequently used to describe particle size distributions and experiences in the 

application in solid wastes are discussed in the following paragraphs.  

 

The use of mathematical models to represent the distribution of particle sizes is a common 

practice in the powder manufacturing industry (Herdan, 1960, BS ISO 9276-3, 2008) and in 

research into particulate materials such as soils and sediments (Krumbein, 1936a, Herdan, 

1960). This is however unusual in geotechnical engineering where frequently, a PSD is 

described in terms of coefficients such as the uniformity and curvature which measure the 

ratios between specific points of the distribution curve. For example, the uniformity 

coefficient is calculated as the ratio between D60 and D10, which are the finest 60% and 10% 

fractions respectively (Powrie, 1997).  

 

The normal or Gaussian distribution of particle sizes has been found to describe reasonably 

well natural products such as pollens and powders obtained by precipitation and 

condensation processes. Whereas sediments, soils and powders obtained by grinding or 

crushing have been found to be well described by log-normal distributions, i.e. the 

distribution is normal after the particle size has been logarithmically transformed (Krumbein, 

1938a). Alternative distributions are generally used when significant deviations from the log-

normal distribution are observed. For example, the Rosin-Rammler distribution (RR) is 
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considered suitable to describe the particle size of mechanically processed particulate 

materials (Washington, 1992, BS ISO 9276-3, 2008, Herdan, 1960). Annex 2-2 illustrates the 

characteristics of different PSD mathematical models.    

In solid wastes, systematic studies to characterise the constituting particulate materials and 

describe their PSDs using model distributions are rare. Felske et al. (2001) and Nakamura et 

al. (2005) are two of such documents in this area. Felske et al. (2001) used the RR to 

investigate PSDs in samples of landfilled waste and to estimate a number of properties of 

relevance in fluid flow (e.g. average pore size). However, Felske et al. (2001)  did not discuss 

the reasons for selecting this distribution nor provided details on mathematical processing of 

the data. In the other hand, Nakamura et al. (2005) used a derivation of the Gaussian 

distribution, the Gamma distribution, to describe the number PSD (i.e. PSD obtained from the 

number of particles with a certain size) for MSW and ashes. In Nakamura et al. (2005)´ study, 

the analysis of particle size was carried by image analysis and not information (i.e. particles 

density) was reported to obtain a mass PSD (i.e. mass of particles with a certain size). From 

the research by Nakamura et al. (2005), it remains uncertain whether the Gaussian model 

could give a sensible representation of the mass PSD,  the standard format for particle size 

data.  

    

It is clear that the number of studies that investigate the nature of particle size in solid wastes 

is still limited and that more research to mathematically model the PSD and improve the 

analytical description of the particle size in solid wastes is needed. Consequently, the second 

objective of this chapter is : 

 

2. To investigate the use of standard mathematical models for particle size distribution, i.e. 

normal, log-normal and RR, for a better description of the PSD of pre and post landfill 

directive residues. 

 

Alternative mathematical models to describe particle size in soils, and particularly the use of 

fractal geometry, have gained research attention during the last decade (Wu et al., 1993, Tyler 
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and Wheatcraft, 1992, Perfect and Kay, 1995). Fractal geometry was originated by Mandelbrot 

(1982) after finding that patterns observed in diverse systems and at different spatial scales 

could be related to each other by a power function. He called the exponential of the function 

the fractal dimension. Turcotte (1986) extended this concept to explain the random 

fragmentation process using a power law between the number of fragments and their mass. 

His relationship was confirmed for materials such as powders, crushed materials and 

sediments. Tyler and Wheatcraft (1989) developed further the concept to describe soils PSDs 

using a power relation between the mass of grains and the ratio between the upper and lower 

sieve diameter with the equation power being a function of the fractal dimension (i.e. 

Equation 2-18). Later work confirmed that the power relationship represents well the PSD in 

many diverse types of soils (Wu et al., 1993, Tyler and Wheatcraft, 1992). A PSD that follows 

a fractal relationship implies that across a wide range of scales the size of the solid particles 

appear similar so it can be referred as a self similar system (Tyler and Wheatcraft, 1992). The 

use of fractal geometry for describing PSD in solid wastes has not previously been 

considered. This chapter discusses the relevance of this approach in solid wastes. The third 

objective of the chapter is therefore  

 

3. The use of fractal scaling concepts for the description of PSDs in pre and post-directive 

refuses   

2.1.2. The role of structure on biodegradation processes 

Fractal geometry concepts have strong physical grounds (Korvin, 1992, Mandelbrot, 1982) 

and have therefore being applied to describe a very broad spectrum of soil properties, e.g. 

bulk density, pore size distribution, pore surface area and particle shape (Perfect and Kay, 

1995, Hyslip and Vallejo, 1997) as well as to describe processes such as adsorption, diffusion 

and transport of water and solutes (Crawford et al., 1993, Perfect and Kay, 1995).  

 

The application of fractal geometry concepts to diffusion may be of relevance in the context of 

biodegradation of landfilled solid wastes. Biodegradation of solid wastes is based on the 
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transformation of solid organic matter to biogas. This transformation involves solubilisation 

of organic matter by the microbial action and the diffusion of the solubilised matter from the 

solid matrix to the solid-liquid interface and the liquid phase where reactions to produce 

biogas take place (Wall and Zeiss, 1995, Barlaz et al., 1990).  

 

This type of diffusion where the diffusing molecules have to travel through different phases 

and where the reactions take place at the interface of the different phases is an example of 

heterogeneous or abnormal diffusion (Kopelman, 1988). This is in opposition to 

homogeneous or normal diffusion where the diffusing molecules follow traditional Brownian 

paths and where reactions take place in a homogeneous phase. The study of processes where 

heterogeneous reactions take place (i.e. at the interface between phases) have seen increasing 

research interest during the last decades (Kopelman, 1988, Meraz et al., 2004, Wang and Feng, 

2010, Wang et al., 2011, Xu and Ding, 2007), and have included the study in areas as diverse 

as industrial surface-catalysis, industrial electrode reactions, bioenzymatic, membrane 

reactions and some geochemical and atmospheric reactions.  

 

Homogeneous and heterogeneous reactions differ substantially at the fundamental level. 

Classical homogeneous kinetics assumes a well stirred system, a condition that is achieved by 

the convective stirring caused by the fluids’ motion. This condition cannot always be attained 

for reactions in or on media that are solid, viscous, porous or structured. In the absence of 

convective stirring, there is still diffusive stirring (i.e. produced by molecular diffusion). 

However, under dimensional constraints (i.e. surface reactions) or topological constraints 

(solid-state reactions), the diffusive stirring may be insufficient to ensure an adequate system 

mixing. Moreover, in classical homogeneous kinetics, the reaction rate is a constant 

independent of time; whilst in heterogeneous systems experimental data have shown 

anomalous results in which the rate constants are time dependent (Klymko and Kopelman, 

1982, Kopelman, 1986).  
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Kopelman (1988) pioneered the study of heterogeneous reaction kinetics and considered the 

rate constant time dependence using the concepts of fractal geometry. Time dependence is a 

central consideration in fractal like kinetics. The reaction rate coefficient is not a constant, but 

is rather a function of the rate constant and the time powered at the negative value of the 

fractal dimension, which causes a reaction rate coefficient time decline.   

 

The concepts developed by Kopelman (1988) have been increasingly adopted to  explain 

heterogeneous reactions such as the enzymatic saccharification of cellulose (Xu and Ding, 

2007, Wang and Feng, 2010, Wang et al., 2011), the degradation of particulate food material 

(Devaux et al., 2006), industrial biocatalytic reactions (Xu and Ding, 2007) and in geochemical 

processes such as the sorption of dissolved contaminants in liquid phase (Brouers and 

Sotolongo-Costa, 2006).  

 

Experiences gained in the application of fractal kinetics for the enzymatic saccharification of 

cellulose and for the degradation of particulate food material are relevant in solid waste 

science. Cellulose and hemicellulose account for a high proportion of the organic matter and 

could be up to 90% in domestic refuses (Barlaz et al., 1989). Like the enzymatic 

saccharification of cellulose, landfill degradation of solid wastes is a biological reaction where 

anaerobic bacteria digest the organic matter. Besides, food waste can account for up to 40% 

by mass in raw refuses and constitute the highest proportion of the readily biodegradable 

fraction (Eleazer et al., 1997). Given these similarities, it is reasonable to expect the 

biodegradation of solid wastes to be highly influenced by the degradation of food waste and 

cellulose and to exhibit comparable reaction kinetics.  

 

The experiments that built the concepts of fractal kinetics (Klymko and Kopelman 1982 and 

Kopelman (1986) were conducted in fractal systems (i.e. objects with fractal dimensions) 

which are considered ideal testing grounds for heterogeneous kinetics. The results of such 

experiments suggest that if a heterogeneous system can be characterised as a fractal and the 

system undergoes a chemical reaction, that reaction is expected to follow a fractal like 



 45 

kinetics.  In the research discussed along this chapter, fractal geometry was applied to 

describe the size distribution of particles of solid waste materials.  

 

Landfill solid waste is by nature a system with a heterogeneous structure. Compaction 

creates water spatial variation. Additionally, the very diverse materials in solid wastes create 

a structure that is constituted by agglomerates of readily degradable organics (e.g. food, 

green waste) mixed with slowly degradable materials (e.g. paper, textiles, wood) and inert 

components (e.g. plastics, glass, metals, debris, etc.). In this scenario, the solubilised 

molecules of organic matter diffuse and find diverse obstacles (e.g. inert particles) to divert 

before they reach the final targeted interface. The heterogeneous nature of the waste structure 

suggests that the reaction processes could follow a fractal kinetics mechanism.  

 

Although the heterogeneity of landfilled waste is widely acknowledge by landfill modellers, 

studies to formally incorporate it in landfill modelling remain limited (Martin, 1999, Martin, 

2001, Meraz et al., 2004). Biodegradation has been traditionally studied in liquid phase where 

there is no need to consider heterogeneity (i.e. in the context of waste waters and slurries). 

Some progress has been done in the last decade with the study of biodegradation in solid 

phase (Martin, 1999, Martin, 2001). Those studies have concentrated on the heterogeneous 

spatial chemical reactivity in landfills, the decisive role of heterogeneity as a structural 

characteristic in solid waste, the increased mass transfer resistance caused by the 

heterogeneous structure and the consequent variation of the reaction rate coefficient with 

time (Martin, 1999, Martin, 2001). 

 

Introduction of the heterogeneity of solid waste in landfill modelling and particularly the 

application of fractal kinetics for the biodegradation of landfill solid waste was introduced by 

Meraz et al. (2004) who proposed a fractal-like kinetic equation for landfill methane 

production. Meraz et al. (2004) argued that conventional models to estimate methane yield 

(e.g. Hoeks model and USEPA) consider total conversion of the organic matter and 

homogeneous spatial chemical activity. This is an inadequate assumption for landfilled solid 
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waste and could be the reason for the overestimation of the time span for methane 

production in some of the commercial models.  

 

Meraz et al. (2004) argued the need to explicitly consider the heterogeneous nature of the 

solid waste structure using the concepts of fractal kinetics developed by Kopelman (1988).  

Meraz et al. (2004) performed a series of modelling experiments to estimate the methane 

production from an operating landfill site (e.g. located in Mexico city) and used three 

different models for that purpose, i.e. USEPA, Hoeks equation and Hoeks modified according 

to fractal kinetics. The USEPA and Hoeks equations are based on a first order decay for the 

organic matter. In the modification of the Hoeks equation proposed by Meraz et al. (2004), the 

reaction rate coefficient was no longer a constant but rather a function of time (i.e. time 

powered to the fractal dimension) as it is established in the fractal like kinetics mechanism 

(Kopelman, 1988). The results reported by Meraz et al. (2004) showed that the time span 

predicted by the USEPA and Hoeks models were unrealistic and exceeded, by several 

decades, the time for methane production observed in landfills with comparable 

characteristics (e.g. 50 years methane production in tropical landfills (Pelt et al., 1990)). 

However, the results obtained with the fractal like kinetics model showed a better agreement 

with the observations in both time and total methane yield.  

 

The study by Meraz et al. (2004), that incorporated the concepts of fractal kinetics in solid 

wastes, offers a sound alternative to consider the heterogeneous nature of solid waste 

structure in landfill modelling. Although the fractal kinetics in solid wastes still needs an 

important amount of research and the evaluation of aspects such as landfill operation 

conditions, variation in waste composition, etc., it has been developed from strong theoretical 

bases for heterogeneous systems as to expect it to be a promising alternative in landfill 

modelling.  

 

The study of fractal geometry concepts in solid waste could enhance our current 

understanding of the mechanisms controlling the biodegradation process. It was discussed 
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by Klymko and Kopelman (1982) and Kopelman (1988) that reactions occurring in a fractal 

heterogeneous system are well modelled with fractal like kinetics. The research presented in 

this thesis could add new information in this area.  

2.1.3. The change in structure with biodegradation 

processes 

As degradation processes occur and in common with other organic materials, e.g. organic 

soils and peat (Rezanezhad et al., 2010, Kettridge and Binley, 2011), transformations in the 

structure of waste would be expected. For example, degradable solid particles might change 

from solid to liquid and gas phases, altering both the overall size and shape of the particles as 

well as the pore space architecture. Research in this area is limited, with few studies available 

in soil science, i.e. impact of soil conditioners in soil structure (De Gryze et al., 2006, Pagliai 

and Vittori, 1993, Emerson and McGarry, 2003), and in peat degradation (Kettridge and 

Binley, 2011, Rezanezhad et al., 2010, Quinton et al., 2008).  

 

Some theoretical concepts have been developed for landfilled solid wastes that link waste 

structure with degradation using a decomposition-induced void change parameter 

(McDougall, 2007, McDougall and Pyrah, 2004). In Mcdougall and Pyrah (2004) model, 

degradable soils (i.e. solid wastes can be considered as an example of degradable soils) are 

considered as a three phase system composed by a decomposable solid phase, and inert solid 

phase and voids. As the effective stress increases and the biodegradation progresses, 

volumetric changes are experienced. A higher effective stress reduces the volume occupied 

by the voids. As biodegradation develops, the absolute volume of the decomposable fraction 

is reduced whilst the absolute volume for the inert fraction remains unaltered. This creates a 

progressive change in the relative ratio between the solid phases.  

 

An alternative approach is presented by White and Beaven (2008) where the pore space 

structure is estimated, i.e. channels length and area, from the PSD. The channels length and 

area are used for the estimation of K. The changes in the PSD with landfilling are 
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conceptualised through a modification in the geometry of the PSD produced by the crushing 

of the coarser pieces and the biodegradation of the materials with some organic content. The 

resulting PSD shows a shift towards the left, and in both before and after degradation, the 

PSD is adjusted to a potential equation tuned to reflect the general S shape of the PSDs. The 

model used however does not have a physical backup to explain the distribution of the size 

of particles and the representation of the resulting distribution is arbitrary.   

 

The methods by McDougall and Pyrah (2004) and White and Beaven (2008) were at the time 

of writing the only two approaches that consider the changes with degradation in the 

structure of solid wastes. The scarce literature in the area indicates the need for further 

research in the topic. This chapter aims to provide information about the evolution in the 

structure of waste by: 

 

4. a systematic study of the nature and changes occurring with degradation in the particle 

size of pre and post landfilled directive wastes 

 

Three samples are discussed and are referred to as UK MBT, German MBT and MSW. The 

names selected for each of the samples reflect the origin of the sample (i.e. from a waste 

facility if the UK or Germany) and whether they had been the subject to any treatment (e.g. 

MBT for Mechanically and Biologically treated wastes). The names used therefore are 

referred to a particular specimen of waste and although the results for each of the samples 

could give an indication of the possible characteristics of similar materials, the discussion and 

conclusions are better place in the context of the particular samples examined. More research 

would be needed to extend the observations outside these limits. All of the wastes were 

subjected to controlled degradation processes as part of a wider research programme. 

Analysis of particle size was carried on both before and after the degradation process. To 

discriminate between the results obtained before and after degradation samples are identified 

with the notations of B4 and AF respectively. Sieve analysis of UK MBT and German MBT B4 

were carried out as part of the research published in Velkushanova et al. (2009). 
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Velkushanova et al. (2009) did not explore the use of conventional distributions and fractal 

scaling to describe PSDs which was introduced in the current research. Analyses of the 

remaining samples were carried out during this research with the exception of MSW B4 

which was reported by Ivanova (2007).  

 

2.2. Materials and methods  

2.2.1. Materials 

2.2.1.1. UK MBT  

MBT stands for mechanically and biologically treated waste. This type of waste treatment 

was introduced in Europe to fulfil the requirements of the EU Landfill Directive (1999/31/EC), 

which sets targets for reducing the amount of biodegradable waste sent to landfills. 

Approximately 500 kg of the sample referred as UK MBT was obtained from a waste 

treatment facility in southern England which receives fresh municipal solid waste (MSW) and 

treats it through a process of mechanical removal of recyclables and aerobic stabilization. The 

facility is at the front in the development of technologies for the treatment of MSW in the UK, 

and it is considered as an adequate representation of the state of the art in MBT technology in 

the country. The sample UK MBT was obtained from a standard production bath of 

approximately 2000 kg which was thoroughly mixed for homogenization. The treatment 

process is detailed in Annex 2-3. MSW is received, shredded and screened through a 80mm 

mesh. Ferrous materials are removed using magnets. The remaining fraction, <80mm, is 

transferred to a bio-stabilization hall where aerobic degradation takes place over a period of 6 

weeks. Degradation is achieved through a process of continuous air injection, irrigation and 

waste turning. Remaining recyclables are removed. The final product is mixed with 

composted green waste, its quality is not assessed as in the UK there are no regulations for 

landfilling MBT wastes other than to demonstrate diversion. It is important to notice that the 
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type of MBT treatment developed in this facility is based in the extraction of recyclables and 

the stabilization of the biodegradable fraction through only aerobic process.   

 

A representative sub-sample of 2 kg, from the 500 kg received, was obtained by quartering 

following BS ISO 23909 (2008) ( section 6.3.2 method 2). The quantity of waste available for 

PSD analysis was constrained by the demand from other researchers and the capacity of the 

sieving equipment (see 2.2.2). Calculation of the quantity of material required for PSD 

analysis followed the recommendation in BS 1377-2 (1990) (Table 3): 0.5 kg as the minimum 

sample quantity for sieving materials with a proportion > 10% of materials retained in 10 mm 

sieve. The appropriateness of this initial amount was confirmed after a preliminary PSD 

analysis. 

 

Controlled degradation of UK MBT was undertaken by Siddiqui (2011) as part of a study into 

the settlement and degradation properties of MBT waste over a period of 347 days. The 

process was carried out in a Consolidating Anaerobic Reactor (CAR), which is a Perspex 

cylinder (935 mm height and 480 mm ID) with a loading system that applies a constant 

surcharge to the waste. The design of the reactor is described by Parker et al. (1999). The 

stress was set at 50 kPa and 150 kPa, which would be equivalent to a depth of 5 m and 15 m 

in a landfill assuming a bulk unit weight of 10 kN/m3. This sample is referred to as UK MBT 

AF. The fresh waste is referred to as UK MBT B4. 

 

The CAR was loaded with approximately 20 kg of a well homogenised subsample from the 

500 kg available in total. Once degradation had finished, the sample was carefully extruded 

into a spare cell of similar diameter to preserve its structure for future investigation. A 

bottom layer of approximately 2 kg was carefully removed and analysed for comparison with 

the fresh waste. The amount of sample taken followed the recommendation in BS 1377-2 

(1990) and was comparable with the amount of waste sampled before the degradation (i.e. 2 

kg in both cases). Ideally, the sample after degradation should have been obtained from the 

homogenization of the totality of the material remained in the CAR after degradation. 
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However, other pressures within the broader research programme made this unfeasible. The 

vertical variation of the biodegradation process (i.e. differences in chemical reactivity 

between the top and bottom layers) and the migration of fines from bottom to top (i.e. the 

flow direction for the leachate recirculation stream) were initially considered as potential 

downsides when sampling the bottom layer. However, they were both disregarded after an 

analysis of the material composition and particle size, at different levels within the CAR, was 

made with two more samples of solid waste (i.e. MBT from Germany and MSW).  

 

Each of the 2 kg samples referred as to UK MBT B4 and UK MBT AF underwent a sieving 

analysis according to the method described in Section 2.2.2. Three subsamples were prepared 

to produce a PSD analysis with 3 replicates for each sample.   

2.2.1.2. German MBT  

120 kg of MBT waste of a sample referred as to German MBT was obtained from a facility 

situated near Hannover Germany, a facility that has been providing MBT treatment for 

several years to the Hannover province and that is considered to be at the front in the 

development of MBT technologies in Germany. The mechanical part of the treatment process 

is based on separation of recyclables and ferrous materials using screens and magnets. The 

biological component differs substantially from that used in the UK MBT process in that the 

waste is first anaerobically and then aerobically treated, so it can be described as a dual 

anaerobic-aerobic treatment. Anaerobic digestion takes place over a period of 3 weeks in 

fermentation tanks. It follows an aerobic post-treatment process where the fermented waste is 

composted in enclosed windrows during 6 weeks. The quality of the final product is assessed 

according to the waste storage ordinance which defines criteria for waste to be landfilled 

(AbfAbIV, 2001).  

 

The 120 kg of sample were obtained from a thoroughly mixed production batch of 

approximately 1200 kg. Then a representative sub-sample of 5 kg, from the 120 kg received, 

was obtained by quartering following BS ISO 23909 (2008) ( section 6.3.2 method 2). The 
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minimum amount of material required for PSD analysis was calculated using BS 1377-2 

(1990) (Table 3), which recommends 2 kg minimum sample for sieving materials with a 

maximum size of 20 mm.  

 

Controlled degradation reported by Siddiqui (2011) took place over 279 days in the same 

conditions as for UK MBT. Once degradation had finished, a subsample of approximately 5 

kg was carefully removed from the top of the reactor. This sample is referred to as German 

MBT AF; and the original as German MBT B4. The amount of sample taken after degradation 

followed the recommendation in BS 1377-2 (1990) and was comparable to the amount of 

waste sampled before the degradation (i.e. 5 kg in both cases). Like in the case of UK MBT, 

the totality of the material remained in the CAR could not be sampled because of other 

pressures within the broader research programme. The analysis of PSD (Chapter 2) and 

material composition (Chapter 3) of the German MBT AF showed that the variation with 

degradation was statistically un-significant. This was a good indication that both the vertical 

variation and the migration of fines during the biodegradation could be considered to be 

unimportant processes.  

 

Each of the 5 kg samples referred as to German MBT B4 and German MBT AF underwent a 

sieving analysis according to the method described in Section 2.2.2.  Five subsamples were 

prepared to produce a PSD analysis with 5 replicates for each sample.   

2.2.1.3. MSW   

A sample of fresh MSW from White’s Pit Landfill facility in Dorset, UK was used in an 

investigation of settlement and degradation properties by Ivanova (2007). Ivanova (2007) 

described the conditioning and degradation process in which large particles >40mm were 

removed and shredded. Then the specimen was degraded in a CAR following a process 

similar to that for UK MBT but with a maximum applied stress of 50 kPa.  The sample served 

as a control sample. Once placed inside the CAR, acidic leachate was intermittently 
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recirculated through the waste to inhibit the degradation during the initial 345 days of the 

919 days of total experimentation. 

 

The degraded MSW was available at the start of this study. The sample was carefully 

extruded from the CAR. A resulting core was used for the study of structure and flow paths  

detailed in Caicedo et al. (2010) (see Chapter 9). The dry mass of the core was estimated by 

Ivanova (2007) as approximately 20 kg. 2kg of a composite sample was created from the 

extruded sample. The PSD reported in Table 5.3 of Ivanova (2007) shows that the waste had a 

maximum size of material present in a significant proportion (more than 10%) of 20 mm. 

According to Table 3 in BS 1377-2  (1990) a 2 kg sample size is required for the sieving 

analysis of materials with this maximum significant particle size. The rest of the sample was 

kept substantially intact for structure and flow studies.   

 

The 2 kg sample referred as to MSW AF underwent a sieving analysis according to the 

method described in Section 2.2.2. Five subsamples were prepared to produce a PSD analysis 

with 5 replicates. The data used as PSD analysis for MSW B4 was carried out and reported by 

Ivanova (2007).   

 

2.2.2. Sieving analysis  

Solid waste is a highly heterogeneous material with particles ranging in sizes from cobbles 

(>30mm) to fine sands (≈0.06 mm, BS 1377-2, 1990: Form 2.N). This is true even for MBT 

wastes. Particle sizes within this range are suitable for analysis using both wet and dry 

sieving methods according to BS 1377-2 (1990). The samples were oven dried at 70oC until the 

mass varied by less than 1% over a period of 24 hours. A stack of test sieves of 200 mm 

diameter and apertures of 75, 63, 37.5, 20, 10, 6.3, 3.35, 2, 1.18, 0.6, 0.3, 0.15 and 0.063 mm were 

used. Two aspects concerning the nature of solid waste were considered during sieving: 
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1. Agglomeration, which refers to the tendency of particles to group together and form 

bigger clumps. In soils, the presence and degradation of organic matter increases both 

the degree of aggregation of primary soil particles and the strength of their bonds 

(Wilson, 1991). The stability of such aggregates highly depends on the type of binding 

agents (e.g. polysaccharides, fungal filaments and other complex organic substances). 

In solid waste, aggregation could be initiated by the presence of organics and 

enhanced by fibrous materials and stress conditions. For example, textiles can bind to 

organic particles, be stress-compacted and form stable agglomerates. Results from 

particle size analysis can then be affected by the presence of these agglomerates. An 

approach commonly followed in soils, is pre-treatment with a dispersant solution that 

helps to separate the individual particles without breaking them. This is the purpose 

of wet sieving.   

 

2. Particle shape, which refers to the presence of elongated particles (i.e. 1D and 2D as 

defined in Chapter 3) coming from materials such as plastics that can influence results 

from sieving analyses. For example, plastic sheets are malleable and can easily re-

orientate, deform and pass through mesh holes smaller than their nominal size. Long 

rigid plastic pieces can remain on a sieve until a bi-directional movement places them 

with their smaller side perpendicular to the mesh opening allowing them to pass 

through the sieve aperture.  

 

Agglomeration was addressed using wet sieving. Waste samples were submerged during 1 

hour in a 2g/l aqueous solution of sodium hexametaphosphate. BS 1377-2 (1990) explains that 

in soils, this promotes the detachment of smaller particles and generally gives a better 

estimate of the content of fines. In solid wastes, there are no reported advantages of using 

dispersants during sieving. This study was used to compare results from dry and wet sieving 

and estimate the relative error in dry sieving. Results are summarised in Annex 2-4; they 

suggest that the magnitude of the underestimation of fines does not exceed the magnitude of 

other experimental errors, indicating that waste aggregates are stable and not easily 
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dispersed during wet sieving. Aggregates are expected to form during degradation (Wilson, 

1991) making difficult to judge what the real state is under landfilling conditions, i.e. 

individual particles or aggregates. Aggregated state could be a more realistic description of 

landfilled waste and, dry sieving an appropriated method for the analysis of particle size. 

Health and safety must also be considered. Wetting waste particles can generate offensive 

and possibly toxic odours and also possibly affect the nature of permeable materials such as 

paper. For all these reasons, dry sieving was preferred except for MSW, where the PSD before 

degradation was available only from wet sieving analysis.  

 

Difficulties caused from particle shape were addressed with careful control of the sieving 

conditions and assessment of the retained materials, i.e. visual inspection and manual 

measurement of the particles dimensions. BS 1377-2 (1990) states the maximum sample mass 

as 915 g for a sieve stack diameter of 200 mm. Each sample was partitioned into well mixed 

subsamples of less than 915 g to prevent system overloading. Once the subsample had been 

loaded in the sieve stack, it was subjected to continuous vibration for 60 minutes in a 

Sievetronic Model YGM15418. Once finished, a continued manual vibration to each sieve, i.e. 

vertical and horizontal movement, followed until the amount of material continuing to pass 

through the mesh was judged to be negligible. Given the high content of 1D and 2D particles 

in the coarser fractions this step was particularly relevant for sieves with the biggest 

apertures. Materials retained in each sieve were visually inspected and doubtful particles 

identified, i.e. those with measured dimensions substantially higher than the sieve size, and 

accordingly re-located in the appropriated sieve. Doubtful particles were the exception rather 

than the rule. This extra step increased the analysis time but it proved to be repeatable, i.e. 

low standard deviation between subsamples, and provided reliable particle size results.  

 

Each of the samples studied were first thoroughly mixed and then partitioned into a number 

of subsamples (i.e. 3 for UK MBT, and 5 for German MBT and MSW) to produce a PSD 

analysis that was the result of 3 replicates for UK MBT and 5 replicates for  German MBT and 

MSW.   
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2.3. Data analysis   

Once the material had been sorted through the sieves stack, the mass of the material retained 

in each sieve was determined by weighting with a precision of 0.01 g. The results for each 

subsample were added to obtain the data for the representative sample as a whole. A PSD 

was prepared according to the method in Section 2.2.2., and the standard deviation calculated 

with the 3 replicates for UK MBT and 5 replicates for German MBT and MSW.   

 

Methods for the analysis of the data were taken from Herdan (1960), BS ISO 9276-1 (1998) and 

BS ISO 9276-2  (2001), BS ISO 9276-3 (2008) and BS ISO 9276-5 (2005) and are explained in the 

following paragraphs.  

 

2.3.1. Graphical representation  

The first step was the graphical representation of results in which the x  axis corresponds to 

the sieve size (mm) and the y axis is either the material mass fraction retained in a specific 

sieve ( y retained for histogram representation) or the material mass fraction that passes  through 

a sieve of a certain size ( y passing for cumulative distribution). The standard deviation (

STDEV ) for each sieve size was calculated according to equation Equation 2-5, where y is 

either       y retained or y passing according to the type of graph reported. averagey  is the arithmetic 

mean, and n  is the number of subsamples (i.e. 3 for UK MBT and 5 for German MBT and 

MSW). STDEV was used as an estimation of the magnitude of errors involved in the 

measurement of the mass fractions.    

 

)1(
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yy
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Equation 2-5 
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2.3.2. Significance in differences between PSD  

Objective No.4 in this chapter investigates the changes that occur in PSD with degradation. 

The statistical significance of changes in PSD was evaluated using the t-test. This test 

compares the difference in the mean of two distributions against the standard deviation of 

the difference between their means. The evaluation is used to decide whether or not the 

observations in a second distribution are only a chance deviation from the mean value of a 

first distribution. It uses a dividing line to differentiate probable from improbable deviations 

from the mean of the first distribution.  The dividing line taken for the analysis was t equal to 

2. This value of t implies approximately ± 2 standard deviations from the mean of the first 

distribution.  t < 2  denotes that 95 times out of 100 the mean of the second distribution could 

happen on pure chance and the differences between the two distributions are non-significant. 

Conversely, t >2 denotes significant differences between the two distributions. Equation 2-6 

and Equation 2-7 were used. 1meanx and 2meanx are the sieve size mean values of the 

distributions before (1) and after degradation (2). 1S and 2S are the standard deviations of 

the distributions before and after degradation and 
diffS is the difference of the deviations 

calculated according to  Equation 2-7.  

 

diff

meanmean

S

xx
t 21   Equation 2-6 

2

2

2

1

2 SSSdiff   Equation 2-7 

 

For comparison purposes, calculation of meanx and diffS  followed two different methods. In 

the first approach, the mean was calculated as the arithmetic mean according to Equation 2-9, 

and the standard deviation S as the root mean of the variance 
2S according to Equation 2-9. 

 

 retainedimean yxx  Equation 2-8 
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  retainedmeani yxxS 22 )(  Equation 2-9 

 

The second approximation considered that the cumulative particle size distribution follows 

the log-normal law. Accordingly, the variable z was defined as in Equation 2-10. Equation 

2-12 and Equation 2-13 correspond to the normal distribution law,  functions of the variable 

z , the logarithmically transformed sieve size x  . gs  is the standard deviation for the z  

distribution and S the standard deviation for the x  distribution defined according to 

Equation 2-11 (BS ISO 9276-2, 2001). Equation 2-13 was used to calculate the corresponding 

y for each z . Using the solver tool in excel meanz  and gs  were estimated minimising the sum 

of the squares of the differences between y  experimentally obtained and y  calculated with 

Equation 2-13. 
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Equation 2-13 

2.3.3. Comparison of the experimental PSD to a reference model   

The third part during data analysis targeted objectives 2 and 3 in this chapter, which refer to 

the evaluation of mathematical models, i.e. log-normal, Rosin-Rammler and fractal models 

(Annex 2-2) shows graphically the differences between those distributions). The experimental 

PSDs for the six samples of waste described following the method described in Section 2.2.2. 

were compared against these three reference distributions. The methods followed are 

discussed.  
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2.3.3.1. Log normal distribution 

An initial screening to analyse the normality agreement of the PSDs was carried out using the 

graphical method introduced by Hazen (1914). In this method, the cumulative distribution is 

plotted in a probabilistic scale in which the spacing lines of the y axis are computed from 

probability curve tables or by numerical integration of Equation 2-13 (e.g. z tables as Table 

A.1 in BS ISO 9276-5, 2005). The method is a useful tool to assess when a data series follows 

the normal law with minimal arithmetical labour. If the data correspond strictly with the 

normal law, the points plotted on this type of scale lie in a straight line (BS ISO 9276-5, 2005, 

Herdan, 1960). PSDs of mechanically produced particulate materials and some soils and 

sediments have been shown to follow the log-normal law. This means that after taking the 

logarithm of the size, the distribution follows the normal law. For comparison purposes, plots 

were produced in linear and logarithmic scales. The method allowed the identification of 

portions within the distribution that follow reasonably well the log-normal law and others 

that show deviations from it. Afterwards, the log-normal model was evaluated using linear 

regressions. Plots were created such that their y axis was the product of the numerical 

integration of Equation 2-13 (e.g. using the NORMINV function in excel) and the x axis was 

the natural logarithm of the sieve size.  

 

The log-normal law model requires two parameters meanz  and gs  which were estimated as 

explained in Section 2.3.2. retainedy  was estimated using Equation 2-13 (e.g. with the 

NORMDIST function in excel) and the results compared against data obtained 

experimentally. Two evaluations of the goodness of fit of the model were carried out. The 

first was in the non-linear system by using the so called Nash-Sutcliffe model efficiency 

coefficient, defined in Equation 2-14 (Moriasi et al., 2007). NSE ranges between 0 and 1 , 1 

being the optimal value that indicates a good level of performance of the model under 

evaluation.   
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A second evaluation was done in the linear system. In this case the inverse of the normal law 

function was calculated for each measuredy  and the linearity of the plot ln x vs NORMINV (

measuredy ) assessed. The perfect line corresponds to an ideal normal distribution. The slope and 

the intercept of such line were calculated minimising the square of the differences between 

NORMINV (         ) and the NORMINV (           ) from the model. The coefficient of 

determination    defined in Equation 2-15 , with values close to 1 indicating good model 

performance. 
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Equation 2-15 

 

  

2.3.3.2. Rosin-Rammler distribution 

The Rosin-Rammler (RR) distribution originally developed to describe the particle size of 

broken coal, was later proved valid for a great variety of materials such as cement, gypsum, 

clay, glass, etc. produced by grinding, milling and crushing operations (Herdan, 1960, BS ISO 

9276-3, 2008). Equation 2-16 and Equation 2-17 illustrate the distribution equation in its 

original form and after linearization following the application of the logarithmic function.  
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         d   

where: 

    [   (          )]   and        

 

Equation 2-17 

Where x  is the sieve size, d  is a specific size of the particles where 63.2% by mass are 

smaller and   is a model parameter that corresponds to the slope of the linear representation 

  vs  . The RR model is therefore characterised with the two parameters d  and  . 

 

2.3.3.3. Fractal model     

Fractal geometry concepts were introduced by Mandelbrot (1982) to quantify a variety of 

scale invariant processes in nature through power law relationships. One of such processes is 

the fragmentation of rocks and soils which plays an important role in a range of geological 

phenomena and controls the size-frequency relation (Turcotte, 1986). The power law 

relationship for fragmentation processes, first suggested by Mandelbrot (1982) , relates the 

number of particles to their size. The equation was later adjusted by Tyler and Wheatcraft 

(1992) to relate the size with the mass of material, using the mass fraction of material with a 

size less than the sieve size   , given by Equation 2-18. The derivation of Equation 2-18 starts 

from a fractal relationship based on the number of particles within a range of particle size 

and the assumption that the particles are spheres and have an average particle density. The 

number of particles within a range of sizes equals the ratio between the mass of particles 

within such range and the mass of one particle. The mass of one particle is the product 

between its volume and its particle density. When particle density and shape are available, 

Equation 2-18 can be corrected accordingly. Yet, this is beyond the scope of this research and 

Equation 2-18 was applied without particle shape and density corrections.  
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Equation 2-18 
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Applying logarithms at both sides and using the symbols from earlier sections, Equation 2-18 

is transformed into Equation 2-19 where   is the fractal dimension. 

 

               (   )     (
 

    
) Equation 2-19 

 

According to Equation 2-19, a PSD that follows the power relationship for fractal geometry 

should be a straight line when is plotted on a log-log scale. In this research, experimental data 

was used to produce the graph and a least squares linear regression performed to calculate 

the fractal dimension   from the slope of the best fitted line. The performance of the fractal 

model was evaluated using the Nash-Sutcliffe model efficiency coefficient defined in 

Equation 2-14 and the coefficient of determination    defined in Equation 2-15.  

 

2.4. Results: graphical representations   

Annexes 2-5, 2-6 and 2-7 summarise the PSDs before and after degradation for the specimens 

investigated. The error bars were calculates with the STDEV  according to Equation 2-5 and 

represent the variability between the replicates of each sample, i.e. 3 for UK MBT and 5 for 

German MBT and MSW. Results for the samples after degradation are presented as they were 

originally gathered and, corrected to account for the loss of mass. Siddiqui (2011) reported 

the dry mass of UK MBT and German MBT before and after degradation. The difference 

corresponds to the fraction of material transformed to gas and leachate phases during the 

degradation. Expressed as a percentage of the initial dry mass, the loss of mass was 6.45% 

and 2.73% for UK MBT and German MBT respectively. In a similar fashion (Ivanova, 2007) 

reported 24.52% as the mass lost for MSW during degradation.   

 

The correction was done as follows. The mass lost was considered as a new size category 

referred as to fraction lost. Materials retained in all the other size categories (e.g. 0.03 to 75 

mm) were recalculated to add up 100 % mass. For example, the material retained in the 
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20mm sieve in German MBT-AF was 18.05%. 97.27 % of mass remained after degradation, 

which gives 17.56% of material when the mass lost is accounted for. 

 

Visual assessment of Annex 2-5 suggests changes with degradation in the PSD of UK MBT. 

The plot is shifted to the right suggesting a general increase in the particle size. The 

magnitude of such changes was statistically confirmed as significant as explained in section 

2.3.2. The D50 for example shows an increase from approximately 4.04 to 6.22 mm. There is a 

decrease in the content of fines < 1.18 mm together, with an increase in the content of coarse 

materials > 3.35 mm.  

 

Visual assessment of Annex 2-6 suggests negligible changes with degradation in the PSD of 

German MBT, this was confirmed statistically. The slight shift of the curve towards the left is 

experimental errors. D50, for example, does not show any change with degradation. The range 

of differences between the samples before and after degradation in Annex 2-6-b are less than 

the magnitude of errors, so they can be explained as a result of experimental variations. 

When compared with UK MBT, German MBT showed lower gas production and mass losses 

consistent with its more stabilised nature. The insignificant changes in the PSD could be an 

indication of a link between the magnitude of changes in the structure of waste during 

degradation and the magnitude of the mass being transformed to gas and leachate phases. 

 

Similarly, visual assessment of Annex 2-7 suggests important changes with degradation in 

the PSD of MSW. This was confirmed statistically and is explained in section 2.3.2. The curve 

after degradation shows a shift towards the right, indicating a general increase in the particle 

size. For example D50 shows an increase from approximately 13 to 23 mm and the content of 

materials with sizes   10 mm increases from 58.7 to 62.9%. For the PSD analysis after 

degradation the maximum particle size was corrected to 37.5mm to match the maximum 

value reported before degradation.  
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2.5. Results: significance in differences between PSD   

The significance in the differences observed between PSDs of the samples before and after 

degradation was evaluated statistically using the t-test explained in section 2.3.2. Two 

methods were used for the calculation of meanx  (as arithmetic mean and using the 

formulations for the log-normal distribution).  

 

A summary of results is presented in Table 1-1, Table 2-2 and Table 2-3. For the case of UK 

MBT and MSW the changes in PSD caused by degradation processes can be regarded as 

significant given that t was >2. For German MBT, the differences can be regarded as not-

significant given that t was < 2. This evaluation strengthens earlier visual judgements 

discussed in section 2.4.   

 

Table 2-1 Evaluation of significance in changes in PSDs of UK MBT:  t-test results  

 

 

 

 

 

 

 

UK MBT B4 UK MBT AF UK MBT B4 UK MBT AF

Xmean 2.0410 3.0880 3.1987 5.0843

S 0.4298 0.2604 0.4861 0.0799

Delta Xmean

Sdiff
2

Sdiff

t

Observations
2.0835>2 : differences between samples are 

significant

3.8277>2 : differences between samples are 

significant

2.0835 3.8277

0.5025 0.4926

0.2525 0.2427

1.0470 1.8856

Mean calculated as arithmetic, standard 

deviation as the root mean square 

deviation (Equations 2 8 and 2 9)

PSD considered to follow the log-normal 

law. Use of Ecuations 2-10 to 2-13

Method 1 Method 2
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Table 2-2 Evaluation of significance in changes in PSDs of German MBT:  t-test results 

 

 

 

Table 2-3 Evaluation of significance in changes in PSDs of MSW :  t-test results 

 

 

German MBT B4 German MBT AF German MBT B4 German MBT AF

Xmean 4.7600 4.4050 7.3085 7.0113

S 0.2539 0.4239 0.1618 0.3193

Delta Xmean

Sdiff
2

Sdiff

t

Observations

Mean calculated as arithmetic, standard 

deviation as the root mean square 

deviation (Equations 2 8 and 2 9)

PSD considered to follow the log-normal 

law. Use of Ecuations 2-10 to 2-13

0.7184<2 : differences between samples are 

non-significant

0.8303<2 : differences between samples 

are non-significant

0.7184 0.8303

0.4941 0.3580

0.2442 0.1281

0.3550 0.2972

Method 1 Method 2

MSW B4 MSW AF MSW B4 MSW AF

Xmean 5.0380 6.8820 9.0028 12.0311

S 0.5315 0.7084 0.3516 0.6578

Delta Xmean

Sdiff
2

Sdiff

t

Observations

Mean calculated as arithmetic, standard 

deviation as the root mean square 

deviation (Equations 2 8 and 2 9)

PSD considered to follow the log-normal 

law. Use of Ecuations 2-10 to 2-13

4.0601

2.0822>2 : differences between samples 

are significant

4.0601>2 : differences between samples 

are significant

2.0822

0.5563

0.8856 0.7459

0.7843

Method 2

1.8440 3.0283

Method 1



 66 

2.6. Results: lognormal law model 

2.6.1. Graphical method  

Graphical evaluation of the normal law model followed the method explained in section 

2.3.3.1. Annex 2-8 shows the PSD of UK MBT plotted using different scales: linear-linear (a), 

log-linear (b), log-probabilistic (c) and linear-probabilistic (d). Comparison of the different 

plots evidences the advantages in representing the distribution in log-probabilistic scale as it 

allows the identification of regions within the distribution that are most likely to follow the 

normal law. These regions are identified as those with nearly linear behaviour in the log-

probabilistic scale. For UK MBT (Annex 2-8, c) and German MBT (Annex 2-9, a) the region 

between 6.3 and 0.063 mm sieve size exhibits linear behaviour. Similarly for MSW the range 

is from 20 to 0.063 mm (Annex 2-9, b). This initial assessment was confirmed with linear 

regressions and model evaluation explained in section 2.6.2.  

2.6.2. Linear regressions and normal law model evaluation 

2.6.2.1. UK MBT  

Table 2-4 and Annex 2-10 summarize the results obtained from the evaluation of the log-

normal law for UK MBT. The outcomes suggest the log-normal law model performs well in 

the range of sieve size between 6.3 and 0.063 mm and represents better the PSD of the sample 

before degradation. The coefficient of determinations    (using Equation 2-15) were of 0.9899 

and 0.9803 for the sample before and after degradation respectively, whereas NSE  (using 

Equation 2-14) were of 0.9959 and 0.9821 respectively.  
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Table 2-4 Statistical results from evaluation of Normal law model to PSDs of UK MBT 

before and after degradation 

 

2.6.2.2. German MBT  

Table 2-5 and Annex 2-11 summarize the results obtained from the evaluation of the normal 

law in German MBT. These outcomes suggest that the normal law model performs better 

than for UK MBT with the highest fit observed in the range of sieve size between 6.3 and 

0.063 mm. In the linear scale (Annex 2-11-d), the proximity between the straight lines 

corroborates the negligible changes in the PSD with degradation.  

 

 

 

Sieve size range (mm)                                                        

Normal law model 

evaluation

6.3-0.063

Sieve size range (mm)                              

Linear regression   
20-0.032 20-0.063 10-0.063 6.3-0.063 6.3-0.063

Zmean 1,3390

Sg 2,0000

Xmean 3,8151

S 0,6932

SumSq 0,0013

NSE 0,9959

R
2

0,7454 0,9701 0,9891 0,9899 0,9899

Sieve size range (mm)                                                        

Normal law model 

evaluation

6.3-0.063

Sieve size range (mm)                              

Linear regression   
20-0.032 20-0.063 10-0.063 6.3-0.063 6.3-0.063

Zmean 1,9179

Sg 1,6768

Xmean 6,8070

S 0,5169

SumSq 0,0036

NSE 0,9821

R
2

0,7178 0,8483 0,9493 0,9803 0,9803

0,0180

0,9832

20-0.032 

UK MBT B4

1,1627

1,6259

3,1987

0,4861

5,0843

0,0799

0,0280

0,9746

UK MBT AF 

20-0.032 

1,6262

1,0832
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Table 2-5 Statistical results from evaluation of Normal law model to PSDs of German MBT 

before and after degradation 

 

2.6.2.3. MSW  

Table 2-6 and Annex 2-12 summarize the results obtained from the evaluation of the normal 

law in MSW. The outcomes suggest that the normal law model performs reasonably well in 

the range of sieve size between 6.3 and 0.063 mm and even in the range 20 to 0.063 mm and it 

is generally better after degradation.  

 

 

 

 

 

Sieve size range (mm)                                                        

Normal law model 

evaluation

6.3-0.063

Sieve size range (mm)                              

Linear regression   
75-0.032 75-0.063 10-0.063 6.3-0.063 6.3-0.063

Zmean 2,2767

Sg 1,6946

Xmean 9,7449

S 0,5275

SumSq 0,0002

NSE 0,9987

R
2

0,8280 0,9110 0,9899 0,9942 0,9942

Sieve size range (mm)                                                        

Normal law model 

evaluation

6.3-0.063

Sieve size range (mm)                              

Linear regression   
75-0.032 75-0.063 10-0.063 6.3-0.063 6.3-0.063

Zmean 2,4400

Sg 2,2126

Xmean 11,4731

S 0,7942

SumSq 0,0001

NSE 0,9987

R
2

0,8380 0,9363 0,9914 0,9988 0,9988

0,0235

0,9880

German MBT AF

75-0.032 

1,9475

1,3761

7,0113

0,3193

0,0154

0,9928

75-0.032 

German MBT B4

1,9890

1,1757

7,3085

0,1618
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Table 2-6 Statistical results from evaluation of Normal law model to PSDs of MSW before 

and after degradation 

 

 

2.7. Results: fractal model        

2.7.1. UK MBT  

PSDs were analysed using the fractal model explained in section 2.3.3.3. Figure 2-1 and Table 

2-7 summarize the results obtained for UK MBT. The model performs well in the sample after 

degradation in the range 20 to 0.063 mm sieve size with coefficients of determinations    

always greater than 0.99. For the sample before degradation, the fractal model explains better 

Sieve size range 

(mm)                                                        

Normal law model 

evaluation

6.3-0.063 20-0.063

Sieve size range 

(mm)                              

Linear regression   

75-0.032 75-0.063 20-0.063 10-0.063 6.3-0.063 6.3-0.063 20-0.063

Zmean 3.1721 2.5459

Sg 3.0734 2.3039

Xmean 23.8600 12.7545

S 1.1228 0.8346

SumSq 0.0005 0.0139

NSE 0.9938 0.9600

R
2

0.8161 0.8112 0.9645 0.9638 0.9540 0.9540 0.9646

Sieve size range 

(mm)                                                        

Normal law model 

evaluation

6.3-0.063 20-0.063

Sieve size range 

(mm)                              

Linear regression   

75-0.032 75-0.063 20-0.063 10-0.063 6.3-0.063 6.3-0.063 20-0.063

Zmean 3.4713 3.3092

Sg 3.5469 3.3650

Xmean 32.1803 27.3621

S 1.2661 1.2134

SumSq 0.0013 0.0019

NSE 0.9824 0.9902

R
2

0.6533 0.8812 0.9816 0.9756 0.9717 0.9717 0.9816

12.0311

0.6578

0.0877

0.9346

MSW AF

75-0.032 

2.4875

1.9306

0.3516

0.0782

0.9572

MSW B4

75-0.032 

2.1975

1.4213

9.0028
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the PSD of the coarse fraction (20-2mm) whereas the normal law shows better fitting in the 

range of fines (<2mm) which corresponds to the soil like fraction.    

2.7.2. German MBT  

Figure 2-2 and Table 2-8 summarize the results obtained from the evaluation of the fractal 

model in German MBT. This model does not represent well the PSD of the sample either 

before nor after degradation.  

2.7.3. MSW  

Figure 2-3 and Table 2-9 summarize the results obtained from the evaluation of the fractal 

model in MSW. The model performs very well in the samples before and after degradation in 

the range 75 to 0.015 mm sieve size with coefficients of determinations    always greater than 

0.99 and NSE of 0.9625 and 0.9843 for the sample before and after degradation respectively.  
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Table 2-7 Statistical results from evaluation of Fractal model to PSDs of MBT UK before 

and after degradation 

 

 

 

 

 

 

 

 

 

 

 

 

Sieve size range (mm)                              

Fractal model fitting (linear 

regression)  

- 20-0.032 20-0.063 20-0.15 20-0.3

Sieve size range (mm)                                                        

Fractal model fitting (non-

linear scale)

20-0.032 - - - -

Slope - 2.0425 0.6305 0.5411 0.4857

D linear regression - - 2.3695 2.4589 2.5143

R
2

- 0.4506 0.9455 0.9732 0.9882

SumSq 0.0197 - - - -

D non linear regression 2.5354 - - - -

NSE 0.9816

Sieve size range (mm)                              

Fractal model fitting (linear 

regression)  

- 20-0.032 20-0.063 20-0.15 20-0.3

Sieve size range (mm)                                                        

Fractal model fitting (non-

linear scale)

20-0.032 - - - -

Slope - 2.1758 0.7049 0.6844 0.6731

D linear regression - - 2.2951 2.3156 2.3269

R
2

- 0.7418 0.9969 0.9980 0.9978

SumSq 0.0143 - - - -

D non linear regression 2.3771 - - - -

NSE 0.9871

0.9799

0.9832

UK MBT B4

UK MBT AF
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a. Fractal model fitting: 
UK MBT 20-0.032mm sieve sizes

B4: D linear=2.5143, D non linear=2.5354
AF: D linear=2.3269, D non linear=2.3771
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Figure 2-1 Fractal model fitting to PSDs of UK MBT before and after degradation. a. log-

linear scale, b. linear scale 20-0.032 mm, c. linear scale 20-0.3 mm. 
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Table 2-8 Statistical results from evaluation of Fractal model to PSDs of German MBT 

before and after degradation 

 

 

 

 

Sieve size range (mm)                              

Fractal model fitting (linear 

regression)  

75-0.032 - - - -

Sieve size range (mm)                                                        

Fractal model fitting (non-

linear scale)

- 75-0.032 75-0.063 75-0.15 75-0.30

Slope - 1.6266 0.6286 0.5824 0.5419

D linear regression - - 2.3714 2.4176 2.4581

r
2

- 0.4993 0.9586 0.9585 0.9550

SumSq 0.1589 - - - -

D non linear regression 2.6140 - - - -

NSE 0.9256

Sieve size range (mm)                              

Fractal model fitting (linear 

regression)  

75-0.032 - - - -

Sieve size range (mm)                                                        

Fractal model fitting (non-

linear scale)

- 75-0.032 75-0.063 75-0.15 75-0.30

Slope - 1.0379 0.5339 0.4894 0.4575

D linear regression - - 2.4661 2.5106 2.5425

r
2

- 0.5644 0.9636 0.9723 0.9746

SumSq 0.1027 - - - -

D non linear regression 2.6271 - - - -

NSE 0.9476

0.8659

0.9233

German MBT B4

German MBT AF
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a. Fractal model fitting: 
German MBT 75-0.032mm sieve sizes

B4: D linear =2.4581,D non linear=2.6140
AF: D linear=2.5425, D non linear=2.6270
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Figure 2-2 Fractal model fitting to PSDs of German MBT before and after degradation a. 

log-linear scale, b. linear scale 75-0.032 mm, c. linear scale 75-0.3 mm. 
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Table 2-9 Statistical results from evaluation of Fractal model to PSDs of MSW before and 

after degradation 

 

 

 

 

Sieve size range (mm)                              

Fractal model fitting (linear 

regression)  

75-0.032 - - - -

Sieve size range (mm)                                                        

Fractal model fitting (non-

linear scale)

- 75-0.032 75-0.063 75-0.015 75-0.30

Slope - 1.0204 0.5111 0.4518 0.4352

D linear regression - - 2.4889 2.5482 2.5648

r
2

- 0.5508 0.9585 0.9925 0.9944

SumSq 0.0641 - - - -

D non linear regression 2.5927 - - - -

NSE 0.9650

Sieve size range (mm)                              

Fractal model fitting (linear 

regression)  

75-0.032 - - - -

Sieve size range (mm)                                                        

Fractal model fitting (non-

linear scale)

- 75-0.032 75-0.063 75-0.015 75-0.30

Slope - 1.5147 0.4695 0.4412 0.4231

D linear regression - - 2.5304 2.5588 2.5769

r
2

- 0.3931 0.9845 0.9920 0.9950

SumSq 0.0137 - - - -

D non linear regression 2.5361 - - - -

NSE 0.9898

0.9625

0.9843

MSW B4

MSW AF
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a. Fractal model fitting: 
MSW 75-0.032mm sieve sizes

B4: D linear =2.5648,D non linear=2.5927
AF: D linear =2.5769, D non linear =2.5361
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Figure 2-3 Fractal model fitting to PSDs of MSW before and after degradation. a. log-linear 

scale, b. linear scale 75-0.032 mm, c. linear scale 75-0.3 mm. 
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2.8. Results: Rosin-Rammler model        

A third model was investigated. Results are summarised in Figure 2-4, Figure 2-5 and Figure 

2-6 and in Table 2-10, Table 2-11 and Table 2-12. They show the best performance for the 

entire range of particle size in German MBT.  

 

Table 2-10 Statistical results from evaluation of Rosin-Rammler model to PSDs of UK 

MBT before and after degradation 

 

 

 

Table 2-11 Statistical results from evaluation of Rosin-Rammler model to PSDs of German 

UK  before and after degradation 

 

 

Sieve size range (mm)                              

Rosin-Rammler fitting (linear 

regression)  

20-0.032 20-0.063 20-0.15 20-0.3

Slope 3.3122 0.9201 0.8113 0.7593

Intercept -4.2322 -1.5142 -1.3700 -1.2883

R
2

0.4317 0.9639 0.9843 0.9870

NSE - - - 0.9913

Sieve size range (mm)                              

Rosin-Rammler fitting (linear 

regression)  

20-0.032 20-0.063 20-0.15 20-0.3

Slope 2.1360 0.9420 0.9608 1.0063

Intercept -3.1828 -1.8260 -1.8510 -1.9224

R
2

0.5584 0.9761 0.9675 0.9617

NSE 0.9797

UK MBT B4

UK MBT AF 

Sieve size range (mm)                              

Rosin Ramler fitting (linear 

regression)  

75-0.032 75-0.063 75-0.15 75-0.032 75-0.063 75-0.15

Slope 1.9035 1.0395 1.0311 1.6531 0.8546 0.8301

Intercept -4.3480 -2.4240 -2.4036 -3.8255 -2.0472 -1.9882

R
2

0.5951 0.9922 0.9896 0.5651 0.9946 0.9957

NSE - 0.9964 - - 0.9961 -

German MBT B4 German MBT AF
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a. Rosin Ramler model fitting: 
UK MBT 20-0.032mm sieve sizes

B4: d'=5.4560,v= 0.7593
AF: d'= 6.9484, v= 0.9420
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Figure 2-4 RR model fitting to PSDs of UK MBT B4 and AF degradation for different sieve 

size ranges. a. log-linear scale, b. linear scale 20-0.032 mm, c. linear scale 20-0.063 mm. 
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a. Rosin-Rammler model fitting: 
German MBT 75-0.032mm sieve sizes

B4: d'= 10.2964,v= 1.0395
AF: d'= 10.9739, v= 0.8546
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Figure 2-5 RR model fitting to PSDs of German MBT B4 & AF degradat.for different sieve 

size ranges. a. log-linear scale, b. linear scale 75-0.032 mm, c. linear scale 75-0.063 mm.  
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a. Rosin Ramler model fitting: 
MSW 75-0.032mm sieve sizes

B4: d'= 8.6452,v= 0.8938
AF: d'= 19.9704, v= 0.6229
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Figure 2-6 RR model fitting to PSDs of MSW B4 & AF for different sieve size ranges. a. 

log-linear scale, b. linear scale 20-0.032 mm, c. linear scale 20-0.063 mm. 



 81 

Table 2-12 Statistical results from evaluation of Rosin Rammler model to PSDs of MSW   

before and after degradation  

 

2.9. Discussion     

A graphical comparison between the different models is summarised in Figure 2-7, Figure 2-8 

and Figure 2-9. In Table 2-14 a summary of the model parameters and     is presented.   

 

Table 2-13 Summary of the model parameters for the samples of solid waste investigated  

 

 

 

Table 2-13 illustrates the model parameters obtained for the samples of solid waste examined 

during this research. The table evidences the reduced number of parameters required to 

describe each of the models. For example, the normal and RR models require only two 

parameters for a full description, i.e. meanx
 
,
 
S  and d  ,   respectively. The fractal model 

requires only one parameter, the fractal dimension  . Notice that although Table 2-13 reports 

two parameters for the fractal model (i.e.   linear  and    non-linear ) the difference only refers to 

the two methods followed during the calculation (i.e. using the linear and the non-linear  

 

Sieve size range (mm)                              

Rosin Ramler fitting (linear 

regression)  

75-0.032 75-0.063 75-0.15 75-0.032 75-0.063 75-0.15

Slope 1.6915 0.8938 0.8556 1.4711 0.6229 0.5956

Intercept -3.7044 -1.9280 -1.8358 -3.7540 -1.8650 -1.7992

r
2

0.5720 0.9322 0.9098 0.476 0.9588 0.9477

NSE - 0.9058 - - 0.9539 -

MSW B4 MSW AF

Model Parameters linear   non-linear

UK MBT B4 3,1987 0,4861 5,4560 0,7593 2,5143 2,5354

UK MBT AF 5,0843 0,0799 6,9484 0,9420 2,3269 2,3771

German MBT B4 7,3085 0,1618 10,2964 1,0395 2,4581 2,6140

German MBT AF 7,0113 0,3193 10,9739 0,8546 2,5425 2,6270

MSW B4 9,0028 0,3516 8,6452 0,8938 2,5648 2,5927

MSW AF 12,0311 0,6578 19,9704 0,6229 2,5769 2,5361

Normal Rosin-Rammler Fractal 

meanx S  d 
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a. Comparison of models: 
UK MBT B4 20-0.032mm sieve sizes

Sieve size (mm)

20106.33.3521.180.60.30.150.0630.032

%
 M

a
s
s
 m

a
te

ri
a

l 
p

a
s
s
in

g
 s

ie
v
e

0
5

10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95

100

UK MBT B4 Data 

Normal law B4

Fractal model B4 

Rosin Rammler model B4

 

b. Comparison of models: 
UK MBT AF 20-0.032mm sieve sizes
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Figure 2-7 Comparison between different models to describe PSD in UK MBT. a. UK MBT 

before degradation, b. UK MBT after degradation. 
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a. Comparison of models : 
German MBT B4 75-0.032mm sieve sizes

Sieve size (mm)
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b. Comparison of models : 
German MBT AF 75-0.032mm sieve sizes
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Figure 2-8 Comparison between different models to describe PSD in German MBT. a. 

German MBT before degradation, b. German MBT after degradation. 
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a. Comparison of models: 
MSW B4 75-0.032mm sieve sizes

Sieve size (mm)
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b. Comparison of models: 
MSW AF 75-0.032mm sieve sizes

Sieve size (mm)
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Figure 2-9 Comparison between different models to describe PSD in MSW. a. MSW before 

degradation, b. MSW after degradation. 



 85 

model representation) but not to a different parameter. Some of the advantages of having a 

model are discussed. First, a full PSD (i.e. gpasy sin  or retainedy  ) can be generated having only 

the parameter (e.g. fractal) or parameters (e.g. normal or RR) and a relevant range of particle 

sizes (i.e. the x axis ). Furthermore, as the model provides an analytical expression for the 

PSD, there is not limitation to the amount of data generated and the spacing between the data 

selected in the x axis. With less spacing between points, calculations that use the PSD 

information (e.g. pore size distribution) could experience an increased accuracy resulting 

from having a more detailed system description. An example on the potential use of PSD 

mathematical models for the estimation of the pore geometry and K  is presented in  Chapter 

6, where the methodology proposed by White and Beaven (2008) was applied. Data 

presented in Table 2-13 include the results obtained for all the models evaluated, but it does 

not indicate what the most appropriate model is for each of the samples investigated. This is 

information that can be deduced from the comparison between the coefficients of the 

determination    presented in Table 2-14.    

 

Table 2-14 Summary of the coefficients of determination R2  from linear regressions in the 

entire sieve size range     

 

 

Table 2-14 shows how well the PSD of the samples of waste studied fit to each of the three 

mathematical models examined. The    reported correspond to data obtained when the 

model was plotted in the linear form. The higher the    , the better the fit and the better the 

model represents the PSD.  

 

Normal Rosin-Rammler Fractal 

UK MBT B4 0,9701 0,9639 0,9455

UK MBT AF 0,8483 0,9761 0,9969

German MBT B4 0,9110 0,9922 0,9586

German MBT AF 0,9363 0,9946 0,9636

MSW B4 0,8112 0,9322 0,9585

MSW AF 0,8812 0,9588 0,9845
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The highest    for the sample of German MBT found with the Rosin-Rammler model was 

0.9922 and 0.9946 for the sample before and after degradation respectively. The    for the 

sample of German MBT using the log-normal and fractal models were lower than those with 

RR model, suggesting that the PSD of the sample of German MBT is better represented with 

the RR model.  

 

The highest    for the UK MBT sample, 0.9701 and 0.9969, were found with the log-normal 

and fractal models for the specimens before and after degradation respectively. These results 

indicate that the PSD of the sample of UK MBT is well described with a log-normal 

distribution when the material it is just received from the facility, and with a fractal model 

once it goes through a further process of anaerobic degradation. Unlike for the German MBT, 

data for    with the RR model were comparatively smaller which indicates that RR is a less 

appropriated model to describe the PSD of the UK MBT sample. 

 

In the case of the sample of MSW, the highest results of    of 0.9585 and 0.9845 for the  

sample before and after degradation respectively, were found with the fractal model. Results 

of    with the other two models, i.e. log normal and RR, were smaller. This   indicates that 

the fractal model is an appropriated model to describe the PSD of the sample of MSW.  

 

A compilation of Table 2-13 and Table 2-14 is presented in Table 2-15 were the parameters for 

the model with the best fit and the coefficients of determination are presented. The RR was 

shown as the best option to represent the PSD of the sample of German MBT whilst the 

fractal model for the UK MBT and MSW. It is worthy to emphasise the convenience of using 

one single type of model to describe the changes in the PSD with degradation of one sample. 

This simplifies the calculations: the mathematical expressions that describe the model can be 

kept intact and only variation in the numerical value(s) of the model parameter(s) is required. 

This was considered in the construction of Table 2-15, especially for the UK MBT B4. 

Although the    found with the normal model was the highest, the    with the fractal model 

was still reasonable high and >0.94 to suggest the fractal model as a rational alternative to 
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represent the PSD of the UK MBT B4. For unification purposes, for those samples where the 

fractal model had the best fit, the fractal dimension   reported in Table 2-15 was the value 

found with the regression using for the non-linear system. The coefficient NSE was in all 

cases slightly higher than that found with the regression in the linear system. 

 

Table 2-15 Summary of the coefficients of determination R2  from linear regressions in the 

entire sieve size range     

 

 

 

The results reported along sections 2.4 to 2.9 suggest that the PSD of the waste samples 

studied can be described using standard mathematical models. The type of model that best 

suits a data set would depend on the waste nature. For example, during this research the log-

normal law described reasonably well the PSD of all the samples but only over a restricted 

particle size range (<6.3 mm) which corresponds to the soil like fraction. This is consistent 

with what is seen in many soils and sediments with their PSDs following the log-normal law. 

This has been explained as the result of natural processes working over long periods of time, 

e.g. weathering, transportation and  deposition (Krumbein, 1938a). Hence, it is not surprising 

to find that the PSD of the soil like fraction of waste samples can be well described with the 

log-normal equation.  

 

The Rosin-Rammler model performed well over the entire range of PSD of the German MBT 

sample both before and after degradation. The German MBT sample corresponds to a highly 

pre-treated waste produced by a multistep process of mechanical, aerobic and anaerobic 

Model Parameters R
2

R
2

  

UK MBT B4 0,9455 2,5354

UK MBT AF 0,9969 2,3771

German MBT B4 0,9922 10,2964 1,0395

German MBT AF 0,9946 10,9739 0,8546

MSW B4 0,9585 2,5927

MSW AF 0,9845 2,5361

Rosin-Rammler Fractal 

 d 
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degradation.  In experiments carried out by Siddiqui (2011), the German MBT sample 

showed a comparatively low gas production level during the anaerobic degradation in the 

CAR, which is consistent with its stable nature. In the industry of particulate materials, the 

RR model is frequently used to describe the PSD of processed materials such as coal, powder, 

and particulate substances (Herdan, 1960, BS ISO 9276-3, 2008). As the nature of the German 

MBT sample is consistent with a well processed material, it is reasonable to have its PSD well 

described with the RR model. 

 

The fractal model worked well describing the PSD of UK MBT and MSW samples before and 

after degradation. These results could have some important implications in our 

understanding of the structure of waste and in the kinetics followed during the 

biodegradation process. Firstly, a successful representation of the PSD of a waste material 

using a fractal model indicates that the property of particle size is fractal, the material has a 

fractal dimension and can be therefore described as a fractal (Mandelbrot, 1982, Turcotte 

1986). The results here presented suggest that the PSDs of the samples of UK MBT and MSW 

can be described with the fractal model and consequently the samples can be described as 

fractals.  

 

Klymko and Kopelman (1982) and Kopelman (1988) experimentally studied diffusion limited 

reactions in fractal objects and concluded that reaction in such media are likely to follow a 

fractal like reaction kinetics. That may be the case during the degradation experienced in the 

CARs by UK MBT and MSW samples and would imply a reaction rate coefficient that varies 

with time. Further support for this argument is provided by the inclusion in many LFG 

generation models (Landfill Gas Generation Models), including GasSIM, of more than one 

first order decay constant. GasSIM includes three organic fractions, considered to degrade 

rapidly, moderately and slowly, each with its own degradation constant. In other words 

many existing first order models already include the central assumption of fractal kinetics of 

some variation in reaction rate coefficient with time.   
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The nature of both UK MBT and MSW samples corresponds with a heterogeneous fractal 

material, i.e. diverse materials and sizes, that undergoes a heterogeneous reaction, i.e. 

intensive anaerobic degradation in the CARs with comparatively significant gas production 

(Siddiqui, 2011, Ivanova, 2007). As the focus of this research was not the study of the 

biodegradation kinetics, data on this matter was not collected to test the hypothesis. 

However, previous experiences with fractal kinetics from Meraz (2004) in solid wastes, and 

from Xu and Ding (2007), Wang and Feng (2010) and Wang et al. (2011) in the bioenzymatic 

saccharification of cellulose give a good indication that the hypothesis of fractal kinetics in 

solid wastes is reasonable. Future research on fractal kinetics in solid wastes could include 

data from the investigations by Siddiqui (2011) and Ivanova (2007) on the biodegradation and 

settlement of UK MBT and MSW respectively.  

 

The case for German MBT may be different as the specimen cannot be considered as a fractal. 

Experimental studies on fractal like degradation kinetics in non-fractal objects are  scarce. 

Kopelman (1988) hypothesises that diffusion limited reactions in non fractal heterogeneous 

objects could follow a fractal like kinetics. However, in the absence of experiments on fractal 

like kinetics using heterogeneous non-fractal objects, it is still uncertain whether they will 

follow a fractal like kinetics. Data collected during this research is limited to the changes 

experienced by the specimens studied whilst in the CAR. During the time in the CAR, the 

specimen of German MBT did not experience much degradation as it was received as a 

highly degraded waste type. This is backed up by the low mass lost and methane production 

observed (Siddiqui, 2011). The PSDs of the specimens of German MBT B4 and AF are in 

essence the same and possibly reflect the nature of the treatment process (i.e. mechanical, 

anaerobic and aerobic) experienced by the residue before being received. The model that best 

fitted the data was the RR which was developed to describe mechanically processed 

materials. There are no data on the PSD of the waste prior to being subjected to the German 

MBT process, but it is possible to speculate that it may also have fitted a fractal distribution. 

The German MBT treatment process would have contained both mechanical and degradation 

processes, and it is possible that the degradation, if studied in isolation, may also have 
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exhibited tendencies towards fractal degradation.  However, this is rather speculative, but 

what can be said is that it appears that the mechanical process may have been the step having 

the major impact on the distribution of particles size and, the other two stages (i.e. anaerobic 

and aerobic degradation) may have been steps having only a secondary impact on the PSD.  

 

The results presented along the chapter also indicate that the UK MBT and MSW samples 

once degraded showed a general increase in the size of the particles. This was evidenced by 

the right shift of the PSDs and by the statistical analyses. An increase in the size of the 

particles might be an indication of a degradation mechanism where the readily degradable 

and smaller particles were preferred over the inert coarser materials. This is consistent with a 

fractal-like degradation. The molecules of readily degradable materials are favoured for 

solubilisation and transportation to the liquid phase where degradation occurs. The inert 

coarse materials have a tendency to remain in the sample as the solubilisation and 

transportation to the liquid phase of their organic matter is more difficult. The presence of 

coarse inert materials (e.g. plastics) increases the heterogeneity of the medium and promotes 

the presence of heterogeneous reactions. With the smaller readily degradable particles 

degraded and the inert coarse particles intact, an overall increase in particle size could be 

expected. Further evidence to stress this hypothesis is presented in Chapter 3 where the 

material characterisation shows a general increase of the inert materials with degradation.   

Analysis of alternative mechanisms to explain the overall increase in particle size follows. 

During degradation wet conditions could promote bio-film growth, favour particles binding 

and clustering and therefore agglomeration. Two conditions would be an indication of 

agglomeration. Change in the appearance of waste particles yet negligible modification in the 

material composition. If only agglomeration causes the increase in particle size, degradation 

would take place uniformly across the waste body and independently of the particle 

composition. In these conditions the overall composition should not see important changes. 

The evidence gathered during the material characterisation discussed in Chapter 3 does not 

favour agglomeration. Particle appearance was visually assessed without finding evidence of 

bio-film growth or particle binding. Material composition showed that inert and slowly 
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degradable materials (e.g. plastics, glass, textiles and paper according to Meraz et al. (2004)) 

constitute the coarser fractions whereas soil like components the finer. After degradation, 

composition was found richer in inert and slowly degradable materials. This indicates that 

soil like components with high content of readily biodegradable organic matter were easier to 

solubilise than synthetic materials composed by longer organic chains less accessible to 

anaerobic microorganisms.   

 

Movement of fine particles is another option that could explain the overall increase in particle 

size with degradation. Degradation in CARs was carried out under continuous leachate 

recirculation. Liquid transportation could favour mobilisation of the finer particles in the 

bottom to the top direction. This would create an overall increase in the particle size at the 

bottom with a complementary decrease in the overall particle size at the top. UK MBT after 

degradation sampled from the bottom of the waste body showed an increase in the particle 

size which agrees with the possibility of fines mobilisation. However, German MBT sampled 

from the top did not show any changes in the particle size indicating un-significant fines re-

location. This evidence does not suggest the re-location as the mechanism producing the 

increase in particle size.  

2.10. Summary      

The use of standard models to simplify the description of particle size in solid waste was 

proved feasible.  

 

The application of three different models, i.e. Normal, Rosin-Rammler and Fractal, of 

relevance for particulate materials was explored during this study. The method followed for 

the selection of a PSD was based on the mathematical comparison between the experimental 

and modelled data. Modelled data was obtained once the model parameters were calculated 

following the minimal square root method. The data sets were represented graphically in 

both the linear and non-linear representations. The goodness of fit of each model was 

evaluated using two types of coefficients, i.e.      NSE  for the linear and non-linear 
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representations respectively. The model with the best fit was that with the coefficients closer 

to the unit.   

 

Some of the advantages of having a model to describe the PSD of a sample of waste were 

discussed. A full PSD can be generated with only the model parameter (e.g. fractal) or 

parameters (e.g. normal or RR). As a model provides an analytical expression to describe the 

PSD, there is not limitation to the amount of data generated and the spacing. The calculations 

that use the PSD information (e.g. pore size distribution, permeability) can be performed with 

an increased accuracy. This could result in a better estimation of properties such as the 

hydraulic conductivity and have therefore a positive impact in the existing landfill macro 

scale models. A further advantage is the possibility to model the changes with 

biodegradation in the PSD and in properties such as permeability with only adjusting the 

numerical value(s) of the model parameter(s). 

 

During this study it was also shown that the nature and story of the waste investigated has 

an influence on the type of model that best describes its PSD. For example, the Rosin-

Rammler model described well the PSD of the German MBT sample, which is a stable 

material produced in a controlled treatment process of sequential mechanical, aerobic and 

anaerobic degradation. This could be an indication that in terms of particle size, the pre-

treatment process experienced for the German MBT sample followed a mechanism similar to 

those during grinding and crushing of powders and particulate materials which PSDs are 

traditionally well described with the RR model.   

 

The three specimens of solid waste studied have a heterogeneous nature. According to theory 

on fractal reaction kinetics, a heterogeneous system will experience a fractal like kinetics 

mechanism during a diffusion controlling reaction. Therefore, degradation of any of the 

specimens is expected to follow a fractal like kinetics mechanism. However, experiments on 

fractal kinetics have been mainly carried out on fractal objects whilst the behavior of non-

fractal objects during diffusion controlled reactions is a subject of investigation. Only two of 
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the specimens (i.e. UK MBT and MSW) can be considered as fractals as their PSDs were well 

explained with the fractal model. UK MBT and MSW were received in less degraded 

conditions than the German MBT specimen, experienced significant degradation during their 

time inside the CAR as well as changes in their PSDs with an overall increase in the particle 

size. Degradation in UK MBT and MSW specimens is therefore expected to have followed 

fractal reaction kinetics.  

 

The German MBT was received as a more stable specimen and did not experience any 

significant degradation during the time in the CAR, therefore it is not possible to speak about 

fractal reaction kinetics for this specimen during that period. However, as the specimen 

underwent pretreatment which included mechanical, aerobic and anaerobic degradation, the 

degradation could have followed a fractal like kinetics. Yet, the degradation was possibly not 

the step controlling the final particle size distribution. The general appearance of the PSD 

fitted by the RR model suggests that the mechanical treatment could have been the step 

during treatment having the highest influence on the particle size.   

 

Fractal kinetics was developed (Kopelman, 1988) and has been successfully applied during 

the last decades to explain reactions in heterogeneous media (Kopelman, 1988, Meraz et al., 

2004, Wang and Feng, 2010, Wang et al., 2011, Xu and Ding, 2007) that includes the 

biodegradation of solid wastes (Meraz et al., 2004). The heterogeneous nature in solid wastes 

could be indicating that the anaerobic degradation processes will follow a fractal like 

mechanism. This is a hypothesis that needs more research but that is backed up by theory 

and evidence in other biodegradable systems. A scale up of the applicability of fractal kinetics 

in solid wastes to more types of solid wastes could offer a rational alternative to incorporate 

the heterogeneous structure of solid wastes into landfill modelling. 

 

The study presented along this chapter indicates a tendency towards the increase in particle 

size with degradation. This is in opposition to results from investigations by White and 

Beaven (2008) and Rezanezhad et al. (2010). White and Beaven (2008) indicated that during 
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solid waste landfilling and as the result of biodegradation and crushing, coarser particles 

break into smaller fragments and consequently the overall particle size is decreased. Similar 

arguments had been drawn for decomposing peat by Rezanezhad et al. (2010).  The results 

obtained during this study suggest that landfilled solid wastes could experience structural 

changes with degradation and an overall increase in particle size. The magnitude of such 

changes would depend on the material initial state of degradation and treatment history. 

Well degraded MBTs residues could face smaller changes than those in raw MSW and low or 

intermediated degraded MBTs.  
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3. The nature of particle shape in 

solid waste  
Chapter 1 discussed the need to study the structure of a porous material from the particle to 

the packed bed level. Particle size and particle shape were selected as the properties at the 

particle level for investigation during the research presented in this thesis. Chapter 2 focused 

in the study of particle size and examined the important role that particle size and particle 

shape play in the flow of fluids through porous media. The following chapter discusses a 

method to describe waste particle shape and applies this methodology to the samples of UK 

MBT, German MBT and MSW described in Chapter 2.  

Some aspects of the results obtained during this research have previously been presented as a 

framework to describe solid waste using particle shape and applying it to the samples of UK 

MBT and German MBT prior to degradation (Velkushanova et al., 2009). This chapter extends 

this framework to samples of  MBT and MSW waste after degradation. Research highlighting 

the relevance and importance of particle shape in influencing the flow of fluids through 

landfilled waste is also presented.   

Providing a description of particle shape in waste is not a straight forward task. 

Heterogeneity of the particles in solid waste creates difficulties in describing particle shape 

using the conventional descriptors used for spherical particles in soils, i.e. sphericity, 

roundness and smoothness (Santamarina and Cho, 2004). Acknowledging this, Kölsch (1995) 

proposed an alternative system to describe particle shape in solid waste based on the 

particle’s dimensionality as:  

 Dimension 0 (0D) - grains  

 Dimension 1 (1D) – fibres, sticks or strings  

 Dimension 2 (2D) – foils and sheets , and 

 Dimension 3 (3D) – boxes  
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Dixon and Langer (2006) used the dimensionality defined by Kölsch (1995) and developed a 

comprehensive characterisation framework for solid wastes. Particle shape is used to classify 

materials according to their mechanical behaviour into:  

 Reinforcing- 1D and 2D particles, e.g. plastic bags, sheets of paper, etc 

 Compressible- 3D particles, e.g. putrescibles, plastic packing, beverage cans, etc  

 Incompressible – bulky 3D particles, e.g. bricks  

Velkushanova et al. (2009) employed dimensionality definitions and particle classifications 

according to their potential to alter flow paths and fluid flow. A conceptual model proposed 

by Xie et al. (2006) and referred as to the thin sheet model was applied. Xie et al. (2006) model 

argues that horizontally or semi-horizontally aligned impermeable plastic fragments 

embedded in waste materials, may either impede fluid flow or allow pooling of water. The 

greater the number and size of the plastic fragments, the greater their influence on hydraulic 

conductivity. Accordingly, Velkushanova et al. (2009) defined four types of particles 

(represented in Figure 3-1): 

 Matrix comprising grains which are 0D particles with each dimension less than a 

certain minimum significant length. Solid waste may be considered to be a general 

matrix of particles into which other particles are embedded that can change its flow 

properties. For raw MSW, Kölsch (1995) chose the minimum significant dimension 

such that particles smaller than 8 mm are considered as 0D.  

 One-dimensional 1D: fibres, sticks or strings. One dimension is long relative to the 

typical particle dimension. These particles do not influence fluid flow and are neutral 

in terms of flow.  

 Two-dimensional 2D: sheets or foils. These particles are flat, with two long 

dimensions and one short. They may act as elements that divert or impede fluid flow 

depending on the material from which they are formed. Impermeable materials such 

as plastics and metals will tend to divert flow across their area, whereas more 
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permeable materials such as textiles and perhaps paper and card may impede rather 

than divert the flow. 

 Three-dimensional 3D: bulky materials. These particles are rotund, with all three 

dimensions greater than the minimum significant value.  They may act to impede 

fluid flow, or they may enable preferential flow, depending on the material from 

which they are made, their size relative to the matrix, shape and their packing 

geometry (Bouwer and Rice, 1984). These two effects are contradictory, and probably 

compensatory. Therefore, it was argued that they can be considered to have a neutral 

effect on fluid flow.   

The model proposed by Xie et al. (2006) was tested in clay modified with 1% by mass of 

horizontally placed PVC garbage bags of  4x4 and 8x8 cm size.  They found the hydraulic 

conductivity halved with the intrusion of 4 cm pieces and reduced to one third with the 

addition of 8 cm pieces. Xie et al. (2006) also measured the hydraulic conductivity of MBT 

waste samples and sieved fractions and compared the experimental results with estimations 

using the Hazen (1911) equation (Equation 2-3  with d =  d 10). The comparison showed that 

the experimental hydraulic conductivities were at least four orders of magnitude smaller than 

the estimations, suggesting that not only the fine fraction plays a role in the hydraulic 

conductivity but also the presence of plastic fragments. The coarser sieved fractions for 

example, rendered in some cases, lower hydraulic conductivities than those composed of 

finer material. This may be explained by the fact that thin plastic sheets are difficult to tear 

into small pieces, and that coarser fractions are likely to contain higher quantities of plastics 

that can prolong flow paths and decrease the hydraulic conductivity.  
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3.1. Methods  

Material characterisation was performed in the specimens of UK MBT, German MBT and 

MSW before and after degradation which were described in Chapter 2. The  characterisation 

was carried out through visual assessment of each of the sieved fractions and was therefore a 

highly time consuming task. The stack of 200 mm diameter sieves (BS 1377-2, 1990) used and 

described in Chapter 2 imposed a limitation in the maximum amount of material to be sieved 

in each one batch to 915g.  An alternative sieving method was considered to speed up the 

separation process of larger quantities of materials and reduce the number of sieved fractions. 

A stack of sieves >20 mm, 20-12 mm, 12-7 mm, 7-5 mm and <5 mm with 450mm diameter able 

to sieve up to 35.5 kg  was selected for this purpose.  

Each size fraction was manually sorted into the following material categories: flexible 

plastics, stiff plastics, textiles, glass, ceramics, stones, metals, paper, wood, bones, rubber, and 

unidentified. Materials were classified as unidentified when it was not possible to visually 

decide its composition, either because of their size (i.e. the case for 0D < 5 mm particles) or 

because they were composed of agglomerates. Additional categories of yard waste, 

combustible and food were included for the MSW specimen. These categories are similar to 

those suggested by some authors , e.g. Dixon and Langer (2006) but differ from the groups 

described by others, e.g. Landva and Clark (1990), Grisolia (1995) and Kölsch (1995). They 

Diverting particles: 
impermeable materials

(plastics,glass)

Impeding particles: 
permeable materials (paper, 

textiles,wood)

Inlet fluid flow paths

Diverted-fluid flow paths

Impeded-fluid flow paths

Diverting particles: 
impermeable materials

(plastics,glass)

Impeding particles: 
permeable materials (paper, 

textiles,wood)

Inlet fluid flow paths

Diverted-fluid flow paths

Impeded-fluid flow paths

Figure 3-1 Conceptual model to explain flow through landfilled waste (Adapted from 

thin sheet model –Xie et al., 2006) 
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were partly selected because of the need for categories to be amenable to identification by 

visual inspection, although the smaller particle size inherent to MBT wastes makes this more 

difficult than for raw MSW. This is evident as over 50% of the material (by mass) was placed 

in the ‘unidentified’ categories for both the UK and the German MBT waste samples.  

MSW AF was sieved through a 200 mm diameter stack of sieves (in the range 75-10 mm) 

since the amount of sample available was limited to 2 kg; whilst UK MBT AF was sieved only 

through a 5mm sieve. The information gathered in both cases was sufficient to examine the 

changes occurring in material composition with degradation.  

It was considered relevant to assess the significance of the differences in material composition 

between the samples before and after degradation. For that, it was necessary to understand 

the magnitude of the experimental errors associated with material classification in solid 

wastes. Then, variations in material composition of greater magnitude could be explained as 

differences in nature between samples. Ideally, each specimen should be studied by duplicate 

and the variations between the two analyses calculated and reported as experimental errors. 

However, there were restrictions imposed by the time scale and by the quantity of the 

samples of waste available for this research which made not possible to run a duplicate 

material classification. Alternatively, literature sources were searched to identify studies that 

had quantified the magnitude of the experimental errors expected during material 

classification in waste materials. It was not possible to identify studies where a specimen had 

been analysed several times and results reported. However, the results of a comprehensive 

waste sampling programme across the US, reported in ASTM D 5231-92 9 (2008)-Table 3, give 

an indication of the magnitude of the variations in material composition expected when 

sampling, sorting and visually assessing solid wastes. Those variances however could also 

include seasonal differences, although this was not clearly stated in the standard. 

Nevertheless, the data reported in the ASTM standard was the most appropriate information 

available for the analysis of significance required. The information was used as an estimation 

of the experimental variations during the material characterisation of solid wastes and 

variations of greater magnitude than those reported in ASTM D 5231-92 9 (2008)-Table 3 
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indicate that they exceeded the magnitude of seasonal and experimental variations and could 

be therefore explained by differences in the nature between samples.   

Table 3-1 summarises the standard deviations (SDs) reported in ASTM D 5231-92 9 (2008)-

Table 3. The magnitude of the SDs corresponds to the error bars in Figures 3-2, 3-3 and 3-4. 

They were used for graphic comparisons of the material content in the  specimens before and 

after degradation. The experimental material content measured in the specimen before and 

after degradation is represented as the mean values. Then, when the composition after 

degradation lies inside the error bar, the difference can be regarded as insignificant as it can 

be explained by the experimental errors. Whereas when it lies inside the error bar, the 

difference can be regarded as significant and can be explained by differences in the nature 

between the specimens.  

Data gathered during material characterisation was used to classify the particle shape of the 

specimens investigated according to their dimensionality and their potential to affect flow 

following the criteria developed by Velkushanova et al. (2009). Criteria for the classification 

of particle shape are summarised in Tables 3-2, 3-3 and 3-5. In all cases, the dimensionality 

was assessed by visual inspection of each material fraction. 
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Table 3-1 Values of Standard Deviation(s) estimated from field data during solid waste 

sampling programme at several locations around the United States  (Adapted from ASTM 

D 5231-92,2008-Table 3) 

 

 

Table 3-2 Breakdown by the dominant dimensions of the materials found in the UK MBT 

sample 

 

 

Materials
Standard 

deviation (%)

Category in ASTM D 

5231-92, 2008 -Table 3

Flexible Plastic 3.0% Plastic

Rigid Plastic 3.0% Plastic

Textiles 6.0%

Other organics: textiles, 

diapers, rubber

Glass 5.0% Glass

Ceramics 3.0% Other inorganics

Stones 3.0% Other inorganics

Metals 0.4% Aluminum

Paper/Cardboard 6.5%

Average between 

newsprint (0.07) and 

corrugated (0.06)

Wood 6.0% Wood

Bones 3.0% Other inorganics

Rubber 6.0%

Other organics: textiles, 

diapers, rubber

Yard waste 14.0% Yard waste

Combustible 6.0% Other organics

Food 3.0% Food waste

Unidentified 14.0% Yard waste

Materials Dim.

Potential to 

block flow Dim.

Potential to 

block flow Dim.

Potential to 

block flow Dim.

Potential to 

block flow Dim.

Potenti

al to 

block 

flow

Flexible Plastic 2D Diverting 2D Diverting 2D Diverting 2D Diverting
Rigid Plastic 3D neutral 2D Diverting 2D Diverting 2D Diverting
Textiles 2D Impeding 2D Impeding 2D Impeding 2D Impeding
Glass 2D Diverting 2D Diverting 2D Diverting 2D Diverting
Ceramics 3D neutral 3D neutral 3D neutral 3D neutral
Stones 3D neutral 3D neutral 3D neutral 3D neutral
Metals 2D Diverting 2D Diverting 2D Diverting 2D Diverting
Paper/Cardboard 2D Impeding 2D Impeding 2D Impeding 2D Impeding
Wood 1D neutral 1D neutral 1D neutral
Bones 3D neutral 3D neutral 3D neutral
Rubber 3D neutral 3D neutral 3D neutral
Unidentified 3D neutral 3D neutral 3D neutral 3D neutral OD Matrix

Sieve size (mm)

>20 20-12 12-7 7-5 <5
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Table 3-3 Breakdown by the dominant dimensions of the materials found in the German 

MBT sample 

 

 

 

3.2. Results   

3.2.1. Material characterisation    

Results from the material characterisation are summarised in Table 3-4 and Figure 3-2 for UK 

MBT, Table 3-6 and Figure 3-3 for MSW, and Table 3-7 and Figure 3-4 for German MBT. The 

results were also corrected to account for the mass losses during the degradation process as 

reported by Ivanova (2007) and Siddiqui (2011) for the MSW and  MBT specimens 

respectively. A material category labelled as fraction lost represents the change in mass with 

degradation, and the sum of the remaining components (e.g. 0.03 to 75 mm) the mass staying 

after the degradation. This calculation gives a further indication of the material composition 

of the specimen after degradation just before the degraded fraction is released.  

 

 

 

Materials Dim.

Potential to 

block flow Dim.

Potential to 

block flow Dim.

Potential to 

block flow Dim.

Potential to 

block flow Dim.

Potential to 

block flow

Flexible Plastic 2D Diverting 2D Diverting 2D Diverting 1D neutral
Rigid Plastic 3D neutral 2D Diverting 2D Diverting 2D Diverting
Textiles 2D Impeding 1D neutral 1D neutral 1D neutral
Glass 2D Diverting 2D Diverting 2D Diverting 2D Diverting
Ceramics 3D neutral 3D neutral 3D neutral 3D neutral
Stones 3D neutral 3D neutral 3D neutral 3D neutral
Metals 2D Diverting 2D Diverting 2D Diverting 2D Diverting
Paper/Cardboard 2D Impeding 2D Impeding 2D Impeding 2D Impeding
Wood 3D neutral 1D neutral 1D neutral 1D neutral
Bones 3D neutral 3D neutral 3D neutral 3D neutral
Rubber 3D neutral 3D neutral 3D neutral 3D neutral
Unidentified 3D neutral 3D neutral 3D neutral 3D neutral OD Matrix

Sieve size (mm)

>20 20-12 12-7 7-5 <5
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Table 3-4 Composition of UK MBT waste specimen by material type. For comparative 

purposes results obtained before and after degradation are presented. The column After 

with Lost considers a mass loss of 6.45% reported by Siddiqui (2011) 

 

 

> 20 mm 20-12 mm 12-7 mm 7-5 mm <5 mm

B4 B4 B4 B4 B4 B4

After no 

lost

After with 

lost

Flexible Plastic 0.14% 2.87% 1.18% 0.38% 0.00% 4.57% 9.00% 8.42%

Rigid Plastic 0.16% 2.69% 2.67% 0.75% 0.00% 6.27% 11.00% 10.29%

Textiles 0.07% 0.89% 0.22% 0.15% 0.00% 1.33% 1.40% 1.31%

Glass 0.01% 7.70% 12.03% 3.02% 0.00% 22.77% 23.50% 21.98%

Ceramics 0.00% 1.07% 1.23% 0.00% 0.00% 2.29% 2.40% 2.25%

Stones 0.00% 0.81% 0.78% 0.15% 0.00% 1.73% 0.50% 0.47%

Metals 0.00% 0.19% 0.23% 0.07% 0.00% 0.49% 0.04% 0.04%

Paper/Cardboard 0.01% 0.16% 0.22% 0.04% 0.00% 0.43% 0.39% 0.36%

Wood 0.00% 0.49% 0.74% 0.34% 0.00% 1.57% 1.50% 1.40%

Bones 0.00% 0.12% 0.12% 0.00% 0.00% 0.25% 0.02% 0.02%

Rubber 0.00% 0.10% 0.08% 0.01% 0.00% 0.18% 0.09% 0.08%

Unidentified 0.39% 8.01% 8.80% 11.74% 29.15% 58.10% 50.16% 46.92%

Fraction lost - - - - - - - 6.45%

Total 0.80% 25.10% 28.30% 16.66% 29.15% 100.00% 100.00% 100.00%

Unidentified material after degradation corresponds to 35.15% < 5mm and 15.01% > 5mm

Materials

Total

Sieve size
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Table 3-5 Breakdown by the dominant dimensions of the materials found in the MSW sample 

 

 

Materials Dim.

Potential to 

block flow Dim.

Potential to 

block flow Dim.

Potential to 

block flow Dim.

Potential to 

block flow Dim.

Potential to 

block flow Dim.

Potenti

al to 

block 

flow

Flexible Plastic 2D Diverting 2D Diverting 2D Diverting 2D Diverting 2D Diverting
Rigid Plastic 3D neutral 2D Diverting 2D Diverting 2D Diverting 2D Diverting
Textiles 2D Diverting 1D neutral 1D neutral 1D neutral 1D neutral
Glass 2D Diverting 2D Diverting 2D Diverting 2D Diverting 2D Diverting
Metals 2D Diverting 2D Diverting 2D Diverting 2D Diverting 2D Diverting
Paper/Cardboard 2D Impeding 2D Impeding 2D Impeding 2D Impeding 2D Impeding
Wood 3D neutral 1D neutral 1D neutral 1D neutral 1D neutral
Yard waste 3D neutral 3D neutral 3D neutral 3D neutral 3D neutral
Combustible 3D neutral 3D neutral 3D neutral 3D neutral 3D neutral
Food 3D neutral 3D neutral 3D neutral 3D neutral 3D neutral
Unidentified 3D neutral 3D neutral 3D neutral 3D neutral 3D neutral OD Matrix

Sieve size (mm)

>75 75-63 63-37.5 37.5-20 <1020-10
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Table 3-6 Composition of MSW waste specimen by material type. For comparative 

purposes results obtained before and after degradation are presented. The column After 

with Lost considers a mass loss of  24.52% reported by (Ivanova)(2007) 

 

 

Figure 3-2 Composition of UK MBT waste sample by material type 

Materials B4

After no 

lost

After with 

lost

Paper 27.34% 21.46% 16.20%

Yard waste 18.40% 3.38% 2.55%

Unidentified 13.32% 28.82% 21.75%

Flexible Plastics 10.16% 13.44% 10.15%

Rigid Plastics 9.87% 14.91% 11.25%

Metals 6.78% 0.15% 0.12%

Wood 3.19% 3.81% 2.87%

Textiles 3.08% 6.62% 5.00%

Combustible                   2.96% 0.83% 0.63%

Glass 2.63% 6.42% 4.84%

Food 2.27% 0.16% 0.12%

Fraction Lost 0.00% 0.00% 24.52%

TOTAL 100.00% 100.00% 100.00%
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Figure 3-3 Composition of MSW waste sample by material type 

 

Figure 3-4 Composition of German MBT waste sample by material type 
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A graphical comparison of the materials composition between specimens before degradation 

is presented in Figure 3-7. 

 

 

Figure 3-5 Comparison of materials composition in UK MBT and German MBT in the >20 

mm and 20-12 mm fractions 
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Figure 3-6 Comparison of materials composition in UK MBT and German MBT in the 12-7 

mm and 7-5 mm fractions 
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Figure 3-7 Comparison of the total materials composition in UK MBT, German MBT and 

MSW 
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Table 3-7 Composition of German MBT waste sample by material type. For comparative purposes results obtained before and 

after degradation are presented. The column After with Lost considers a mass loss of 2.73% reported by Siddiqui (2011) 

 

 

 

 

Materials B4

After-no 

lost

After 

with 

lost B4

After 

no lost

After 

with 

lost B4

After no 

lost

After 

with 

lost B4

After no 

lost

After 

with 

lost B4

After no 

lost

After 

with 

lost B4

After no 

lost

After with 

lost

Flexible Plastic 1.42% 1.68% 1.63% 0.32% 0.50% 0.49% 0.37% 0.73% 0.71% 0.29% 0.24% 0.23% 0.00% 0.00% 0.00% 2.41% 3.14% 3.06%

Rigid Plastic 3.26% 4.42% 4.30% 1.20% 1.20% 1.17% 0.94% 3.02% 2.94% 0.51% 0.78% 0.76% 0.00% 0.00% 0.00% 5.90% 9.43% 9.17%

Textiles 0.47% 0.37% 0.36% 0.05% 0.14% 0.14% 0.07% 0.10% 0.10% 0.03% 0.03% 0.02% 0.00% 0.00% 0.00% 0.62% 0.64% 0.62%

Glass 4.33% 4.91% 4.78% 7.76% 3.18% 3.09% 8.49% 11.84% 11.52% 3.78% 5.40% 5.26% 0.00% 0.00% 0.00% 24.36% 25.33% 24.64%

Ceramics 2.19% 4.36% 4.24% 1.34% 1.15% 1.12% 0.60% 1.06% 1.03% 0.12% 0.08% 0.08% 0.00% 0.00% 0.00% 4.26% 6.65% 6.47%

Stones 2.58% 1.54% 1.50% 0.08% 0.17% 0.17% 0.31% 1.83% 1.78% 0.20% 0.35% 0.34% 0.00% 0.00% 0.00% 3.17% 3.89% 3.79%

Metals 1.07% 0.30% 0.29% 0.25% 0.14% 0.13% 0.11% 0.03% 0.03% 0.06% 0.05% 0.05% 0.00% 0.00% 0.00% 1.48% 0.52% 0.50%

Paper/Cardboard 0.13% 0.10% 0.10% 0.01% 0.10% 0.10% 0.02% 0.20% 0.19% 0.02% 0.09% 0.09% 0.00% 0.00% 0.00% 0.17% 0.49% 0.48%

Wood 1.38% 0.67% 0.65% 0.64% 0.26% 0.25% 0.57% 0.73% 0.71% 0.63% 0.30% 0.29% 0.00% 0.00% 0.00% 3.22% 1.96% 1.91%

Bones 0.19% 0.00% 0.00% 0.02% 0.08% 0.08% 0.09% 0.00% 0.00% 0.07% 0.01% 0.01% 0.00% 0.00% 0.00% 0.38% 0.09% 0.09%

Rubber 0.12% 0.00% 0.00% 0.08% 0.04% 0.04% 0.03% 0.08% 0.07% 0.02% 0.01% 0.01% 0.00% 0.00% 0.00% 0.24% 0.13% 0.13%

Unidentified 6.87% 3.58% 3.49% 5.30% 2.51% 2.44% 6.52% 4.50% 4.38% 8.06% 3.15% 3.07% 27.02% 33.97% 33.05% 53.77% 47.72% 46.42%

Fraction Lost - - - - - - - - - - - - - - - - - 2.72%

TOTAL 24.00% 21.94% 21.34% 17.06% 9.48% 9.22% 18.12% 24.12% 23.46% 13.79% 10.49% 10.21% 27.02% 33.97% 33.05% 100.00% 100.00% 100.00%

<5mm Total >20 mm 20-12 mm 12-7 mm 7-5 mm

Textiles

0.00%

0.10%

0.20%

0.30%

0.40%

0.50%

0.60%

0.70%

B4 After-

no

lost

After

with

lost

B4 After

no

lost

After

with

lost

B4 After

no

lost

After

with

lost

B4 After

no

lost

After

with

lost 

B4 After

no

lost

After

with

lost

B4 After

no

lost

After

with

lost
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3.2.2. Particle shape    

Using the materials classification in Tables 3-2 to 3-4, the specimens of waste were described 

in terms of the dimensionality of the particles and their potential to alter flow behaviour. 

Results for UK MBT are presented in  

Table 3-8 and Table 3-9, Table 3-10 and Table 3-11 correspond to German MBT whilst Table 3-

12 and Table 3-13 to MSW. 

 

Table 3-8 Classification of materials according to their dimensionality and potential to 

alter flow in UK MBT-B4 

 

 

 

 

 

 

Flow 

Behaviour Materials Dim >20 20-12 12-7 7-5 <5

Flexible Plastic 2D 0.14% 2.87% 1.18% 0.38% 4.57%

Glass 2D 0.01% 7.70% 12.03% 3.02% 22.77%

Metals 2D 0.00% 0.19% 0.23% 0.07% 0.49%

Rigid Plastic 2D 2.69% 2.67% 0.75% 6.11%

Paper 2D 0.01% 0.16% 0.22% 0.04% 0.43%

Textiles 2D 0.07% 0.89% 0.22% 0.15% 1.33%

Bones 3D 0.12% 0.12% 0.00% 0.25%

Ceramics 3D 0.00% 1.07% 1.23% 0.00% 2.29%

Rigid Plastic 3D 0.16% 0.16%

Rubber 3D 0.10% 0.08% 0.01% 0.18%

Stones 3D 0.00% 0.81% 0.78% 0.15% 1.73%

Unidentified 3D 0.39% 8.01% 8.80% 11.74% 28.95%

Wood 1D 0.49% 0.74% 0.34% 1.57%

Matrix Unidentified OD 29.15% 29.15% 29.15%

Total 0.80% 25.10% 28.30% 16.66% 29.15% 100.00% 100.00%

33.94%

1.76%

35.14%

Total

Size (mm)

Diverting

Impeding

Neutral
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Table 3-9 Classification of materials according to their dimensionality and potential to 

alter flow in UK MBT AF  

 

Table 3-10 Classification of materials according to their dimensionality and potential to 

alter flow in German MBT B4 

 

 

 

Flow Behaviour Materials Dim 5-20 mm <5 mm

Flexible Plastic 2D 9.00% 9.00%

Glass 2D 23.50% 23.50%

Metals 2D 0.04% 0.04%

Rigid Plastic 2D 11.00% 11.00%

Paper 2D 0.39% 0.39%

Textiles 2D 1.40% 1.40%

Bones 3D 0.02% 0.02%

Ceramics 3D 2.40% 2.40%

Rubber 3D 0.09% 0.09%

Stones 3D 0.50% 0.50%

Unidentified 3D 15.01% 15.01%

Wood 1D 1.50% 1.50%

Matrix Unidentified 0D 35.15% 35.15% 35.15%

Total 64.85% 35.15% 100.00% 100.00%

Size (mm)

Total

43.54%

1.79%

19.52%

Diverting

Impeding

Neutral

Flow 

Behaviour Materials Dim >20 20-12 12-7 7-5 <5

Flexible Plastic 2D 1.42% 0.32% 0.37% 2.12%

Glass 2D 4.33% 7.76% 8.49% 3.78% 24.36%

Metals 2D 1.07% 0.25% 0.11% 0.06% 1.48%

Rigid Plastic 2D 1.20% 0.94% 0.51% 2.65%

Paper 2D 0.13% 0.01% 0.02% 0.02% 0.17%

Textiles 2D 0.47% 0.47%

Bones 3D 0.19% 0.02% 0.09% 0.07% 0.38%

Ceramics 3D 2.19% 1.34% 0.60% 0.12% 4.26%

Flexible Plastic 1D 0.29% 0.29%

Rigid Plastic 3D 3.26% 3.26%

Rubber 3D 0.12% 0.08% 0.03% 0.02% 0.24%

Stones 3D 2.58% 0.08% 0.31% 0.20% 3.17%

Textiles 1D 0.05% 0.07% 0.03% 0.15%

Unidentified 3D 6.87% 5.30% 6.52% 8.06% 26.75%

1D 0.64% 0.57% 0.63% 1.84%

3D 1.38% 1.38%

Matrix Unidentified OD 27.02% 27.02% 27.02%

Total 24.00% 17.06% 18.12% 13.79% 27.02% 100.00% 100.00%

Diverting

Impeding

Neutral

30.62%

0.64%

41.72%

Size (mm)

Wood

Total
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Table 3-11 Classification of materials according to their dimensionality and potential to 

alter flow in German MBT AF 

 

 

Table 3-12 Classification of materials according to their dimensionality and potential to 

alter flow in MSW B4 

 

 

 

Flow 

Behaviour
Materials Dim >20 20-12 12-7 7-5 <5 Total

Flexible Plastic 2D 1.68% 0.50% 0.73% 2.91%

Glass 2D 4.91% 3.18% 11.84% 5.40% 25.33%

Metals 2D 0.30% 0.14% 0.03% 0.05% 0.52%

Rigid Plastic 2D 1.20% 3.02% 0.78% 5.01%

Paper 2D 0.10% 0.10% 0.20% 0.09% 0.49%

Textiles 2D 0.37% 0.37%

Bones 3D 0.00% 0.08% 0.00% 0.01% 0.09%

Ceramics 3D 4.36% 1.15% 1.06% 0.08% 6.65%

Flexible Plastic 1D 0.24% 0.24%

Rigid Plastic 3D 4.42% 4.42%

Rubber 3D 0.00% 0.04% 0.08% 0.01% 0.13%

Stones 3D 1.54% 0.17% 1.83% 0.35% 3.89%

Textiles 1D 0.14% 0.10% 0.03% 0.27%

Unidentified 3D 3.58% 2.51% 4.50% 3.15% 13.74%

1D 0.26% 0.73% 0.30% 1.29%

3D 0.67% 0.67%

Matrix Unidentified OD 33.97% 33.97% 33.97%

Total 21.94% 9.48% 24.12% 10.49% 33.97% 100.00% 100.00%

33.77%

0.86%

31.40%

Size (mm)

Diverting

Impeding

Wood

Neutral

Flow 

Behaviour Materials Dim 37.5-10 <10

Flexible Plastics 2D 10.16% 10.16%

Glass 2D 2.63% 2.63%

Metals 2D 6.78% 6.78%

Paper 2D 27.34% 27.34%

Textiles 2D 3.08% 3.08%

Combustible                   3D 2.96% 2.96%

Food 3D 2.27% 2.27%

Rigid Plastics 3D 9.87% 9.87%

Wood 3D 3.19% 3.19%

Yard waste 3D 18.40% 18.40%

Matrix Unidentified 0D 13.32% 13.32% 13.32%

Total 86.68% 13.32% 100.00% 100.00%

Total

Size (mm)

Diverting

Impeding

Neutral

19.57%

30.42%

36.69%
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Table 3-13 Classification of materials according to their dimensionality and potential to 

alter flow in MSW AF  

 

 

A graphical comparison of the six specimens is presented in a ternary plot in Figure 3-8.  

3.3. Discussion    

A comparison between UK MBT and German MBT before degradation shows that their  

composition is similar, with a slightly higher content of plastics in UK MBT than in German 

MBT (10.84% vs 8.31%) and unidentified material (58.10% vs 53.77%). However, the size of 

the materials differs with the coarser components found in German MBT (e.g. 24% for 

particles >20mm vs only 0.80% in UK MBT ). MSW has a higher plastics and paper content 

(i.e. 20.03% and 27.34% respectively) than both MBT waste (less than 1% paper).  

Changes in material composition due to degradation were assessed and only those materials 

with a final content outside the error bars were regarded as significant. In MSW, flexible and 

rigid plastics increased from 10.16% to 13.44% and 9.87% to 14.91% respectively. Similarly, in 

UK MBT the content of flexible and rigid plastics increased from 4.57% to 9.00% and 6.27% to 

11.00% respectively. In German MBT, the composition did not change significantly with 

degradation (see Figure 3-4). This was expected given the negligible changes in PSD and in 

mass (i.e. mass losses of only 2.73%).  

Flow Materials Dim >75 75-63 63-37.5 37.5-20 20-10 <10

Flexible Plastics 2D 0.88% 0.93% 6.36% 4.47% 0.80% 13.44%

Glass 2D 0.00% 0.00% 0.00% 1.21% 5.21% 6.42%

Metals 2D 0.00% 0.00% 0.15% 0.00% 0.00% 0.15%

Rigid Plastics 2D 2.15% 8.65% 3.49% 0.53% 14.81%

Paper 2D 0.00% 0.80% 8.23% 8.49% 3.94% 21.46%

Textiles 2D 0.03% 0.03%

Combustible                   3D 0.00% 0.00% 0.15% 0.65% 0.03% 0.83%

Food 3D 0.00% 0.00% 0.00% 0.00% 0.16% 0.16%

Rigid Plastics 3D 0.10% 0.10%

Textiles 1D 0.00% 2.87% 3.34% 0.38% 6.59%

Unidentified 3D 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

1D 0.00% 1.82% 1.27% 0.73% 3.81%

3D 0.00% 0.00%

Yard waste 3D 2.19% 0.00% 0.30% 0.34% 0.56% 3.38%

Matrix Unidentified 0D 28.82% 28.82% 28.82%

Total 3.20% 3.88% 28.52% 23.26% 12.33% 0.00% 100.00% 100.00%

Size (mm)

34.82%

21.50%

14.86%

Total

Diverting

Impeding

Neutral

Wood
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Figure 3-8 Comparative Ternary Plot of waste samples classified according to their particle 

dimensionality and potential to alter flow behaviour 

 

In UK MBT and MSW, the two specimens of waste with higher mass losses and changes in 

particle size, the relative content of diverting particles (i.e. 2D flexible & rigid plastics, glass 

and metals) increased with degradation from 33.94% to 43.54% and from 19.57% to 34.82% 

respectively. The content of unidentified 0D components increased from 29.15% to 35.15% 

and from 13.32% to 28.82% respectively. These changes were balanced with the decrease in 

neutral 3D materials whose unidentified fraction may comprise easily degradable 

constituents.   
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Figure 3-8 summarises the information in a ternary plot. The graph was constituted such that 

0D, 2D and 1D/3D particles are represented in each of the three axes. This type of graph was 

suggested by Dixon and Langer (2006) to evaluate the changes in mechanical behaviour of 

waste resulting from emplacement and long term degradation. Here, it was extended to 

evaluate the potential alterations in flow behaviour arising from changes in particle size and 

shape with degradation. All the samples studied showed an increase in the content of 2D-

diverting and impeding particles after degradation , which was more pronounced in the UK 

MBT and MSW specimens than in the German MBT. Before degradation the content of 2D 

particles ranged from 30% in German MBT to 50% in MSW; after degradation this had 

increased to 34% in German MBT and 56% in MSW. This suggests that 2D particles constitute 

at least 30% by dry mass in solid wastes, even in pre-treated wastes where recyclables are 

previously removed. After degradation, the proportion of 2D particles is even higher. As a 

result of the conversion to gas and liquid phases of readily and moderately degradable 

materials (i.e. food, yard waste, and unidentified fraction in MBT wastes) the dry mass of 

waste is reduced as well as the percentage of neutral 3D materials. The inert (i.e.plastics & 

glass) and slowly degradable materials ( paper, textile and wood) remain virtually intact and 

form a higher percentage in the resulting waste. In Chapter 2, the particle size was found to 

increase with degradation. 2D particles are preferentially located in the coarsest waste 

fractions (e.g. plastics and glass are not easily cut during the mechanical pre-treatment 

processes). An increase in their content is therefore consistent with the increase in particle 

size.  

The characterisation of waste based on particle shape and flow behaviour has advantages as 

it offers the possibility of simplifying the description of heterogeneous solid waste into only 

three groups of materials. However, some limitations are acknowledged. For example, the 

ternary graph does not consider the changes that arise from waste compaction, which is 

recognised as the single most important factor that controls fluid flow (Beaven, 2000). 

Therefore, the method allows a qualitative assessment of the nature of changes to waste 

structure arising only from degradation that could be linked to changes in fluid flow.  
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The high content of 2D particles in solid waste suggests that they should play a significant 

role in fluid flow processes through landfilled wastes and that the thin-sheet conceptual 

model proposed by Xie et al. (2006) is a relevant framework for the study of flow phenomena. 

According to the thin-sheet model, 2D particles may impede flow or allow pooling of water. 

At least two effects on fluid flow properties are expected: 

 Reduction in the saturated hydraulic conductivity, and  

 the creation of more tortuous flow paths and enhancement of  preferential flow 

phenomena  

A study of the changes in the saturated hydraulic conductivity produced by 2D particles is 

the focus of Chapter 4, whilst the development of preferential flow phenomena is studied in 

Chapter 5. In Chapter 4 the hydraulic conductivity of laboratory controlled specimens 

produced at different levels of 2D particles was measured. These two chapters add 

information to develop further the classification system by understanding the role that 2D 

particles play during fluids flow through landfilled waste.  
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4. The role of 2D particles on 

permeability  
In Chapter 3, a classification framework based on particle shape was applied to samples of 

MBT and MSW. The system is based on the assumption that due to their shape some 

materials in waste, e.g. plastic sheets, have the potential to alter fluid flow properties 

(Velkushanova et al., 2009). According to that framework, materials are grouped according to 

their dimensionality as 0D, 1D, 2D and 3D following Kölsch (1995). Components under 5 mm 

size are considered as 0D. They are sufficiently small and possibly composed by organic 

particles, to be considered as matrix components. Materials larger than 5mm, i.e. 5 times 

larger than the matrix, are classified as either 1D, 2D or 3D. In particular, 2D particles are 

considered to be flow diverting or impeding depending on whether they are made of 

impermeable or semipermeable materials, i.e. plastics or textiles, respectively. The criteria for 

classifying materials according to their flow altering properties requires further investigation. 

That is the main aim of this chapter. 

 

Research in granular soils has shown the considerable effect that particle shape has on the 

permeability, void ratio and porosity characteristics. Researchers however differ on whether 

particle irregularity increases or decreases the porosity of the medium. Whilst some studies 

suggest that round particles can mobilize more easily against each other and form denser 

structures (Cho et al., 2006, Cubrinovski and Ishihara, 2002), others argue that angular 

particles have increased void filling capacities and form highly packed media (Goktepe and 

Sezer, 2010).  

 

The geometrical characteristics required to build arrangements at diverse void ratios have 

been investigated intensively in the powder industry. Research by Deresiewicz (1958) 
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showed that in a system consisting of uniform spheres, the minimal density and maximal 

porosity are obtained in cubic packing. In this mode of packing, each grain touches six 

neighbours and the porosity is 47.6%, regardless of the diameter of the spheres. The densest 

packing is obtained with either tetrahedral or octahedral arrangements where each grain 

touches 12 neighbours and the porosity is 25.9%.  Figure 4-1 illustrates the different packing 

models. 

 

The area of packing of non-spherical particles has been predominantly empirical and limited 

to a number of studies (Lee et al., 2007, Santamarina and Cho, 2004, White and Walton, 1937). 

Lee et al. (2007) investigated the effect that flat surfaces have on packing spherical particles 

and proposed a conceptual model illustrated in Figure 4-2 based on a mixed effect between 

ordering and bridging. Flat particles enforce ordering of the spheres that fall on their surface 

which results in denser arrangements. At the same time they form bridges over the spheres 

leaving a high local porosity underneath. The two mechanisms combine to control the 

packing density. White & Walton (1937) showed that the introduction of properly arranged 

cylindrical particles into assemblages of spherical particles reduces the void ratio below that 

possible with the consecutive introduction of smaller spheres.  

 

Studies in soils and powders provide some understanding of the role of particle shape on 

permeability, however the direct applicability to solid wastes is limited by the differences in 

the form of the particles. For example, although platy particles can be found in soils, e.g. clay 

and mica, they are not several times bigger than the surrounding matrix and cannot be 

considered as 2D. Research specifically addressing the conditions in solid waste is required.  
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Figure 4-1 Models of packing of uniform spheres a) simple cubic, b) cubical tetrahedral, c) 

tetragonal sphenoidal, d) pyramidal, and e) tetrahedral geometry (adapted from 

Deresiewicz, 1958)  

 

 

Figure 4-2 Impact of flat surfaces in packing of uniform spheres (adapted from 

Santamarina and Cho (2004)) 

 

Type of packing
Coordination 

number

Porosity 

(%)
Simple cubic 6 π/6 0.5236 47.64

Cubic tetrahedral 8 π/3√3 0.6046 39.54
Tetragonal 

sphenoidal 10 2π/9 0.6981 30.19
Pyramidal 12 π/3√2 0.7405 25.95

Tetrahedral 12 π/3√2 0.7405 25.95

Density
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A second body of work classified particles of reinforced soils and solid waste according to 

their mechanical properties (Dixon and Langer, 2006, Michalowski and Zhao, 1996). Dixon 

and Langer (2006) suggested that 2D particles could be classified as reinforcing, i.e. particles 

that provide global strength enhancement by their tensile strength (Kölsch, 1995), when they 

exceed the nominal diameter of the particles around it. Michalowski and Zhao (1996) 

considered that reinforcing particles should be at least 5 times longer than the typical particle 

size in the surrounding matrix. The particle size of the matrix, i.e. materials< 5mm, in UK 

MBT and German MBT was analysed. Results showed that the D50 was in the order of 1mm 

(Figure 10 in Velkushanova et al. (2009)). Considering a representative matrix diameter as 1 

mm, materials above 5 mm (e.g. 5-7 mm) would be at least five times longer than the typical 

particle in the surrounding matrix.  

 

Velkushanova et al. (2009) extended Dixon and Langer (2006) classification of 2D particles as 

reinforcing components by adding their potential to affect fluid flow. The assumption was 

that 2D particles can be considered as potentially flow diverting or impeding if they are at 

least 5 times longer than the typical size of the surrounding matrix. This hypothesis implies 

that not only the stress level, as reported by Beaven (2000), has an influence on the hydraulic 

conductivity of solid wastes, but also the characteristics at the particle level (i.e. particle size 

and shape) of the landfilled residue. In consequence, the estimation of the hydraulic 

properties in a refuse would require the consideration of the refuse composition, grading and 

particle shape description. The hypothesis has two components. Firstly, that 2D particles can 

divert fluid flow, based on the thin sheet conceptual model proposed by Xie et al. (2006) (see 

Figure 3-1). Secondly, that 2D particles need to be larger than the surrounding matrix for the 

length of the fluids flow paths to be affected. In absence of studies that indicate the size of the 

2D particles required to affect flow paths, the size criteria for classifying reinforcing elements 

was adopted.  
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Xie et al. (2006) argued that horizontally or semi-horizontally aligned impermeable plastic 

fragments embedded in waste materials have the potential to impede fluid flow and change 

the hydraulic conductivity; and that the greater the number and size of the plastic fragments, 

the greater their influence on the hydraulic conductivity. They tested the hydraulic 

conductivity of clay modified with 1% by mass of 4x4 and 8x8 cm size PVC pieces from 

garbage bags and found that the hydraulic conductivity was halved and reduced to one third 

by the addition of 4 and 8 cm pieces respectively. 

 

The impact of particles inclusion on conduction phenomena has been subject of investigation 

in areas such as electric and thermal conduction. Like fluid conduction in porous media, 

electric and thermal conduction are processes governed by a linear relationship between the 

flux and the driving force. As part of the research discussed in this chapter, an approach 

based on the application of the Maxwell model, originally developed to study the effect of 

spherical particles embedded in a matrix on the electric and thermal conduction, was 

suggested and guided by Prof. John Barker. The methodology and results are presented in 

sections 4.1.4 and 4.4. Some discussion on the nature of the model follows.  

 

The coefficients that relate the fluxes to the driving forces are the conductivities, electrical, 

thermal, or hydraulic, as the case may be (Zimmerman, 1996). Thus, electric and thermal 

conduction processes can be reasonably used as analogues when studying fluid flow 

processes. In the context of electrical conduction, Maxwell (1954) derived an equation (see 

Equation 4-12) for the conductivity of a medium comprising a matrix in which spheres, with 

different resistivity, are embedded. The equation that relates the hydraulic conductivity of 

the medium to the proportion by volume of the embedded spheres is particularly relevant in 

the context of the current research. Further details are given in Section 4.1.4. Using Maxwell’s 

(1954) equations, Zimmerman (1996) and Pozdniakov and Tsang (2004) studied 

heterogeneous materials consisting of a matrix material in which there were dispersed 
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inclusions.  They concluded that the effective conductivity of such media will depend on the 

conductivities of the matrix and inclusion phases, the volume fraction and the shape of the 

inclusions.  

In this Chapter, a study designed to provide further information to develop the criteria to 

classify materials according to their potential to influence fluid flow is discussed. The study 

addresses the following questions: 

 

 What is the critical content (mass or volume) of 2D particles above which a significant 

reduction in the hydraulic conductivity is evidenced?. Volume and mass contents can 

be related using the particle density given by the material from which the particle is 

made. 

 What is the critical size of 2D particles above which a significant reduction in the 

hydraulic conductivity is evidenced? 

 

Solid waste is a highly heterogeneous material. Isolation of the effect that individual 

parameters play on the hydraulic conductivity, e.g. particle shape, is therefore not an easy 

task. Other factors that modify the structure of waste and therefore have an impact on the 

hydraulic conductivity, i.e. degradation, compression and gas build up, are experimentally 

difficult to control. For this reason, analogues of waste were preferred.  

 

The design of the analogue specimens considered the need to represent a simplified porous 

medium where the effect of particle shape on hydraulic conduct was easily isolated from 

other factors. The use of an inert and incompressible matrix material mixed with 2D particles 

was considered appropriate for this purpose. Mixtures of sand systematically modified with 

2D plastic discs were used. The hydraulic conductivity of each mixture was determined 

experimentally by application of  Darcy’s law and compared with that for unmodified 
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specimens. This provided a method to assess the magnitude of the effect of 2D particles on 

permeability. Two parameters were investigated: 2D/matrix relative size and the relative 

content of 2D particles. Two further factors were considered during the study: the angle 

formed between 2D particles and the plane normal to the flow direction and the porosity. 

Some of the specimens were  investigated using a non-destructive technique, i.e. Micro-focus 

Computed Tomography (µCT). The use of µCT provided a method to inspect the internal 

structure of the specimens and qualitatively assess the orientation of 2D particles. The 

porosity was measured in each case.  

4.1. Background   

Section 4.1.1 provides a theoretical background on Darcy’s law required for the hydraulic 

conductivity calculations. In Section 4.1.2, work by Hubbert (1940) on understanding the 

parameters that influence K is briefly explained, where the relevance of factors such particle 

shape and size is emphasised. Description of the correction required to account for 

differences in temperature is included in Section 4.1.3. Analogue models for conduction 

through heterogeneous media are introduced in Section 4.1.4. The specimens tested were 

described using the traditional phase relationships from soil mechanics which are briefly 

described in Section 4.1.5. 

4.1.1. Darcy’s Law   

Darcy’s law is an empirical equation proposed by Henry Darcy from the results of his 

experiments on water flow through a packed sand column (Darcy, 1856). Research over years 

has shown that Darcy’s law describes fluids flow in very diverse porous media such as 

moisture in soils, oil and gas in geological formations and flow through filters. 

The equation proposed by Darcy can be understood considering Figure 4-3; which shows a 

circular cylinder of cross section A [L2] filled with a porous medium connected to inflow and 

outflow tubes as well to a pair of manometers. 
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Water is introduced into the cylinder and allowed to flow until all pores are filled with water 

and the inflow rate Q [ L3T-1] equals the outflow rate and the steady state is reached. An 

arbitrary datum is selected as the elevation z=0. The elevations of the manometer intakes are 

z1 and z2, and the elevations of the fluid levels in each manometer are h1 and h2. The distance 

between the manometer intakes is ∆l.  

 

  

 

 

 

 

 

 

 

 

Figure 4-3 Experimental Apparatus for the illustration of Darcy’s law 

 

Experiments carried out by Darcy showed that the specific discharge   is directly 

proportional to h1 - h2 when ∆l is held constant, and inversely proportional to ∆l when h1 - h2   

is held constant (Equation 4-1): 

 

  
 

 
   

  

  
 

Equation 4-1 

 

Datum

z=0

∆h

h1h2z1

z2

∆l

Q

Q

Cross section A
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∆l

Q

Q
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  [LT-1] is a constant of proportionality that Henry Darcy called “un coefficient dépendant de 

la pérmeabilité” (Daniel, 1993), and it is known as the hydraulic conductivity. h is the 

hydraulic head and  ∆h/∆l is the hydraulic gradient which is also named as the dimensionless 

i [L0]: 

  
  

  
 

Equation 4-2 

 

Combining Equation 2-1 and Equation 4-2 gives:  

       Equation 4-3 

 

Equation 4-3 implies that when: 

Q = 0, h2 = h1 or h2 − h1=0, 

Q > 0, h2< h1 or h2 − h1< 0, 

Q < 0, h2> h1 or h2 −  h1> 0, 

 

The first condition implies that a graph of Q vs i with K and A constants is a straight line with 

an intercept in (0,0). The second condition implies that flow occurs from point 1 with higher h 

to point 2 with a smaller h. Although, K is the constant of proportionality, it actually depends 

on the properties of the solid material. Hubbert (1940) showed that Darcy kept some factors 

arbitrarily constant, and that consequently a number of factors are lumped in K. An 

explanation of the work by Hubbert (1940) follows in Section 4.1.2.   

4.1.2. Analysis of the parameter K  

Hubbert (1940) focused on the identification of the factors lumped in K. First, he considered 

the relationship between driving and resisting forces on a microscopic fluid element, which 
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were then scaled up to a macroscopic level. A brief outline of the results follows, whilst the 

complete deduction can be found in Hubbert (1940). Equation 4-4 is the expression found by 

Hubbert (1940), which relates K with five factors: 

 

      
 

 
  

Equation 4-4 

 

Where  is the fluid density, µ the fluid dynamic viscosity and g the acceleration due to 

gravity. Whilst d is the characteristic length of the system, which could be represented by a 

characteristic diameter of the solid grains, any other suitable length scale related to the 

coarseness of the solid matrix, or a representative dimension of the pore space. And C is a 

dimensionless coefficient that depends upon the geometrical characteristics of the solid 

medium and may include aspects such as the porosity,  grains sphericity and roundness,  

packing characteristics and parameters that describe the particle size distribution (Freeze and 

Cherry, 1979). 

 

A dimensional analysis by Hubbert (1940) confirmed that the factors and powers included in 

Equation 4-4 were the correct ones and that no other essential quantities were omitted. This 

analysis is briefly described in Annex 4-1. Combining Equation 4-3 and Equation 4-4 gives 

Equation 4-5: 

 

 

  
      

 

 
  

Equation 4-5 

 

Equation 4-5 shows that Q varies with the size and shape characteristics of the solid media. In 

order to separate the contribution of the two groups of factors, i.e. fluid and solid media, k a 
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parameter referred as to the specific or intrinsic permeability is defined according to Equation 

4-6:   

      Equation 4-6 

 

K can then be expressed in terms of k according to Equation 4-7:  

  
   

 
 

Equation 4-7 

 

Experimental evidence supports the form of Equation 4-6. For example, Hazen (1911) 

obtained an expression for clean sands (Equation 4-8) where D10,  is the size of the 10% finer 

fraction:  

      
  Equation 4-8 

 

k is controlled by the fraction of fines represented as D10. Powrie (1997) explains that in clean 

sands, the smaller D10 particles fit into the voids between the larger particles and exert a 

strong control over fluids flow. C in this case is a coefficient of proportionality that varies 

with sand cleanliness, uniformity, particles shape and packing (Hazen, 1911). Other 

equations similar to Equation 4-8 have been obtained experimentally where k  is a function 

of some grain size descriptor at a power close to 2 (Dullien, 1992, Cronican and Gribb, 2007). 

Although the equations had been obtained for clean sands and the direct application to other 

media is not straightforward, they give extra support to validate the form of Equation 4-6.  

4.1.3. Influence of temperature in the parameter K  

When the solid medium is kept constant K is a function of only the fluid properties (Equation 

4-4). If the temperature changes so does  , µ and hence K. K of two experiments run at 

temperature T and 20oC can be written as: 
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And K20 can be expressed as : 

      
  
   

   
  

 Equation 4-9 

 

Equation 4-9 is used to correct measurements of K made at temperatures that differ from 20oC 

(BS 1377-5, 1990). In terms of flow rate Q can be written as Equation 4-10.  

 

      
  
   

   
  

 Equation 4-10 

 

Lambe (1951) provided a graphical method to calculate the correction factor. Variations in 

viscosity with temperature are more significant than those in density. Hydraulic conductivity 

tests during this research took place between 16.4 to 23.6oC. The correction factor was 

obtained using data from Lambe (1951) in the range 10 to 30ºC. The plot of T vs µT/ µ20 

produced follows the exponential curve in Equation 4-11, with a correlation coefficient of 

0.999 (see Annex 4-7).    
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                   Equation 4-11 

 

4.1.4. Conduction in heterogeneous media      

Electrical conduction and fluid flow in porous media are both processes governed by a linear 

relationship between a flux and a driving force. The relating coefficient corresponds to the 

electrical or hydraulic conductivity respectively. Electric conduction thus can be used as a 

reasonable analogue for fluid flow processes. The work by Maxwell (1954) and later 

applications by Zimmerman (1996) and Pozdniakov and Tsang (2004) on conduction through 

heterogeneous media comprising a matrix in which spheres of a different material are 

embedded, provides a rational framework for the analysis of the matrix of sand modified 

with 2D particles used during this research.  

The equation derived by Maxwell (1954) and applied by Zimmerman (1996) and Pozdniakov 

and Tsang (2004) among others, considers the effective specific resistance   of a medium 

comprised of N spheres with radius    and resistance   and a matrix of particles with radius 

   and resistance    (Equation 4-12). The equation assumes that distances between intrusions 

are such that their effects in disturbing the conduction may be taken as independent of each 

other, i.e. low to moderate concentrations. It also assumes that the intrusions are randomly 

distributed along the specimen. Further details can be found in Maxwell (1954) (Equation 17, 

Volume 1 page 440). 

Equation 4-12 expresses r in terms of   ,    and the proportion by volume of the spheres p, 

defined according to Equation 4-13:  

 

  
 
        (     )

         (     )
 

Equation 4-12 

 

  
   

 

  
  

Equation 4-13 
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Maxwell (1954) transformed Equation 4-12 into an expression of the media conductivity by 

taking the reciprocals of the resistances   ,   ,    as K, K1 and K2. The result is Equation 4-14, 

which can be expressed as Equation 4-15 where K , Ko and Kdiscs are the hydraulic 

conductivities of the mixture, matrix and discs respectively.  

 

 

  
 
          (     )

         (     )
 

Equation 4-14 

 

 

  
 
              (         )

             (         )
 

Equation 4-15 

 

Given that the discs used during this research are impermeable, i.e. made of polystyrene, 

Kdiscs is 0 and Equation 4-15 is transformed into Equation 4-16. The equation relates K/ Ko to 

the proportion by volume of the 2D particles, which is calculated using Equation 4-13 as a 

function of the particles size. 

 

  
 
 (   )

   
 

Equation 4-16 

 

Equation 4-16 can be expressed in terms of the inverse Ko/K expanding the Taylor series for 

(1-p) -1 and be transformed to Equation 4-17 (if p is small). 

  
 
 

   

 (   )
   

 

 
  

 

 
       

 

 
  

Equation 4-17 

 

 

Mathematical models have been also developed in the context of composites materials, i.e. 

materials that consist of a matrix filled with plate-like fillers of high aspect ratio, to estimate 

transport, mechanical and thermal properties (Nielsen, 1967, Fredrickson and Bicerano, 1999). 

Those expressions usually relate the conductivity of the modified system (e.g. diffusivity, 
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hydraulic conductivity, etc.) to the conductivity of the matrix and parameters of the 

composite such as the aspect ratio and the volumetric content of the filler particles. Different 

equations have been developed for specific conditions, e.g. low and high discs content 

(Fredrickson and Bicerano, 1999), geomaterials (Yamada et al., 2011), food packaging 

(Duncan, 2011) and nanomaterials (Choudalakis and Gotsis, 2009). Time constraints meant 

that consideration of these types of models to flow through waste like materials was not 

possible and only the Maxwell´s simplified approach was investigated in Section 4.4.. 

However, further research in this area is strongly recommended.  

4.1.5. Phase relationships     

The specimens tested during this research can be described using the conventional 

relationships from soil mechanics that link the relative volumes of solid, liquid and gas 

phases (Powrie, 1997).  

 

Void ratio e, is the ratio of the volume of the voids to the volume of solids. In a dry soil it is 

defined in terms of the soil dry mass density     :  

  
  
    

   

Equation 4-18 

 

   is the relative density of the soil grains. Annex 4-5 presents the derivation for a soil 

element composed by two types of solid particles, i.e. sand and plastics. 
sG  is replaced by  ̅  , 

the relative density of the mixture to give:  

  
 ̅ 
    

   
Equation 4-19 

 

Porosity n is defined as the volume of voids per unit total volume which in terms of e can be 

expressed as: 
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Equation 4-20 

 

4.2. Materials and Methods  

At the laboratory scale the saturated hydraulic conductivity K is measured using a 

permeameter and calculations are performed according to Equation 4-3. Permeameters can 

have either rigid or flexible walls. Rigid wall cells are preferred for granular materials such as 

sands where either constant or variable head tests are performed (Daniel, 1993). In this study 

the constant head method was followed. A detailed description can be found in BS 1377-5 

(1990)- Part 5 and in ASTM D 2434 (1968). The constant head method is suitable for materials 

with hydraulic conductivities in the range between 10-2 to 10-5 m/s. All the specimens tested 

during this study were within this range. In materials with permeabilities below 10-5 m/s flow 

rates are so small that evaporation could lead to significant errors and the falling head test is 

preferred.  

 

Some of the specimens were further examined using µCT, a radiographic technique that 

allows the non invasive investigation of internal structures by detecting the proportion of the 

x-rays that reach an object and are then attenuated through their journey along the structure. 

X-ray attenuation depends on material properties such as density and chemical composition. 

This means that x-ray attenuation varies across the specimen as a function of the components 

found, which allows the discrimination between materials. µCT produces a sequence of 

images that are computationally manipulated and used to make a 3D reconstruction of the 

object under study. Several steps, further explained in section 4.2.2. were taken during the 

use of µCT during this research to obtain images with good contrast and facilitate the 

discrimination between materials.  
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4.2.1. Hydraulic Conductivity 

4.2.1.1 . Experimental setup 

Figure 4-4 shows the permeameter configuration. The Perspex cylinder has 3 take off points 

and anodised aluminium end plates. The internal diameter, D, is 75 mm which gives a cross 

sectional area, A, of 4.418 x 10-3 m2. The equipment total length, L, is 238 mm, and the 

distance between the standpoints, ∆l, 70 mm.  

The permeameter is connected to a 7.7 litres capacity main tank which provides water to a 

200 ml constant head reservoir equipped with an overflow. The elevation of the constant 

head reservoir can be adjusted by a pulley system. The main tank is filled with de-aired water 

prepared in an external Geokon nold De-aerator then pumped into the 7.7 l tank. Annex 4-2 

shows further details of the experimental set up.   

The use of de-aired water was essential. In the main water supply line, water is at high 

pressure and contains large amounts of dissolved air. Once water is depressurised, air comes 

out of the solution and bubbles accumulate progressively. This produces a decrease in the 

hydraulic conductivity. In many cases, knowing the order of magnitude of the hydraulic 

conductivity satisfies the application requirements and air accumulation does not represent a 

serious problem (Daniel, 1993). This was not the case for the experiments during this 

research. Xie et al. (2006) showed that 2D particles produced changes in the hydraulic 

conductivities within one order of magnitude. Therefore the determination of the hydraulic 

conductivity required higher accuracy and a better water control.    

The de-aeration system is equipped with a vacuum pump and an impeller to remove and 

extract air bubbles. For each water batch, the de-aeration system was operated for about 15 

minutes. Initial trials were run to test the quality of the de-aeration process. The content of 

dissolved oxygen (DO) was measured using a Lab BOD Dissolved Oxygen instrument YSI 

model 5100. The readings confirmed that DO decreased from above 8 mg/l in tap water to 

below 2 mg/l. The impact in the hydraulic conductivity with the use of de-aired water was 

evaluated in a sand specimen and results are summarised in Annex 4-3. 
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Figure 4-4 Section of the constant head permeability cell (adapted from BS 1377-5 (1990)) 

 

4.2.1.2 . Test description  

Hydraulic conductivity tests were done according to BS 1377-5 (1990)- Part 5 and followed 

these steps:  

 Initially, a 3 cm layer of filter material was placed in the permeameter following the 

recommendations in BS 1377-5 (1990) 

 The permeameter filled with the filter material was weighted to a precision of 0.01 g  

 Sand and plastic discs were weighted to a precision of 0.01 g in the proportions 

required for the specimen, thoroughly mixed in a tray and placed by pluviation (see 

Section 0) 

 The permeameter filled with the specimen was weighted to a precision of 0.01 g and 

the mass of the mixture added was calculated  

∆l
∆l/2

∆l/2

A

B

C

∆l
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 The height of the mixture inside the permeameter was measured with a levelled ruler 

to a precision of 1 mm  

  dry , e  , n were calculated using Equation 4-19 and Equation 4-20  

 The specimen was slowly saturated from bottom to top using de-aired water 

 The specimen was tested under upward flow conditions, i.e. water flowing from 

bottom to top, using typically five different flow rates   

 The specimen was tested under downward flow conditions, i.e. water flowing from 

top to bottom, using typically five different flow rates 

Further details of the procedure can be summarised as: 

 Each specimen was tested under approximately 10 different flow rates to cover i in 

the range 0 to 1.0 (Equation 4-2). A maximum limit of i equal to 1 was used to 

minimise deviations from Darcy’s law (Freeze and Cherry, 1979) 

 Before starting the test, the condition Q=0 , i=0  was verified by checking that the 

elevation of the column of water in each of the three standpipes were the same. Any 

air bubbles were released until the condition was satisfied  

 For each flow rate the steady state was reached, i.e. readings were constant over a 

period of time, before the readings were recorded. Then three to four measurements 

of Q were taken together with the elevations of water in each manometer, i.e. hA, hB 

and hC . Equation 4-2 was used for the calculation of i between standpipes A and C 

(see Figure 4-4). i was also calculated for shorter sections , i.e. A to B and B to C, to 

assess the specimens homogeneity. All the specimens tested were found to be 

homogeneous with no significant variations in the hydraulic conductivity identified 

across the samples   

 Each specimen was prepared and tested by duplicate. Data reported corresponds to 

average values between two tests. As already mentioned, each individual specimen 

was tested for approximately 10 flow conditions and for each flow condition 3 to 4 
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readings were taken. The average was taken for the first specimen. The same 

procedure was followed for the duplicate specimen which was tested under the same 

flow conditions. Then, each single point in a Q vs i graph is the average between the 

results for two specimens resulting from six to eight readings.  

 Q was measured using a calibrated cylinder with 0.1 ml gradations. The hydraulic 

head, h, was measured using a fixed scale and a level with a precision of 1 mm. The 

temperature of the outflow water was frequently monitored. The average of the 

individual Q and i measurements were used to produce a plot of Q vs i  for each 

specimen. K was obtained from the slope of the linear regression according to 

Equation 4-3. Q was corrected to 20oC using Equation 4-10 and Equation 4-11. A 

second plot of Q20 vs i was produced with the slope being K20, the hydraulic 

conductivity at 20oC .   

 Further measurement of sample height after each conductivity test confirmed that no 

volume change occurred.  

4.2.1.3 . Materials   

Two types of materials were required during this research: 

 0D or matrix, which according to Kölsch (1995) comprises grains of uniform size and 

shape 

 2D particles, with uniform shape but substantially larger than the matrix particles 

 

The selection of the materials was limited by two aspects: 

 According to BS 1377-5 (1990) the diameter of the permeameter should be at least 12 

times the maximum particle size of the specimen tested. The permeameter used had 

an internal diameter of 75 mm implying a maximum particle size of 6.25 mm  

 Some of the specimens were further examined using µCT, a radiographic technique 

that allows non invasive investigation of internal structures by detecting attenuated x-
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rays. Images with good contrast are required to discriminate between materials. X-ray 

attenuation characteristics, which depend on material properties such as density and 

chemical composition, should be substantially different for the components within a 

specimen.  

 

By consideration of these requirements, sand and polystyrene pieces were judged to be 

appropriate. Leighton Buzzard sand (LB), a standard material according to the requirements 

in BS 1881:Part 131 (1998), was selected as the matrix material. Properties of the material are 

summarised in Annex 4-4, where fractions B (600 µm-1.18 mm; LB-b) and D (150 µm -300 µm; 

LB-d) were selected based on the range of relative size to study as discussed in Section 4.2.1.4. 

Polystyrene discs of 3 and 5 mm diameter and 0.6 mm thickness were used as 2D particles, 

which were purpose built by an injection moulding process. 

4.2.1.4 . Parameters to study  

This section discusses the parameters studied and justifies the type of materials selected and 

in general the approach adopted for the study.  

Two parameters were selected for investigation:  

 The relative size of the 2D particles to the matrix material , referred as RS,  

 and the content by volume of the 2D particles, referred as VC.  

The selection of parameters was supported by the results from Xie et al. (2006) where  the 

decrease in the hydraulic conductivity of a matrix resulting from the presence of 2D particles 

was shown to be controlled by the relative size and volumetric content of the 2D particles. 

The angle formed between the 2D particles and the plane normal to the flow direction was 

also shown to be an influential parameter (see Figure 3-1). The selection of the RS range was 

based in the following reasoning. The definition given in Velkushanova et al. (2009), where 

2D particles at least 5 times the size of the surrounding grains are considered as potentially 

flow diverting or impeding, was considered in the first instance. This means a RS of 5. Then, 



 

 

140 

an extension of this value was evaluated to cover larger 2D particles. A maximum RS of 25 

was judged appropriated and achievable with the materials available for the study (i.e. 3 and 

5 mm polystyrene discs with LB sand). This maximum RS could represent the impact of 2D 

materials as large as 25 mm size in a matrix of particles of 1mm size, a reasonable 

representation for large 2D (e.g. coarse plastic pieces) particles in MBT residues. A RS of 25 

could be also a sensible representation for 2D particles of up to 125 mm size in a matrix of 5 

mm particles, as may be the case for raw MSW. Also, a minimum value for RS was analysed. 

In this case, a RS of 3.8 was selected. 2D particles with an RS below 3.8 were not expected to 

have a significant impact on the hydraulic conductivity of the matrix. Then, the study of RS 

below 3.8 was assessed unnecessary for the investigation, an assumption later confirmed 

experimentally where only particles with RSs above 15 caused significant changes in the 

hydraulic conductivity. Therefore, the range selected for the study of RS was from 3.8 to 25. 

This was achieved adjusting the size of the matrix particles (e.g. changing from LB-b to LB-d) 

the type of sand , the size of the 2D particles or the size of both materials. RS was calculated 

according to Equation 4-21, where Ddiscs represent the diameter of the 2D particles and      

and      the minimum and maximum diameters of the sand grains respectively. 

 

   
(
      
    

 
      
    

)

 
 

Equation 4-21 

 

In the other hand, the relative content of 2D particles (VC) was varied to cover the range 0 to 

40%. In mass terms this range is equivalent to 0 to 13.7%. The range was selected considering 

the actual mass content of flexible and rigid plastics in solid wastes. A reference point was 

taken from the results of material characterisation obtained during the investigation 

discussed in this document and presented in Chapter 3, which showed a mass content of 

plastics in UK MBT and German MBT of 10.68% and 4.77% respectively. A mass content 

range between 0 to 13.7%, and its equivalent in volumetric terms of 0 to 40%, could be 

therefore a reasonable representation of the plastic 2D particles contained in MBT wastes. VC 
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was defined as the ratio between the volumetric content of 2D particles (Vdiscs) and sand 

grains (Vsand). Calculations were made considering Vsand as a constant equal to 100 and 

Vdiscs being varied in the range 0 to 40. Thus, the relative volumetric content of 2D particles 

calculated with Equation 4-22 . 

   
      
     

 
Equation 4-22 

    

4.2.1.5 . Control of density and orientation 

The hydraulic conductivity   and the intrinsic permeability k are functions of the porosity    

(see  Equation 2-4). Control of the porosity was thus a requirement during this research. This 

involved the identification of a repeatable method to preserve the integrity of the particles 

and produce stable specimens that would experience negligible changes in porosity during 

testing. Dense specimens were preferred and alternative preparation methods explored. For 

example, the procedure to determine the maximum density in sands uses an electric vibrating 

hammer to compact the sample (BS 1377-4, 1990). A comparable method was used in a trial 

test in a sample of LB-b modified with 5% by volume of 3mm plastic discs. The sample was 

compacted using an electric vibrating table. It was shown that most plastic discs that were 

initially horizontally orientated were rearranged against the permeameter wall after the 

compaction. This suggested that the method in BS 1377-4 (1990) was not a suitable option to 

prepare the specimens for this research. Moreover, although the method produces dense 

specimens it does not preserve the integrity of the particles which may crush as the result of 

the vibratory compaction (Cresswell et al., 1999). 

 

A second method known as pluviation which is based on the deposition of granular materials 

through a sequence of diffuser meshes was explored. Pluviation produces well compacted 

samples,  i.e. densities  90% the maximum dry density, whilst preserving the integrity of the 

particles (Cresswell et al., 1999). A schematic representation of a pluviation apparatus is 
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detailed in Annex 4-6. The diffuser meshes are offset interwoven wires that create an even 

sand rain. The tube and the collection container have similar diameters whilst the tube is 

considerable longer than the container length. This depositional mechanism promotes more 

uniform and horizontally aligned deposition of the plastic discs. This was qualitatively 

assessed using µCT in some of the specimens. The images obtained for the sand/polystyrene 

discs had a good contrast that allowed the visual differentiation of each material. Visual 

assessment of the images confirmed that there was no pronounced segregation of discs and 

that discs and grains were well mixed and distributed along the sample. There was also no 

evidence of important variations of the density along the sample as suggested by relatively 

uniform grey value profiles at several cross sectional areas across different images. All this 

suggested pluviation as an appropriate preparation method for the purposes of the study 

described in this chapter.  A 75 mm diameter x 800 mm length pluviation tube was purpose 

built for this research. A selection of the supportive images are available in Caicedo et al. 

(2011) where details of the methodology to obtain and process the images are fully described. 

4.2.1.6 . Temperature corrections 

Variations in the temperature of water of 1oC can have an impact of up to 3% on the 

hydraulic conductivity (Daniel, 1993). The temperature (T) of the water coming from the 

output valve was measured during the test and corrections to 20oC done using Equation 4-9, 

Equation 4-10 and Equation 4-11.  

 

4.2.2. µCT Scanning 

The orientation of the plastic discs was investigated in two of the specimens (#6 and #12) 

using µCT. The equipment used was an X-Tek XT H 450 (X-Tek Systems Ltd, Tring, 

Hertfordshire, UK). The machine was equipped with a 2000 × 2000 pixel PerkinElmer 1621 X-

ray flat panel detector with pixel size 200 µm x 200 µm with a resolution limit of 100 µm. 
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The specimens were prepared following the procedure described in section 4.2.1 and placed 

in the µCT equipment in their dry state, i.e. before being saturated with de-aired water. This 

was considered sensible to facilitate the discrimination between materials by limiting the 

number of materials in the specimen to 3 (i.e. sand, plastics and air filled pores) instead of 4 

(i.e. sand, plastic, air filled and water filled pores).    

Preliminary trial runs were required to find optimal settings to obtain high quality images, 

this implied high signal to noise ratio and minimimal artefacts. Artefacts are defined by 

ASTM (2005) as anything in the image that does not accurately reflect true structure in the 

sample being inspected. Minimization of artefacts was aided using the ‘ring compensation’ 

mode during the acquisition. Optimal scanning conditions were found to be a beam voltage 

of 200 kV and current of 175 µA with the use of a 1mm thick copper filter. The total scanning 

time was 3.5 hours, and the scan consisted of 3143 radiographic projections with an 

individual exposure time of about 4s.  Further details of data processing techniques are 

provided in section 4.3.2. 

4.3. Results 

4.3.1. Hydraulic conductivity     

Table 4-1 and Table 4-2 detail the specimens tested. Samples are grouped into those prepared 

using Leighton Buzzard Sand fraction B (LB-b)-Table 4-1 and those using Leighton Buzzard 

Sand fraction B (LB-d)-Table 4-2. RS was calculated using Equation 4-21 and varied between 

3.8 and 25, depending on the size of the 2D particles (3 mm and 5 mm) and the type of sand 

used. The VC was calculated using Equation 4-22 and varied between 4% and 40%. Hydraulic 

conductivity tests were performed as described in Section 4.2.2. Plots of Q20 vs i were 

produced for each specimen, results are shown in Figure 4-5 to Figure 4-8.  

 

In Figure 4-6 and Figure 4-8, results of the linear regressions were included to assist in the  

estimation of  , calculated from the slope of the line using Equation 4-3. Table 4-3 and Table 
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4-4 summarise the results obtained. K/Ko is the ratio between the hydraulic conductivity of 

the modified specimen and the 100% sand control specimen denoted as Ko. K/Ko was used to 

assess the magnitude of the changes in the hydraulic conductivity once the 2D particles were 

added. In Figure 4-9, K/Ko was plotted against the VC whilst  in Figure 4-10, K/Ko was 

plotted against RS.  Figure 4-11 shows the variation in void ratio with the VC of 2D particles.   
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Table 4-1 Description of specimens composed of Leighton Buzzard Sand fraction B (LB-b) and 2D particles 

 

 

 

 

 

Solids volumetric content

Sample ID Sand type

Size 2D 

particles 

(mm)

RS a VC b 

%Vol 

content 

Sand

%Vol content 

2Dparticles 

%Mass 

content 

Sand

%Mass 

content 2D 

particles

Dry 

Density 

(Mg/m3)

Void Ratio 

(e) c
Porosity 

(n) d

1 LB-b na 0,0 0,00 100,00 0,0 100,00 0,00 1,99 0,33 0,25

2 LB-b 3 3,8 4,00 96,15 3,85 98,44 1,56 1,96 0,32 0,24

3 LB-b 3 3,8 19,21 83,89 16,11 92,91 7,07 1,81 0,32 0,24

4 LB-b 3 3,8 29,99 76,93 23,07 89,37 10,62 1,73 0,32 0,24

5 LB-b 3 3,8 40,01 71,42 28,58 86,32 13,68 1,66 0,32 0,24

6 LB-b 5 6,3 12,78 88,67 11,33 95,18 4,82 1,87 0,32 0,24

7 LB-b 5 6,3 19,99 83,34 16,66 92,65 7,34 1,82 0,31 0,24

8 LB-b 5 6,3 29,99 76,93 23,07 89,37 10,62 1,80 0,27 0,21

9 LB-b 5 6,3 39,73 71,57 28,43 86,40 13,60 1,75 0,25 0,20

a Calculated according to Equation 4-21

b Calculated according to Equation 4-22

c Calculated according to Equation 4-19

d Calculated according to Equation 4-20

Solids mass content
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Table 4-2 Description of specimens composed of Leighton Buzzard Sand fraction D and 2D particles 

 

 

 

 

` Solids volumetric content

Sample ID Sand type

Size 2D 

particles 

(mm)

RS a VC b %Vol content 

Sand

%Vol content 

2Dparticles 

%Mass 

content 

Sand

%Mass 

content 

2D 

particles

Dry 

Density 

(Mg/m3)

Void Ratio 

(e) c
Porosity 

(n) d

10 LB-d na 0,0 0,00 100,00 0,0 100,00 0,00 1,84 0,44 0,30

11 LB-d 3 15,0 10,01 90,90 9,10 96,19 3,81 1,75 0,43 0,30

12 LB-d 3 15,0 20,00 83,33 16,67 92,66 7,34 1,75 0,36 0,26

13 LB-d 3 15,0 29,99 76,93 23,07 89,37 10,62 1,74 0,31 0,24

14 LB-d 3 15,0 40,01 71,42 28,58 86,32 13,68 1,73 0,27 0,21

15 LB-d 5 25,0 10,01 90,90 9,10 96,19 3,81 1,84 0,36 0,26

16 LB-d 5 25,0 19,98 83,35 16,65 92,66 7,34 1,77 0,35 0,26

17 LB-d 5 25,0 29,99 76,93 23,07 89,37 10,62 1,80 0,27 0,21

18 LB-d 5 25,0 40,00 71,43 28,57 86,32 13,68 1,77 0,24 0,19

a Calculated according to Equation 4-21

b Calculated according to Equation 4-22

c Calculated according to Equation 4-19

d Calculated according to Equation 4-20

Solids mass content
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Figure 4-5 Hydraulic conductivity tests specimens with RS (3.8-6.3) at different VCs 

 

Figure 4-6 Linear regressions of hydraulic conductivity tests specimens with RS (3.8-6.3) 

at different VCs  
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Figure 4-7 Hydraulic conductivity tests specimens with RS (15-25) at different VCs  

 

Figure 4-8 Linear regressions of hydraulic conductivity tests specimens with RS (15-25)  at 

different VCs  
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Table 4-3 Comparison of the hydraulic conductivity in specimens with relative sizes of 

3.8 and 6.3 and different contents of 2D particles  

 

 

Table 4-4 Comparison of the hydraulic conductivity in specimens with relative sizes of 15 

and 25 and different contents of 2D particles 

 

 

 

 

 

 

 

 

 

 

Sample 

ID
Description R

2 Slope K  (m/s) K/Ko

% 

Decrease 

in K
1 100% LB-b 0.9985 1.02E-05 2.32E-03 1.00 -

2 4%2D particles/RS 3.8 0.9942 1.03E-05 2.33E-03 1.01 -

3 19.2%2D particles/RS 3.8 0.9965 9.40E-06 2.13E-03 0.92 -8.21

4 30%2D particles/RS 3.8 0.9976 8.80E-06 1.99E-03 0.86 -14.01

5 40%2D particles/RS 3.8 0.9987 8.34E-06 1.89E-03 0.81 -18.51

6 12.8%2D particles/RS 6.3 0.9980 9.14E-06 2.07E-03 0.89 -10.69

7 20%2D particles/RS 6.3 0.9992 8.75E-06 1.98E-03 0.85 -14.51

8 30%2D particles/RS 6.3 0.9997 8.17E-06 1.85E-03 0.80 -20.24

9 39.7%2D particles/RS 6.3 0.9620 7.53E-06 1.70E-03 0.74 -26.45

Sample 

ID
Description R

2 Slope K  (m/s) K/Ko

% 

Decrease 

in K
10 100% LB-d 0.9984 1.32E-06 2.99E-04 1.00 -

11 10%2D particles/RS 15 0.9971 1.31E-06 2.96E-04 0.99 -1.02

12 20%2D particles/RS 15 0.9945 9.32E-07 2.11E-04 0.71 -29.43

13 30%2D particles/RS 15 0.9992 8.83E-07 2.00E-04 0.67 -33.13

14 40%2D particles/RS 15 0.9954 7.99E-07 1.81E-04 0.60 -39.53

15 10%2D particles/RS 25 0.9981 1.20E-06 2.71E-04 0.91 -9.48

16 20%2D particles/RS 25 0.9949 7.03E-07 1.59E-04 0.53 -46.82

17 30%2D particles/RS 25 0.9993 5.67E-07 1.28E-04 0.43 -57.11

18 40%2D particles/RS 25 0.9919 4.54E-07 1.03E-04 0.34 -65.64
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Figure 4-9 Variation in K/Ko with the volumetric content of 2D particles for specimens 

with different relative sizes  
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Figure 4-10 Variation in K/Ko with RS of 2D particles for specimens with different 

volumetric content 
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Figure 4-11 Variation in void ratio with the volumetric content of 2D particles for 

specimens with different relative sizes 

4.3.2. µCT Scanning 

The orientation of the plastic discs was investigated in two of the specimens using µCT. 

Selected images are presented in Figure 4-12 and Figure 4-13. In Figure 4-12, images taken in 

sample # 9, a specimen made with LB-b and 5mm discs and corresponding RS of 6.3 and VC 

of 40, show that 2D particles (represented by the darker circles) were preferentially oriented 

in the x-y plane perpendicular to the flow plane. Also, the images evidenced that the 2D 

particles were reasonably well distributed along the sample, although a gradual increase in 

the content of discs from bottom to top was observed. 
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Similar situation as shown in Figure 4-13, was observed for sample # 16, a specimen made 

with LB-d and 5mm discs and corresponding RS of 25 and VC of 20. Images presented in 

Figure 4-12 and Figure 4-13 were obtained following three basic steps: acquisition, 

reconstruction and processing. Details about the equipment used and the scanning 

conditions were described in section 4.2.2.  

 

Reconstruction was carried out using a filter back projection algorithm. Once reconstructed, 

3D images were obtained using VG-Studio Max V2 whilst 2D images were obtained using 

Image J. The reconstruction process produced 1376 horizontal slices separated by 0.059 mm.  

 

Images processing started by reducing the number of slices to 1083 (with a voxel size of 

0.000215 mm3) to cover a subsection (referred as the region of interest, ROI). This was done 

to reduce the computational demand and accelerate processing. The ROI was located 

between the piezometer ports in the permeameter. Then, the ROI was divided from bottom 

to top into four sub-regions: ROI-1, ROI-2, ROI-3 and ROI-4. All images were stored in 8 bit 

format. The resulting images were grey scale images with grey values in the range between 

0 and 255 which were visually and quantitatively assessed. The quantitative assessment was 

based on the grey value at each voxel or pixel of the 3D or 2D images respectively. The grey 

value is related to the amount of X-rays that a material can absorb and transmit, which is a 

function of the material density (Kak and Slaney, 1988). Grey value histograms were 

obtained for each of the ROIs where the number of voxels for each grey value was plotted 

(Figure 4-14).  

 

Quantification of the volume content for each grey value using the number of voxels and the 

size of each voxel followed. Different regions in the histogram (i.e. regions separated by 

clear peaks) were used for the volumetric quantification of each material in the specimen. 

For example, in Figure 4-14, two peaks clearly divided at a grey value of around 143 are 

evident. As images were mapped for brighter materials to be displayed with the higher grey 

levels, those voxels with grey values above 143 correspond to sand. This was verified during 
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visualisation in 3D by disabling the interval 0-143. The rendered volume showed only sand 

grains validating that materials in the range 0-143 correspond to plastic discs and pores.  

 

The cumulative distribution of grey values is illustrated in Figure 4-15. The y axis is the 

percentage of voxels with a grey value < x. Therefore, the graph represents the volumetric 

content of the components in the specimen. Volumetric concentrations of pores and discs 

were calculated for each ROI using a threshold equal to 143 and the corresponding quantity 

in the y axis. They were compared against the percentages used during the specimen 

preparation (e.g. 54.4% sand, 21.6% discs and 24% pores for sample # 9). Results from the 

sum of all ROIs showed close agreement with the actual composition (see the sum of all 

ROIs in Figure 4-15). Differences in the volumetric contents between the four ROIs suggest a 

gradual increase in the content of plastic discs, from bottom to top, and this is also shown in 

the horizontal views. 

 

Separation between discs and pores was more difficult given the smaller differences 

between their grey values. Alternative segmentation methods were explored, i.e. region 

growing and shape based techniques. These were successfully applied to smaller sub-

regions of the specimens, but required a substantial amount of manual input and were 

therefore highly time consuming. This limited the possibility to complete the segmentation 

within the time framework of this research. A broad range of fast segmentation algorithms 

are available in the different commercial image processing applications available and should 

be explored in future research on the effect of the orientation of the 2D particles. Further 

details of the steps taken to obtain images is available in Caicedo et al. (2011) (see Annex 4-

7). 

 

Differentiation between discs and pores based on grey level was more difficult. Grey value 

histograms under 143 do not show clear peaks to distinguish between these two materials. 

Although the distribution for ROI-4 (see Figure 4-14) suggests that the curve is the result of 
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two different distributions: the first with a maximum at around 60 presumably for pores 

and the second with a maximum at around 118 presumably for plastics, they share a 

significant region of grey values making any unambiguous differentiation unreliable.   

 

Figure 4-12 Selected images of sample # 9 (LB-b and 5mm discs, RS 6.3, VC 40) obtained 

by µCT  

 

    

a. Horizontal view at 0 

mm  

b. Horizontal view at  

9.6 mm 

c. Horizontal view at 

21.4 mm 

d. Horizontal view at  

33.2 mm 

    

e. Horizontal view at  

45.0 mm 

f. Horizontal view at 

62.7 mm 

g. Horizontal view at  70 

mm  

h. Cross sectional cut at 

36 mm  

  

At the time of writing no further attempts have been made to achieve segmentation between 

plastics and pores. This could have been possible using alternative segmentation algorithms 

like those based on differences in shape (i.e. Hough transform, template matching) or on the 

statistical treatment of histogram to obtain two separated normal distributions (Nixon and 

Aguado, 2008). This will be the subject of further research.  
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Figure 4-13 Selected images of sample # 16 (LB-d and 5mm discs, RS 25, VC 20) obtained 

by µCT  

 

    

a. Horizontal view at 

2.1  mm  

b. Horizontal view at  

13.3 mm 

c. Horizontal view at 

24.0 mm 

d. Horizontal view at  

40.3 mm 

   

e. Horizontal view at  

58.2 mm 

f. Cross sectional cuts 
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Figure 4-14 Grey value distribution for Sample #9. Y axis represents the number of voxels 

with a grey value equal to X. The grey scale is in the range 0-255 as a result of images 

being stored in 8 bit format 

 

 

 

 

 

 

 

 

  

 

 

 

0.0E+00

5.0E+05

1.0E+06

1.5E+06

2.0E+06

2.5E+06

3.0E+06

3.5E+06

4.0E+06

4.5E+06

5.0E+06

5.5E+06

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250

Grey value

N
u

m
b

er
 o

f v
o

xe
ls

ROI-1 ROI-2 ROI-3 ROI-4

Sand

Plastics & pores

0.0E+00

2.0E+06

4.0E+06

6.0E+06

8.0E+06

1.0E+07

1.2E+07

1.4E+07

1.6E+07

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250

Grey value

N
u

m
b

er
 o

f v
o

xe
ls

Sum all ROIs Sand

Plastics & 

pores



 158 

Figure 4-15 Cumulative grey value distribution for Sample #9. Y axis represents the 

percentage of voxels as the total sample volume with a grey value less than X. The 

threshold grey value of 143 corresponds to the point dividing the peaks for sand and 

plastics and pores in Figure 4-14 
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4.4. Analysis of results using analogous models  

Further analyses were carried out using the analogue model proposed by Maxwell (1954) 

for conduction through heterogeneous porous media (explained in Section 4.1.4). The model 

relates K/Ko to the proportion by volume of 2D particles, p, as indicated in Equation 4-16. 

Maxwell (1954) defined p as a function of the ratio between the matrix and spheres radius 

according to Equation 4-13. To account for the differences in the geometry between the 

media of spheres embedded studied by Maxwell (1954) and the matrix modified with 2D 

particles used during this research, a generalized definition of p was considered. Equation 4-

13 was modified as suggested by Prof. John Barker through a personal communication, and 

expressed as: 

 

           Equation 4-23 

 

Where    [L0] is a non-dimensional parameter ,   [L0] the constant of proportionality,   [L-3] 

the number of 2D particles per unit volume,   [L] the diameter of the 2D particles and   [L] 

the diameter of the sand grains.   is defined in terms of   , the number of discs in the 

sample as:  

 

  
  
 

 Equation 4-24 

 

where   is the specimen volume. For Equation 4-23 to be dimensionally correct, the sum of 

  and   powers must equal 3, therefore the need to use the power coefficient  . The 

diameter of the sand grains  , was calculated as the geometric mean between the maximum 

and minimum particle size according to Equation 4-25: 
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  √         Equation 4-25 

 

The geometric mean was preferred over the arithmetic and harmonic means as it is 

generally accepted that a heterogeneous media is well approximated to a homogeneous 

media by considering the geometric mean of the property under investigation, in this case 

the particle size (Gómez-Hernández and Gorelick, 1989). 

In Equation 4-23 the effective volume of the 2D particles was considered to be a function of 

their diameter   and their thickness was not included. The rationale for this follows: 

consider a hypothetical experiment where the number of discs is kept constant and their 

thickness is continually halved. Provided the discs remain impermeable there is no reason to 

imagine that the permeability would change. This suggests that the permeability cannot 

depend on the discs’ thickness.  

Values for   and   were estimated using the solver tool in Excel by an iterative process 

where the square sum of the differences between K/Ko calculated with Equation 4-16  and 

the experimental results was minimized. Results are summarised in Table 4-5. The sum of 

squares was evaluated < 0.08 which suggests a reasonable agreement with the experimental 

data. Additionally, plots of K/Ko model vs K/Ko experimental were used to evaluate the 

models performance. These results are presented in Figure 4-16.     
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Figure 4-16 Evaluation of analogous models for conduction through heterogeneous media   

Combining Equation 4-17 with Equation 4-23 gives the following expressions for Ko/K: 

  
 
     

         Equation 4-26 

 

Figure 4-17 was produced to evaluate Equation 4-26 and assess the correlation between Ko/K 

and  . The trend lines shown was derived excluding data for Ko/K equal to 1. Table 4-5 

summarises the results of this analysis.  

 

 

 

  

 



 162 

Table 4-5 Results from analogous model on conduction through heterogeneous media 

 

 

Sample ID
K/Ko 

experiment.
D (mm) d(mm) No N (mm

-3
) p

K/Ko 

fitted 

1 1.0000 0 0.8414 0 0.0000 0.0000 1.0000

2 1.0068 3 0.8414 5344 0.0069 0.0124 0.9816

3 0.9179 3 0.8414 23343 0.0287 0.0517 0.9245

4 0.8599 3 0.8414 23511 0.0413 0.0742 0.8927

5 0.8149 3 0.8414 29125 0.0511 0.0919 0.8683

6 0.8931 5 0.8414 5497 0.0073 0.0861 0.8762

7 0.8549 5 0.8414 6112 0.0108 0.1276 0.8201

8 0.7976 5 0.8414 8464 0.0155 0.1824 0.7493

9 0.7355 5 0.8414 6633 0.0192 0.2272 0.6940

10 1.0000 0 0.2121 0 0.0000 0.0000 1.0000

11 0.9898 3 0.2121 9774 0.0150 0.0691 0.8998

12 0.7057 3 0.2121 20551 0.0289 0.1333 0.8125

13 0.6687 3 0.2121 23511 0.0416 0.1918 0.7375

14 0.6047 3 0.2121 27224 0.0531 0.2451 0.6725

15 0.9052 5 0.2121 4019 0.0058 0.1759 0.7575

16 0.5318 5 0.2121 6923 0.0105 0.3179 0.5886

17 0.4289 5 0.2121 8464 0.0155 0.4680 0.4311

18 0.3436 5 0.2121 12963 0.0196 0.5926 0.3143

SumSq

α

ε

0.0661

2.79E-02

-0.6841
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Figure 4-17 Ko/K vs          

 

4.5. Discussion  

Plots of     vs   presented in Figure 4-5 and Figure 4-7 confirm that the experiments were 

performed under conditions where Darcy’s law is valid, i.e. laminar flow; correlation 

coefficients    > 0.99. Only sample 9 showed a lower    of 0.9620 but still indicates 

agreement with Darcy’s law.   

In Figure 4-6 and Figure 4-8 linear regressions of     vs   plots were included. The slope of 

the plots decreases at greater RS and VC. The reduction in the slope demonstrates a 

progressive decrease in the hydraulic conductivity which can be further appreciated in the 

results summarised in Table 4-3 and Table 4-4. The reduction in the hydraulic conductivity 

with the increase in RS and VC is clear. For example, specimens at 40%VC displayed 
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reductions in the hydraulic conductivity of 18.51, 26.45, 39.53 and 65.64 % for RS of 3.8, 6.3, 

15 and 25 respectively. Specimens where RS was kept constant at 25 exhibited a reduction in 

the hydraulic conductivity of 9.48, 46.82, 57.11 and 65.64% for VC of 10, 20, 30 and 40% 

respectively. The maximum reduction in the hydraulic conductivity during this study was 

65.64% for the specimen with the highest VC and RS, i.e. the hydraulic conductivity was 

reduced to one third with the inclusion of 40%VC of 2D particles with a RS of 25. These 

results are comparable in magnitude to those reported by Xie et al. (2006) albeit under the 

very different conditions used during this study. Xie et al. (2006) used smaller content of 

larger 2D particles, i.e. 1% by mass of particles approximately 10k the size of the matrix 

particles.  

Reductions in the hydraulic conductivity caused by the intrusion of 2D particles from this 

study were in all cases of less than one order of magnitude (i.e. a maximum reduction of 

65.64%). This contrasts with the results reported by Beaven and Powrie  (1995) where decay 

in the hydraulic conductivity with the increase in the stress level was of several orders of 

magnitude. These results indicate that although the stress level determines the order of 

magnitude of the hydraulic conductivity, the content and size of 2D materials play a role in 

controlling the figure taken by the hydraulic conductivity within the order of magnitude 

determined by the stress level.     

The effect of VC and RS can be further studied using Figure 4-9. The graph shows three 

regions according to their percentage of decrease in the hydraulic conductivity. A limit 

definition to discriminate between conditions (i.e. VC and RS) that cause significant changes 

in the hydraulic conductivity from those that do not was necessary. References to back up 

the limit selection were not available. For example, although Xie et al. (2006) reported 

reductions in the hydraulic conductivity from the intrusion of 2D particles to a matrix of 

solid waste, their experiments were not systematically performed to report changes in K 

over a range of conditions and identify those that caused significant changes. Thus, the limit 

was defined using the experience gained during this research. First, the results during this 

research showed changes in the hydraulic conductivity within one order of magnitude. 
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Therefore, the definition of significance in the decrease of K needed to be placed in the range 

between 0 and 100%. A division of the range in thirds was judged appropriated. The first 

third, i.e. decrease from 0 to approximately 30%, could probably be considered as 

insignificant and be explained through experimental errors arisen during measuring the 

hydraulic conductivity, e.g. temperature, piezometer level variations, air accumulation, etc. 

(Daniel, 1993). However, a decrease in the hydraulic conductivity over 30% could probably 

not be explained from experimental errors and rather result from differences in the structure 

of the specimen tested. Then, a decrease in the hydraulic conductivity of more than 30% was 

selected as the limit.  

 

Region 1, for VC ≤ 10 or 3.8% dry mass, where regardless the RS there is not effect on the 

hydraulic conductivity, i.e. reduction always < 10%. Region 2, 10< VC< 20 or 3.8-7.3% dry 

mass, where the effect on K/Ko is not clear as specimens with intermediate VCs were not 

tested. And region 3 for 20 ≤ VC ≤ 40, where K/Ko decreases with VC following linear 

relationships with   > 0.98. In region 3, if a reduction of 30% in K/Ko is considered 

significant, i.e. 0.7, then the conditions where significant changes in the hydraulic 

conductivity begin can be identified. The maximum reduction in hydraulic conductivity 

observed in specimens with RS ≤ 6.3 was 26.45% which may be regarded as insignificant. 

For the group of specimens with RS equal to 15, the hydraulic conductivity was reduced to 

approximately 30% at a VC of 20%. These conditions can be regarded as the critical point 

where significant reduction in the hydraulic conductivity occurred. These results suggest 

that additions of less than 7.3% dry mass of 2D particles with RS < 15 will not affect the 

hydraulic conductivity. Whilst, additions of more than 7.3% dry mass of 2D particles with 

RS ≥ 15 will cause a reduction in the hydraulic conductivity greater than 30%. This 

information can be used as an indication of the expected reduction in the hydraulic 

conductivity for waste materials knowing the mass content of 2D components, i.e. plastics, 

textiles and paper, and their size relative to the matrix particles.  
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Figure 4-10 shows the linear relationship between RS and K/Ko when VC is kept constant. 

For VC equal to 10, K/Ko remains constant regardless RS. For 20 ≤ VC ≤ 40,    > 0.99 and the 

slope experienced a smooth but progressive increase with VC. For 20%VC, the slope of the 

plot was -0.0192 which indicates that one unit increase in RS would cause a decrease of 

1.92% in the hydraulic conductivity. For 40%VC the slope of -0.0213 indicates a decrease of 

2.13% in the hydraulic conductivity with every unit of increase in RS.  

 

The impact of VC on the void ratio was investigated in Figure 4-11. The plot evidences a 

general decrease in void ratio at higher VC. The magnitude of the reduction is more market 

at higher RS. Specimens with RS of 3.8 and 6.3 showed a constant void ratio over the 

investigated VC range. Specimens with RS 15 and 25 had their void ratios reduced by 38 and 

45% respectively when VC was increased from 0 to 40%.  These results suggest that the 

intrusion of 2D particles creates a medium with better packing properties, denser structures 

and smaller void ratios. This agrees with the results of Lee et al. (2007), who found that 2D 

particles enforce ordering of the grains that fall on their surface and hence result in denser 

arrangements. In the current research, as 2D particles were distributed in the specimen, a 

large number of flat surfaces were available to order sand grains. At higher VC, more 

particles were available which increased the effect. Also, with more 2D particles the effect of 

bridging in the underneath particles could have been also minimised.  

 

This shows that the reduction in the hydraulic conductivity caused by large 2D particles (RS 

≥ 15) at contents over 7.3% dry mass (VC ≥ 20) is the result of two factors. Modification of 

flow paths: permeable and impermeable materials divert and impede flow respectively (see 

Figure 3-1). Decrease in the void ratio: order enforced by the presence of flat surfaces (see 

Figure 4-2). During this research, the two factors acted in a complementary fashion to affect 

the hydraulic conductivity and although efforts were made to isolate one from the other, 

this proved to be experimentally unachievable given the inherent physical ordering 

enforced by the flat surfaces. The decrease in K/Ko with VC and RS follows clear linear 
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relationships, i.e. R2 > 0.98 and 0.99 respectively, which indicate the linear influence of VC 

and RS on K/Ko. The relationship between K/Ko and void ratio is less clear, i.e.    < 0.89 for 

linear fitting, and needs further research.       

 

The evaluation of the analogous model proposed by Maxwell (1954) showed good 

agreement with experimental data (see Figure 4-16). This suggests that the use of the 

Maxwell (1954) model and its simplified version for impermeable intruded spheres 

(Equation 4-16), originally developed for a system of embedded spheres, adequately 

captures the impact on the permeability of a granular media with embedded 2D particles. 

 

In the Maxwell (1954) model, K/Ko depends on a single parameter p that measures the 

proportion by volume of the embedded particles. The model was evaluated by means of the 

sum of the square differences between the experimental and modelling results (SumSq in 

Table 4-5) and by linear regression of a plot K/Ko experimental vs K/Ko model (Figure 4-16). 

The   model showed agreement with the experimental results with a  SumSq 0.0661 and    

0.8917.  Further information can be obtained from Figure 4-17 where K/Ko experimental was 

plotted against         . A linear regression of the data set excluding points where K/Ko 

equal 1 gave a regression coefficient    of 0.9321. This suggests that K/Ko can be expressed 

as a linear function of         according to Equation 4-26: 

 

  
 
 {
                                                             
    

 (         )          
} 

Equation 4-27 

  

Equation 4-26 agrees with Equation 4-26, which resulted from expanding the Taylor series 

of the simplified Maxwell (1954) model for impermeable spheres. A recommended area for 

future research is the application to solid waste of the mathematical equations developed in 

the context of composites (Fredrickson and Bicerano, 1999, Nielsen, 1967). This could 
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enhance further our understanding of the parameters that control the decrease in the 

hydraulic conductivity evidenced during the research described along this chapter and that 

results from the presence of flat particles in solid residues.  

  

4.6. Summary     

In solid wastes, materials such as flexible and rigid plastics, paper, textiles, metals and glass 

can be classified as 2D. Overall 2D materials constitute a significant percentage in solid 

wastes, i.e. up to 30% dry mass, as discussed in Chapter 3. Although some researchers have 

argued that 2D particles can affect fluid flow properties of landfill waste (Xie et al., 2006, 

Velkushanova et al., 2009), characterisation of the geometry of the particles in solid waste 

and the impact on fluid flow remains an unexplored area of research.  

Analysis of the permeameter tests discussed in this chapter provide a systematic study on 

the impact of 2D particles on hydraulic conductivity.  Specimens comprising Leighton 

Buzzard sand (matrix) and plastic discs (2D particles) were used as analogues to investigate 

changes in the hydraulic conductivity of a media systematically altered by plastic 2D 

particles. The study evidenced the effect of the inclusion of 2D particles in reducing 

hydraulic conductivity by a factor that depends on the relative content and size of the 

particles, but that is always within one order of magnitude. Two parameters were examined 

over ranges that are representative of solid wastes: the relative size (RS, 0-25) and relative 

volumetric content (VC, 0-40%). The results showed that: 

 Low content of 2D particles, i.e. VC < 20% = 7.34% dry mass, even with a RS several 

times the surrounding matrix, did not have a significant effect on the hydraulic 

conductivity, i.e. reduction < 30% was observed.  

 Reductions in the hydraulic conductivity of more than 30% started at RS 15 and VC 

20%, conditions that were considered as the critical point where significant changes 

in the hydraulic conductivity started to be evident.  
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 The maximum reduction in K of ≈ 65% was observed in the specimen with the 

highest content of the largest 2D particles, i.e. RS 25 and VC 40%.  

 For VC ≥ 20%, the hydraulic conductivity decreased by approximately 2% for each 

unit of increase in the RS. This suggests that the intrusion of 2D particles with 

dimensions 5 times greater than the surrounding matrix will produce a decrease of 

approximate 10% in the hydraulic conductivity. Consequently, a reduction in K ≥ 

30% would be caused by particles at least 15 times larger than the size of the particles 

of the surrounding matrix.  

 The void ratio was progressively reduced with the increase in RS and VC of the 2D 

particles. The net effect of 2D particles on the hydraulic conductivity is the result of 

their simultaneous potential to divert flow and change the packing/structure 

properties of the system. 

 The behaviour of K/Ko was well explained by an analogous model proposed by 

Maxwell (1954) for conduction through an heterogeneous media modified with 

embedded spheres. For impermeable spheres, the model expresses K/Ko as a simple 

linear function of the non-dimensional parameter   which measures the content per 

volume and the relative size of 2D particles in a single term. The use of this 

simplified model allowed the characterisation of the geometrical properties of the 

media using the variable under investigation.  

Velkushanova et al. (2009), described a framework in which 2D particles are classified as 

potentially flow diverting or impeding if they are at least 5 times larger than the size of the 

particles in the matrix. This framework does not consider the relative content as criterion for 

classification. Based on the results discussed in this chapter this definition needs adjustment 

as 2D materials may be considered as flow diverting if they are 15 times larger the 

surrounding matrix and constitute at least 7.3% (by dry mass) of the solid waste. 

eExperiments were not carried on semi-permeable materials and thus do not provide the 

necessary criteria to classify 2D materials as flow impeding.  
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The results highlight the important role 2D particles have in fluid flow processes and give a 

reasonable indication of the magnitude of changes expected in the hydraulic conductivity 

arising from the presence of 2D materials in landfilled waste. Similar experiments using 

solid waste are required to validate these findings and gain further understanding in a more 

heterogeneous and highly degradable porous media.  
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5. The study of preferential flow 

paths and the structure of MSW 
The study discussed in Chapter 4 showed that the inclusion of 2D particles reduces the 

hydraulic conductivity by a factor that depends on the relative content and size of the 

particles. This is probably not the only effect that 2D particles have on fluid flow processes. 

Research in columns packed with elongated particles suggest the formation of longer flow 

paths than those formed in columns with spherical particles (Donohue and Wensrich, 2008, 

Donohue and Wensrich, 2009). Research by Xie et al. (2006) indicates that 2D particles can 

divert flow paths and increase flow tortuosity. Investigations at laboratory scale in columns 

filled with solid waste indicate the presence of preferential flow paths (Korfiatis, 1984, Zeiss 

and Major, 1992, Bendz and Singh, 1999, Johnson et al., 2001) and anisotropy in the 

hydraulic conductivity (Hudson, 2007). These studies taken together suggest that 2D 

particles can change the structure of the solid waste leading to favoured flow through some 

paths. 

 

This chapter discusses: 

 

1. the presence of preferential flow paths in solid wastes 

2. the role played by 2D particles in preferential flow and  

3. the characteristics of the structure created in solid wastes as the result of the presence 

of 2D particles  

 

based on a case of study in which dye-tracing, invasive (thin sectioning) and non–invasive 

methods (µCT) were explored to visualize flow routes and investigate the structure 

developed in an undisturbed specimen of MSW.  
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A review of the background in structure of porous media and methods for the study of 

structure is the subject of Section 5.1. Research of the structure developed in porous media 

in the presence of modifying materials and the theoretical concepts developed around them 

is discussed in Section 5.1.1. Section 5.1.1 also discusses  the characteristics of the structure 

in solid wastes. Methods for the investigation of the structure and preferential flow 

phenomena in porous media are covered in Sections 5.1.2 and 5.1.3.  

 

Section 5.2 describes materials and methods with special emphasis on the procedure 

designed to preserve the structure of the specimen during the study. The specimen under 

investigation was obtained from a core sample of degraded MSW which was previously 

characterised and results examined in Chapters 2 and 3. Sections 5.3 and 5.4 present the 

results from this study and their implications. 

 

5.1. Background   

5.1.1. The structure of solid wastes and analogue porous media 

Little research has been done on the structure that develops once solid waste is landfilled. 

Yet, it is recognized that like geological materials and as a result of the deposition in 

progressive layers, compaction and heterogeneity, MSW develops a strong (Dixon and 

Jones, 2005), layered (Rees-White, 2004) and anisotropic structure (Hudson, 2007). It is also 

accepted that plastics and textiles, due to their flat shape, tensile strength and orientation, 

can enhance the strength (Kölsch, 1995, Dixon et al., 2008, Fernando et al., 2009), and has 

been argued that they could also influence flow behavior by diverting fluid flow (Xie et al., 

2006, Velkushanova et al., 2009). Additionally, as degradation progresses and in common 

with other organic materials, e.g. organic soils and peat (Rezanezhad et al., 2010, Kettridge 

and Binley, 2011), changes in the waste structure can be expected (White and Beaven, 2008). 

Another aspect to consider is that the introduction of the European Landfill Directive has 
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produced a new type of MBT wastes that will develop a different structure in landfills 

(Powrie et al., 2007) 

 

Our detailed understanding of the structure that develops once solid waste is placed into 

landfills, and how the structure affects fluid flow is very limited. An insight into the 

characteristics of the structure that develops in porous media and in the theoretical concepts 

developed around them can assist increasing this understanding. For this purpose, the 

Carman-Kozeny model is discussed in Section 5.1.1.1 which introduces the tortousity factor 

to describe the increase in flow path lengths in porous media. In Section 5.1.1.2, a study in 

columns packed with fibrous particles illustrates the impact in the tortuosity factor with the 

inclusion of fibrous materials. Section 5.1.1.3 examines the structure of solid wastes and 

some implications on the light of previous sections. Section 5.1.2 reviews the invasive 

methods (e.g. dye tracing, thin section) for the study of structure in porous media whilst 

Section 5.1.3 the non-invasive technologies (e.g. µCT). 

5.1.1.1. Carman-Kozeny model  

The Carman-Kozeny model conceptualises porous media as a network of interconnected 

conduits.  The model assumes that a hypothetical fluid particle, flowing with a velocity v 

covers a path length L in the same time as an actual fluid particle, flowing with velocity vp, 

covers an average effective path length Le (see Figure 5-1). 

 

Inflow rate Q can be expressed in terms of both ν and νp  as expressed in Equation 5-1.  ν  is 

the velocity of an hypothetical particle moving through a straight path and νp is the velocity 

of an actual particle moving through a tortuous path as: 

 

avvAQ p
 

Equation 5-1 
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The porosity of the medium n can be expressed according to Equation 5-2 where Le is the  

tortuous path and L is the shortest distance or straight flow path. Replacing Equation 5-2 in 

Equation 5-1 gives an expression for νp in terms of the ratio Le/L , the tortuosity factor, a 

concept that describes the structure of the pore space (see Equation 5 3). 

 

AL

aLe
n 

 

Equation 5-2 
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v p 

 

Equation 5-3 

 

Le  is larger than L and the difference depends on the structure of the media. For example, 

flow paths across uniform materials tend to be shorter and have lower tortuosity factors 

than those for well graded materials, where smaller grains can fill the larger voids (Fetter, 

1999, Dullien, 1992). This suggests that heterogeneity increases the tortuosity of the flow 

paths.   

 

Figure 5-1 Illustration of the conceptualised porous media in Carman- Kozeny 

model (adapted from Dullien, 1992) 
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The Carman-Kozeny model developed an expression for K. In the derivation νp is calculated 

according to the Hagen-Poiseuille equation for flow through small pipes. The derivation 

resulted in Equation 5-4 where 0k  is a shape factor and So the specific area.  The sub-index 

CK refers to the Carman-Kozeny model. A full explanation of the equation can be found in 

Dullien (1992). 
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Equation 5-4 

 

5.1.1.2. Implications of Carman-Kozeny model  

After the definition of the tortuosity factor in the Carman-Kozeny model, a porous medium 

is referred as tortuous to express the fact that fluid paths differ from straight lines. Evidence 

suggests that  heterogeneity increases the tortuosity (Fetter, 1999, Dullien, 1992). It is 

recognised that the presence of 1D, 2D and 3D particles increases the heterogeneity of the 

medium (White and Walton, 1937, Santamarina and Cho, 2004). Thus, changes in the pore 

space structure, increase of flow paths length and of the tortuosity factor Le/L are expected. 

The magnitude of the affect would depend on the relative size, orientation, content and 

material composition of the particles. This is schematically represented for the case of 2D 

particles in Figure 5-2.   

Donohue and Wensrich (2008) investigated the impact of fibrous materials on the tortuosity 

factor. Their research was developed using numerical modelling to create assemblages of 

fibres with aspect ratios (AR) in the range of 1 to 40. The pore space was modelled as a chain 

of spheres passing through the assemblage of fibres. The length of that chain was used as an 

indication of the length of the flow path. Their results showed that arrangements of fibres 

have greater tortuosities than those of spherical elements (e.g Le/L 1.5-2.8 vs 1.2). The highest 

tortuosities were observed in fibre arrangements with 5<AR<20. The minimum AR that 

caused a significant increase in the tortuosity was 5 (i.e. 25%) whilst fibres with AR of 20 
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caused the tortuosity to increase by 133%. They also observed that fibres with 5<AR<20 tend 

to orientate horizontally and create the longest void passages. The orientation of fibres with 

AR>20 differed from the horizontal axis and created arrangements less efficiently packed 

with lower tortuosities (≈1.5).  

 

 

 

 

Results for fibrous materials, although best conceptualised as 1D and 3D particles, give an 

indication of the effect that 2D particles could have on the tortuosity of a porous medium. 

Findings by Donohue and Wensrich (2008) suggest that in solid wastes, 2D particles could 

increase the medium tortuosity by a magnitude that would depend on their relative size.    

5.1.1.3. Evidence of the structure of solid wastes and preferential flow     

Results by Donohue and Wensrich (2008) suggest that impermeable 2D particles in 

landfilled waste could divert fluid flow, extend flow paths and consequently increase flow 

tortuosity. Their results also suggest that if the particles are horizontally oriented, i.e. 

perpendicular to the direction of flow, the longer they are the greater the impact on the 

tortuosity. Placement methods during landfilling favour the horizontal orientation of 

 

Diverting particles: 
impermeable materials

(plastics,glass)

Impeding particles: 
permeable materials (paper, 

textiles,wood)

Inlet fluid flow paths

Diverted-fluid flow paths

Impeded-fluid flow paths

Diverting particles: 
impermeable materials

(plastics,glass)

Impeding particles: 
permeable materials (paper, 

textiles,wood)

Inlet fluid flow paths

Diverted-fluid flow paths

Impeded-fluid flow paths

Figure 5-2 Conceptual model to explain flow through landfilled waste (adapted from 

thin sheet model Xie et al., 2006) 
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materials. This has been observed during field excavations by Rees-White (2004), at 

laboratory scale by Caicedo et al. (2010) and suggested as the reason for the anisotropy in 

the hydraulic conductivity by Hudson (2007). 

Whilst investigating the ineffectiveness of leachate extraction wells in a landfill site in the 

UK, Rees-White (2004) led a site excavation which exposed a series of waste profiles. Some 

of the images of the exposed profiles taken during the study are presented in Annex 5-2. The 

images evidence the layered structure where each compacted layer of waste is followed by a 

layer of daily cover material. The excavation revealed that the wells were in good condition 

and that there was no serious microbial growth that could be causing well clogging. Thus, a 

different explanation for the ineffectiveness of the leachate extraction wells was necessary 

and the layered structure, which favours horizontal flow paths, was argued as the most 

likely reason.   

The anisotropy in the hydraulic conductivity of solid wastes was studied by Hudson (2007) 

by measuring the vertical and horizontal hydraulic conductivity in fresh and old MSW and 

finding the horizontal hydraulic conductivity between five to ten times greater than the 

vertical. Hudson (2007) argued that was the result of the layered structure produced by the 

presence of horizontally oriented elongated components. Hudson et al.(2010) studied the 

horizontal spreading characteristics of a 40 year old MSW. In that study water was injected 

on the centre top of the waste sample and collected at the bottom through a segmented basal 

collector system. Experiments were performed at different flow rates under unsaturated 

conditions. Their results showed that horizontal dispersion was significant and increased 

with flow rate (e.g.  42.9% for 5.94 l/h vs 14% for 0.57 l/h).  

The evidence provided by Hudson (2007) and Hudson et al.(2010) indicates that horizontal 

flow paths in solid waste may be more prevalent than those in the vertical direction. When 

water is injected at one single point, the nearest flow channels become saturated and the 

excess of water moves laterally until it encounters adjacent unsaturated vertical paths before 

moving downwards. This favours the presence of preferential flow paths (phenomena 
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further discussed in Section 5.1.2). Experimental work in columns packed with solid waste 

has indicated the presence of channelling flow in fresh MSW, usually by measuring 

moisture contents and the distribution of flow at the discharge of waste packed columns 

(Zeiss and Major, 1992, Korfiatis et al., 1984). In other studies also using fresh MSW, tracer 

tests have revealed the presence of stagnant zones and flow channelling, indicating the 

presence of preferential flow phenomena (Johnson et al., 2001, Bendz and Singh, 1999).  

Recirculation of liquids required for the remediation of landfill sites, is therefore expected to 

be influenced by the layered and anisotropic structure of solid wastes and by the presence of 

preferential flow. However, experimental evidence at both laboratory and field scale is still 

limited. There is particularly a lack of studies that can be used to describe old deposits 

where the presence of preferential flow had been related to waste characteristics. Also, there 

are limited studies comparing the impact of different injection methods on preferential flow 

phenomenon. Moreover, the impact of pre-treated materials (i.e. MBT waste) on the 

structure and the presence of channelling and preferential flow in landfills has only seen a 

limited number of studies (Fernando et al., 2009). Research discussed in this chapter 

provides some evidence to address these gaps.   

5.1.2. The use of invasive methods for the study of preferential flow and 

the structure in porous media 

Given that the number of studies of structure and preferential flow in solid wastes is 

limited, so is the knowledge of the most appropriate methods to investigate flow for porous 

media of this type. The purpose of this and following sections is to discuss the different 

methods, as well as their principles and applications.   

The study of the structure of porous media has been traditionally approached using indirect 

invasive methods such as field observations (Beven and Germann, 1982, Shipitalo et al., 

2004); laboratory analysis of cores by thin sectioning, resin impregnation and imaging 

(Mooney and Morris, 2008, Flury et al., 1994); indirect analysis using tracer injection 

breakthrough curves from fluid flow experiments (Mooney and Morris, 2008) and 
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observation of flow path patterns revealed by dye staining (Flury et al., 1994, Morris and 

Mooney, 2004).  

Of special interest for the study of fluid flow and transport process in porous systems is the 

presence of preferential routes or flow pathways. This type of phenomenon is commonly 

referred as preferential flow and is used to describe flow mechanisms where transport of 

water, as well as dissolved and suspended matter, are primarily associated with a smaller 

fraction of the total pore space. Field measurement of mass movement of liquids and gases 

in soils often shows faster transport than is predicted from mathematical modelling, a 

phenomenon that has been frequently associated with preferential flow occurring through 

macro-pores (e.g. earthworm burrows and cracks), or caused by soil layering or 

hydrophobicity (Beven and Germann, 1982, Allaire et al., 2009).  

The study of preferential flow mechanisms in natural and semi-natural systems has gained 

attention during recent decades due to its incidence in physical processes with high 

environmental and human health implications. In soils, preferential routes may accelerate or 

delay the movement of dissolved matter and contaminants. Faster transport of contaminants 

to groundwater sources reduces the contact time with chemically reactive soil layers (Morris 

and Mooney, 2004, Flury et al., 1994). 

Diverse techniques ranging from the observation of structures likely to lead to preferential 

flow (Garner, 1953, Munyankusi et al., 1994, Beven and Germann, 1982, Shipitalo et al., 2004, 

Mooney et al., 2006) to the use of tracers breakthrough curves (Mooney and Morris, 2008) 

and dyes to visualise flow paths (Lipsius and Mooney, 2006, Van Ommen et al., 1988, 

Andreini and Steenhuis, 1990, Flury et al., 1994, Weiler and Flühler, 2004, Hangen et al., 

2004, Morris and Mooney, 2004) have been applied in preferential flow studies with soils 

and in other systems such as packed beds (Ravindra et al., 1997).  

The observation of disturbing structures, i.e. cavities, fissures, in-homogeneities, can be 

achieved during field excavations by in situ inspection or in the laboratory. Careful selection 

of sampling methods is required to ensure negligible changes in the specimens original 
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structure (Clayton et al., 1982). Specific steps during specimen preparation (e.g. thin 

sectioning and resin impregnation); depend on factors such as specimen nature, degree of 

detail expected and techniques availability (e.g. visual, microscopic or scanning).  

In tracer studies, conservative substances (non-reactive, non-degradable and highly 

detectable) are used as surrogates to mimic the transport of water and other dissolved and 

suspended substances. Once applied, the tracer travels through the system and is 

characterized by monitoring its concentration in the effluent. The response curve so 

obtained is influenced by the flow behaviour and the medium structure. Different chemicals 

are used for this purpose. Ions such as Cl- and Br- are particularly good at tracing water 

movement; whereas dyes are generally considered suitable surrogates for contaminants 

(Flury et al., 1994). 

Dyes are coloured substances highly soluble in the carrying solvent, properties that are 

exploited in preferential flow studies. As the solvent flows, dyes stain such contact areas 

and make the visual recognition of flow paths possible. Dyes are, due to their high sorption 

capacity, non-conservative (Ketelsen and Meyer-Windel, 1999, Germán-Heins and Flury, 

2000) which has limited their use in breakthrough curves studies , where conventional 

tracers are used.  

Of special interest in preferential flow studies are those dyes with high water solubility , 

such as Brilliant Blue (BB), which due to its high mobility, visibility and low toxicity has 

been extensively used to understand flow paths in soils studies (Andreini and Steenhuis, 

1990). Visualisation, using image processing techniques, has allowed the qualitative 

description of dye spatial distribution (Flury et al., 1994). Some degree of quantification has 

also been achieved with the calibration of photograph colour using the amount of dye 

adsorbed (Morris and Mooney, 2004, Lipsius and Mooney, 2006). Further exploitation of dye 

patterns information to infer flow regimes was published by Weiler and Flühler (2004). In 

their study, texturally diverse soils (i.e.  loam to sand) were infiltrated with Brilliant Blue at 

different irrigation rates and initial moisture conditions. Photographs taken of vertical and 
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horizontal sections together with the analysis of the extent and distribution of the stained 

areas were  used to classify flow types into those occurring only in the soil matrix and those 

occurring as the result of interactions between the soil matrix and macropores.  

The use of dyes for preferential flow studies in solid wastes has not been reported. The 

current research used a dye for the visualisation of flow paths. This was considered a 

reasonable approach to learn about the fundaments of how 2D particles affect fluid flow. 

For example, diverted flow paths could be visually assessed with the stained paths created 

by the coloured dye.  

The use of invasive techniques for the study of structure and preferential flow paths provide  

fundamental knowledge to understand better the impact of macro-structural features of 

porous media on flow phenomena. However, when a higher level of detail is necessary or 

when the specimen structure has to be carefully preserved, non-invasive methods are a 

better option.  

5.1.3. Non-invasive methods for the study of structure  

The acquisition of images using non-invasive techniques is faster and causes far less 

disturbance than progressive thin sectioning. Non-invasive techniques are based on the 

principle that the properties of the internal structure of a specimen can be inferred from the 

detection of a signal, passed through the specimen. These techniques were originally 

developed for diagnostic medicine and have enabled the non-invasive study of the human 

body. In recent decades increased availability has led to the use of these techniques for 

research purposes in areas such as archaeology, palaeontology, petro-physics, geology and 

materials engineering.  

Physical properties of the signal used vary between non-invasive technologies and include 

X-rays in Computed Tomography (CT), Magnetic fields in Magnetic Resonance Imaging 

and gamma rays in Positron Emission Tomography. Since the response of a particular 

material is dependent on the signal type, selection of the appropriate technique requires 
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careful consideration of the type of material being investigated. The use of non-invasive 

methods for the study of the structure of solid waste is still very limited. However, research 

by Watson et al. (2006) and (2007) suggests that solid  waste is suited to examination using 

CT. During the research discussed in this chapter, a locally available microfocus-CT (μCT) 

equipment was used. 

CT has been successfully used in porous media research since the early 1990s, and has 

revealed highly detailed information on both the structure and the pore space architecture, 

improving our understanding of fluid flow (Heijs et al., 1995, Amos et al., 1996) and other 

porous medium interaction processes (Sato and Suzuki, 2003, Kettridge and Binley, 2008). A 

review of the principles of CT and applications in porous media follow in the next sections. 

5.1.3.1. Principles of X-Ray Computed Tomography    

CT is a radiographic method that uses X-rays for digitally cutting a specimen to reveal its 

interior details.  X-rays are high energy electromagnetic waves produced inside X-ray 

vacuum systems, where a cathode is heated to produce electrons which are accelerated by a 

high voltage to a rotating anode which typically re-radiates less than 1% of the electron 

energy in the form of X-rays (Pope. J.A., 1999). This process establishes a flow of X-rays with 

wavelengths in the range 0.01 to 10 nm. 

CT scanners work by emitting a cone of X-rays, which pass through the object of interest to 

one or more detectors.  In μCT, the object is rotated in relation to the X-ray source to create a 

series of two dimensional images which can then be computationally assembled into a three 

dimensional object.  

A detector measures X-ray intensity before the beam enters the object and after it passes 

through it, and using the Beer-Lambert law (Equation 5-5) calculates µ, the linear X-ray 

attenuation coefficient for the material being scanned.  Io and I(x) are the initial and 

transmitted beam intensities respectively and x the length of the x-ray path through the 
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material. If the scanned medium is inhomogeneous, the intensity is expressed as shown in 

Equation 5-6: 
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Equation 5-6 

 

In Equation 5-6, µ is the unknown variable constrained by many equations for each point 

along each X-ray path. Image reconstruction consists of finding values for µ that provide 

solutions to these equations (Brooks et al., 1981, Denison and Carlson, 1997).  The most 

commonly used reconstruction algorithm, known as filtered back projection, was invented 

by Allan Cormack who shared the 1979 Nobel Prize for Medicine and Physiology with 

Godfrey Hounsfield inventor of the CT scanner and relates the measured projection data to 

the two-dimensional Fourier transform of the object cross section. Once reconstructed, 

objects can be visualized in 2D and 3D and features qualitatively or quantitatively assessed 

using various image processing software packages available both free and commercially 

(Kak and Slaney, 1988). 

Attenuation of the X-rays is caused by beam – matter interactions, primarily Compton 

scattering and photoelectric absorption, both of which are strongly dependent on the 

density of the absorbing medium, the atomic number and the energy of the incoming X-ray 

beam (ASTM 1441-00, 2005). Mathematical functions to describe the relationship between 

physical properties of the matter and the attenuation of X-rays have been extensively 

discussed (Denison and Carlson, 1997, McCullough, 1975, Brooks, 1977) and approximate 

equations have been proposed. Equation 5-7 is an example, where ρ is the electron density 

(related to mass density by the number of atomic units per electron), Z is the effective 

atomic number and E is the energy of the incoming X-ray beam. The relationship shows that 

µ is directly proportional to the electron density of the material (ASTM 1441-00, 2005). 
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Differentiation of features within a specimen is therefore possible because at each point, µ 

depends directly on the material properties (Brooks et al., 1981, Denison and Carlson, 1997). 
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Images obtained from CT are monochromatic representations of the spatial distribution of µ 

where the grey shade represents intensity. Images are conventionally mapped so that 

brighter regions correspond to those volume elements (voxels) with higher µ values.  The 

format selected for storing the image controls the number of levels in the grey scale range, 

e.g. in 8 bit, the grey level has values in the range 0-255.  

Medical CT scanning applications can successfully image metre sized objects with 

millimetre scale resolutions. Demand for higher resolution tomography in denser and 

smaller objects eventually led to the development of μCT which scans millimetre sized 

objects at 1-10 µm resolution.  The physical principles that control CT and μCT are the same. 

With decreasing size, radiography becomes more difficult as the specimen must absorb a 

sufficient portion of the incident beam to produce a measurable signal, which in a small 

specimen demands high attenuation per unit length, a condition that is only satisfied at low 

X-ray energies which are insufficient to penetrate dense objects.  Precisely focused beams 

are also required to minimize blurring of fine details (Dunsmuir et al., 1991). These 

difficulties were successfully addressed by D’Amico et al. (1992) with the development of a 

microfocus X-ray source which forms the basis of µCT.  In µCT, X-rays are first highly 

collimated to achieve beam focus on the anode of only few micrometres diameter.    

5.1.3.2. Image processing principles   

Once images are reconstructed, imaging processing takes place. This process follows the 

same principles as for images obtained with digital cameras and other imaging sources. The 

first step is the recognition and digital correction of noise or artefacts. Noise is defined as the 

random variation of the grey value not present in the object imaged; whilst artefacts refer to 
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anything in the image that does not correspond to a physical feature in the test object 

(ASTM 1441-00, 2005). Minimization of noise and artefacts is addressed through the 

mathematical transformation of images for which a wide range of algorithms are available 

according to the specific situation (Kak and Slaney, 1988). Digital enhancement of contrast, 

defined as the extent to which a parameter of interest differs for a set of features, is also used 

to ease the subsequent steps in the image processing sequence: segmentation and feature 

extraction.    

 

In segmentation, images are subdivided into a number of uniformly homogeneous regions. 

The segmented image is therefore defined by a set of connected regions, so that each voxel 

in a segment acquires a unique region property. The set of properties includes grey levels, 

contrast, spectral values, or textural properties (Acharya and Ray, 2005a). Segmentation 

algorithms are based on one of the two basic properties of grey-level-values discontinuity 

and similarity among the pixels. In the first category, the image is partitioned based on 

abrupt changes in grey level. Whilst in the second, the partition is based on the similarity 

among the pixels within a region. The well-established segmentation techniques include: 

histogram-based thresholding, region growing, region splitting and merging and clustering 

or classification (Acharya and Ray, 2005a). The next step in the feature extraction aims to 

recognize the segmented object. A set of objects possessing similar features are said to 

belong to a certain pattern class. There are many types of features and each feature has a 

specific technique for measurement (Acharya and Ray, 2005b).  

5.1.3.3. Applications of CT and µCT in porous media research   

Following successful application in the medical field, CT rapidly gained popularity among 

those studying the structure of porous media in fields such as hydrogeology and 

geosciences. A vast number of references are available and comprehensive review papers 

within these fields are given by Ketcham & Carlson (2001); Allaire et al. (2009) and Werth et 

al. (2010). 
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Petroleum engineers pioneered the use of CT within geological sciences to characterise 

density, porosity, saturation and complex mineralogies in oil-reservoir rocks, imaging fluid 

flow patterns and studying rock mechanics (Wellington and Vinegar, 1987, Withjack, 1988). 

Scientists from a diverse range of porous media research areas then found medical CT a 

feasible method for studying, with a high level of detail, density and water distributions 

(Withjack, 1988, Amos et al., 1996); solid matrix structure (Kettridge and Binley, 2008) ; pore 

space structure (Mooney et al., 2006, Peyton et al., 1992, Heijs et al., 1995, Perret et al., 2003) ; 

soil interaction (Mooney et al., 2006, Kettridge and Binley, 2008) and flow transport 

processes (Anderson et al., 1992) 

 

The use of µCT was introduced in geosciences by petrologists interested in studying pore 

interconnectivity and geometry in rocks (Denison and Carlson, 1997, D'Amico et al., 1992, 

Beall et al., 1996, Denison et al., 1997). This was later extended to the study of the 

microstructure of bentonites (Sato and Suzuki, 2003), sediments (Gaillard et al., 2007) and 

organic soils (Kettridge and Binley, 2008). In recent years µCT has been used for the study of 

flow paths and to produce 3D morphological models for flow simulations using 

computational fluid dynamics methods (Chen et al., 2009, Grader et al., 2009). Combination 

of CT and µCT has gained popularity in petrophysics research. The complementary use of 

these two methods allows imaging at multiple scales that increases the precision of digital 

3D representations. For example, low resolution images by CT guide decisions about 

location and size of higher resolution images to be obtained by µCT (Grader et al., 2009).  

 

CT has seen limited use in the study of waste structure and fluid flow phenomena, with 

Watson et al. (2006) and Watson et al. (2007) being the only references identified at the time 

of writing. Watson et al. (2007) used medical CT to investigate the change in structure of the 

organic fraction of MSW as it degraded anaerobically over a period of two years. They 

found that CT scanning was able to show structural changes in the waste occurring over the 

period of degradation and that particle size was reduced over the same time. The use of 

µCT for the study of the structure in solid wastes was pioneered during this research. 
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Details for the development of a method to use for the study of the structure of waste 

analogues are published in Caicedo D et al. (2010) and Caicedo D et al.(2011). In this 

Chapter, the methodology was further extended for the study of the structure of a sample of 

MSW.  

5.2. Methods and materials   

5.2.1. Materials  

The waste specimen used in this study corresponds to the MSW described and characterised 

in Chapter 2 and was used during the study of settlement processes in landfills by Ivanova 

et al. (2008). In that study, a purpose built consolidating anaerobic reactor (CAR) was used 

according to the design described by Parker et al. (1999). The reactor is a Perspex cylinder 

(935-mm height and 480-mm ID) with a loading system that applies a constant surcharge to 

the waste, which in this case was set at 50kPa. This load would be equivalent to a 5-m waste 

depth in a landfill if a 10 kN/m3 bulk unit weight is assumed for the residue.    

 

The sample was placed and degraded following a process that is representative of that 

occurring in landfill sites and which lead to the formation of highly structured materials 

(Dixon and Jones, 2005). The specimen served as a control sample as given in full by 

Ivanova (2007). Progressive layers of material were placed inside the CAR and highly 

compressed to 500-mm height. After placement, the sample was saturated using a prepared 

mineral media containing 10% of anaerobically digested sewage sludge to accelerate 

anaerobic digestion. Leachate was intermittently recirculated, however, as the purpose of 

the sample was to work as a control, it was initially acidified, and the degradation inhibited 

during the initial 345 days of the 919 days of total experimentation. A total settlement of 

18.6% (350-mm final sample height ), was reported as the result of consolidation and bio-

degradation processes (Ivanova, 2007). 
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5.2.2. Methods 

After settlement was completed, the opportunity was taken to investigate the structure and 

flow paths in the waste. Description of the methods developed for both studies follows. 

They are presented in the chronological order followed during the investigation. 

5.2.2.1. Sampling  

The sample was removed from the reactor, with every effort made to preserve the original 

structure. This step was of great importance since it is recognized that damage caused to the 

structure as a result of sampling may cause potential bias to structures favouring 

preferential flow. The core was extruded from the cell using a piston and then wrapped 

with cling film. Following extrusion, the core which was originally contained in the 480-mm 

Perspex cylinder, was 479-mm diameter over the upper part (300-mm height) and 487-mm 

over the bottom one (50-mm height), suggesting that the original structure was likely to 

have been reasonably well preserved.  

5.2.2.2. Thin sectioning  

The structure was investigated following a thin sectioning method developed to deconstruct 

the MSW specimen in slices of 80 mm thickness, and followed by analysis in µCT which 

produced 0.125 mm thickness digital slices. The thin sectioning involved cutting the 

specimen into vertical slices using a band saw. Initial trials revealed that horizontal slicing 

was relatively easy, but less so for in the  vertical direction. This was because of the 

preferential horizontal orientation of many 2D materials contained within the waste sample, 

as was confirmed once the slices were produced. To achieve high quality cutting, the sample 

was covered with a plaster layer that once dried, created a strong yet easily cut protective 

layer that prevented any structural damage during the slicing process and facilitated core 

manipulation. The core was then cut horizontally at a height of 230 mm using an electric 

knife. This step had two purposes: to make the sample fit into the 300 mm throat of the band 

saw and preserve the bottom portion for the study of flow paths. The top portion was cut 
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into 8 cm thick vertical slices using the band saw, which produced cleanly cut flat surfaces. 

A schematic representation of the cutting process is presented in Figure 5-3. Photographs of 

each exposed surface were taken as shown in Figure 5-7. 

 

  

a. Initial core representation with imaginary 

reference points (dashed lines) and initial 

horizontal cut 

b. Thin sectioning carried out on the top 

subcore  

 

c. Cross sectional view of the thin sectioning process 

Figure 5-3 Schematic representation of the cutting process during the study of 

preferential flow in specimen of MSW 
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5.2.2.3. Flow paths   

Description of specimen   

A block sample (310 x 320 x 120 mm) was produced from the remaining bottom portion of 

the sample as described in Section 5.2.2.2, by cutting it vertically with the band saw. No 

further horizontal slicing was necessary. Once cut, three of the exposed surfaces were 

covered with a plaster layer to preserve the structure during the test. The fourth face was 

left uncovered for visualisation of dye flow paths during the experiment. The bottom 

surface was carefully attached to a strong mesh (with a large aperture size of approx. 1 cm) 

to support the specimen whilst not causing major flow disruptions. The sample was 

mounted to permit the location of five concentric containers at the bottom, aligned with its 

centre, which allowed the collection and measurement of the outflow distribution. The 

experimental arrangement is schematised in Figure 5-5. The dimensions of each container 

and their areas are included, which are equivalent-when represented as percentage- to the  

percentage of the total flow that should occur for each region for conditions of uniform flow 

through the specimen.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-4 Schematic representation of block sample used during the study of flow 

paths. Outflow was collected in concentric containers with the dimensions presented in 

the table 
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Description of tests   

Flow paths were studied by two methods using only water first which was then replaced 

with a dye solution. The application of water was complemented with the quantification of 

the relative outflow collected in each container, which gave an indication of flow 

distribution. With the purpose of evaluating the effect of the injection method, water was 

initially applied through a single point to recreate a pulse injection event, and then evenly 

irrigated over an area on the specimen to recreate an irrigation event. A schematic 

representation of the experimental set up is presented in Figure 5-6. 

 

For the pulse injection event, a needle connected to a peristaltic pump was located 5 cm 

above the centre of the specimen. A Watson Marlow 505S pump was operated at 3 rpm (Q 

100 ml/min) and switched every 5 minutes from on to off mode. Outflow was reported once 

steady state was reached and measurements taken every 10 minutes, i.e. after the on/off 

cycle. The test was run for 40 minutes. 

 

For the irrigation event, a rainfall simulator device, similar to the one used by Ravindra et 

al. (1997), was purpose built (by second author of Caicedo et al. (2010)). The device was 

made of a Perspex cylinder and a needles shower. The flow rate capacity, controlled by the 

liquid head in the cylinder, was in the range of 39 ml/min to 49 ml/min. A schematic 

representation of the rainfall simulator is presented in Figure 5-5. The irrigation test was run 

in two phases. First water alone, was irrigated at a rate of 43 ml/min, over a central circular 

area, I in Figure 5-6 (16-cm D), on the top of the waste surface, and until a steady state was 

reached, indicated by the measured flow rates in and out of the sample being the same after 

60 minutes . Then, the supply of water was replaced by the dye solution and the test was 

run for a further 1 hour. Both, the total outflow and the concentric distribution were 

measured every 30 minutes.  

 



 192 

 

Figure 5-5 Schematic representation of rainfall simulator used during the investigation of 

flow paths 

 

The dye used was an aqueous solution of Acid Blue 9 (also known as Brilliant Blue R), a 

commercially available food grade colorant (CAS No 3844-45-9). The dry colorant was 

supplied by Sigma Aldrich and a 1g/l aqueous solution prepared to irrigate the waste 

sample. This concentration, although less than those reported in the literature for soils ( 3 to 

5 g/l; Flury and Flühler (1995); Germán-Heins and Flury (2000) and Mooney & Morris 

(2008)) provided a sufficient visual contrast with the waste matrix and was considered 

adequate for the test. The use of the rainfall simulator minimised bias during the dye 

application that could have favoured preferential infiltration of the dye solution. 

Photography’s were taken during this part of the experiment to assist the visualisation of 

flow paths.    
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a. Injection point event: Pulse regime b. Irrigation Event 

Figure 5-6 Schematic representation of experimental set up for the study of flow paths. a-

Injection point event, a needle connected to a peristaltic pump was used and b-Irrigation 

event , a rainfall simulator was used to irrigate a square sample obtained from the MSW 

specimen. Outflow was collected in concentric containers  

 

Flow rates used during both the injection point and irrigation events correspond to 

unsaturated conditions. An estimation of the flow rate necessary for saturated conditions 

follows. Ksaturated was estimated using Powrie and Beaven (1999) values for crude household 

waste samples. MSW specimen was compressed under 50 kPa and its dry density calculated 

by Ivanova (2007) as 0.343 t/m3. Powrie and Beaven (1999) reported Ksaturated  between 1.5 x 

10-4 and 1.9  x 10-5m/s for solid wastes under 87-kPa and dry density values ranging 0.32 – 

0.39 t/m3. This indicates that Ksaturated for the MSW specimen should be in the order of 10-5 

m/s. Using Darcy’s equation (Equation 4-3 with i =1) gives Qsaturated of 60 ml/min, and flow 

rates below that will therefore create unsaturated conditions. 

 

For the case of the irrigation event, where the rainfall simulator was operated at 43 ml/min, 

Qexperimental was approximately 30% less than Qsaturated. Whilst in the case of the injection point 
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pulse event, the pump was operated at 100 ml/min in an on off mode (5 minutes each) 

which gives a Qaverage of 50 ml/min. Running the study under unsaturated conditions was 

considered a reasonable approach. First of all, given the existing regulations and concerns 

about groundwater contamination, operation of bioreactor landfills are likely to occur 

predominantly through the unsaturated zone (Environment Agency, 2009, Benson et al., 

2007). Secondly, experiments reported by Hudson et al. (2010) on horizontal spreading were 

carried out under unsaturated conditions, thus equivalent conditions for the research 

described in this chapter were considered appropriated for comparison purposes. 

5.2.2.4. µCT   

The use of µCT during this research had two main purposes: 

 

 To extend the investigation by thin sectioning and get a more detailed 

understanding of the structure of an specimen of solid waste by looking at aspects 

such as layering, distribution and orientation of flow diverting elements 

 And to characterize in three dimensions the pore space of such specimen.  

 

Layering, distribution and orientation of flow diverting elements were visually assessed and 

followed the same principles explained in section 5.2.2.2 for thin sectioning. However, µCT 

retrieved information based on 0.125 mm layers (i.e. voxel size) in contrast with the 80 mm 

layers by thin sectioning.     

 

Characterisation of the pore space required scanning under conditions that produce images 

with a resolution to resolve details at the scale of pores, i.e. fraction of millimetres. This 

involved not only the selection of the right scanning parameters (e.g. distance from sample 

to panel detector) but also of the specimen size (i.e. the smaller the sample the higher the 

resolution). The specimen was selected from the slices produced by thin sectioning 

according to the process described in section 5.2.2.2. The slice d (see Figure 5-3), a cuboid of 
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210 x 210 x 80 mm, located in the central upper section of the MSW sample, was considered 

representative and chosen for this study.  

 

The method followed in this study was similar to that detailed in Caicedo et al. (2011) which 

was developed for the µCT analysis of a specimen of MBT waste. The main aspects of the 

method are detailed in the next paragraphs.  

 

The process started with the acquisition of images in a high voltage µCT X-Tek XT H 450 (X-

Tek Systems Ltd, Tring, Hertfordshire, UK) equipped with a 2000 × 2000 pixel PerkinElmer 

1621 X-ray flat panel detector with pixel size 200 µm x 200 µm. This equipment arrangement 

provided a resolution limit of 100 µm (i.e. 0.1 mm). The scanning conditions were selected 

after a trial and error process. The nature of the sample investigated (i.e. heterogeneity, 

specimen size, material composition, etc.) and the quality of the images (i.e. high signal to 

noise ratio, artefacts, etc.) were considered  to adjust the conditions. Optimal conditions 

were identified as 200 kV beam voltage, 68 µA current and 1mm thick copper filter. The 

total scanning time was 52 minutes and comprised 3142 radiographic projections each with 

an exposure time of 1s.  

 

After the acquisition, reconstruction took place using a filter back projection algorithm. This 

produced a 3D object composed of volume images that were analysed using two 

commercial software packages: Mimics 14, developed by Materialise (Leuven, Belgium) and 

VG-Studio Max V2.0 developed by Volume Graphics GmbH (Heidelberg, Germany). In 

addition to the analysis of the 3D images, a stack of 2D images was produced and analysed 

in Image J, a free Java-based image processing program developed at the U.S. National 

Institute of Health. The reconstruction produced 986 and 1940 slices in the x-y and x-z 

planes respectively each with 0.125 mm thickness (i.e. voxel size).  

 

The next step was the processing of images. This involved mapping the images to 8 bits, i.e. 

adjustment of the voxels greyscale to the 0 to 255 range. In the resulting images set, denser 
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materials such as glass and metals were displayed as bright objects with grey values at the 

lower end of the scale. Lighter components like pores were displayed as dark objects with 

grey values at the upper end of the grey scale. Whilst materials with intermediate densities, 

which correspond to 2D materials (i.e. plastics, textiles and paper-see Chapter 3), shown in 

middle grey tones.  

 

Once mapped, the images were qualitatively and quantitatively assessed. Visual inspection 

of the mapped 2D images was carried out in Image J. This evaluation aided in the location of 

big pores and the identification of the nature of the structure that created them (e.g. hollow 

rigid plastics, expanded polystyrene, etc.). Also, some pores were measured using the sizing 

tool in Image J and the orientation of 2D materials visually assessed.    

 

The qualitative examination in Image J was followed by a quantitative three dimensional 

study of the pore space using the pore analysis module in Mimics 14. This study was 

computationally demanding and required the creation of a smaller file (i.e. excluded 

information of covering materials as cling and foil film). This new file is in imaging 

processing referred as a region of interest (ROI), i.e. a region that has features of interest. 

The ROI, a cuboid of 175 x 175 x 62.5mm, was composed of 500 slices in the x-y and 1400 in 

x-z plans. Figure 5-7 illustrates the specimen, the ROI and the coordinate arrangement used.  
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Figure 5-7 Schematic representation of a subsample for scanning taken from the degraded 

MSW  

 

A 3D volume and its grey value histogram were created for the ROI. Using these two files, a 

manual segmentation process based on histogram thresholding was performed and the pore 

space extracted, i.e. pore voxels were identified and separated. Selection of the threshold 

grey value was an iterative process. An initial threshold was manually selected and 

adjusted. The threshold separated voxels in two groups and produced a new 3D volume 

composed by two voxel groups (i.e. above and below the threshold). The resulting 3D 

volume was visually assessed until a reasonable separation between pores and solids was 

achieved. Otherwise, the grey value was adjusted to attain a better separation. For 

comparison purposes, two automatic thresholding algorithms (i.e. Huang and Otsu) 

traditionally applied for the segmentation of the pore space in soils were used. The resulting 

grey values did not differ in more than 5% from those obtained with the manual 

thresholding.  

 

Additionally, the qualitative separation between two voxel groups was quantitatively 

validated. The number of voxels in the pore space and in the entire 3D object was 

determined using the volume measurement tool. The pore space volume was calculated as a 

fraction of the total volume. The result was compared with the total porosity reported for 
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the MSW specimen 31.39% (Ivanova, 2007) . A grey value of 152 produced 32.69% pores 

volume, a number that differed in less than 5% from the total porosity, was chosen as the 

final threshold. 

 

With the pore space segmented, a 3D volume was produced and a quantitative analysis 

performed. The segmented 3D volume was loaded into the pore analysis module in Mimics 

14 which follows an algorithm developed by Sweeney and Martin (2003). The Sweeney & 

Martin (2003) algorithm approximates the pore space to a chain of tangentially connected 

spheres. First, a voxel inside the pore space is identified at the edge of the 3D object. The 

biggest sphere is fitted inside the pore and the amount of voxels needed to fill the pore 

measured. The inserted sphere could have a size of a voxel fraction and be smaller than the 

voxel size (i.e. 0.125 mm for this study). The sphere diameter is estimated multiplying the 

number of voxels of the inserted sphere and the voxel size. The sphere volume is calculated. 

A second sphere is tangentially fitted to the first sphere and grows until it touches the solid 

matrix edges. The process is repeated and the totality of the pore space is fitted with the 

spheres. A report of the number of pores (i.e. spheres), diameter and volume is generated. 

Cumulative distributions are produced to have an overview of the overall pore space 

geometry.   

 

The Sweeney and Martin (2003) algorithm demands high computational and time resources. 

To facilitate the analysis, eight smaller representative sub-regions of interest (sub-ROIs) 

were created and the pore analysis performed in each sub-ROI. Each sub-ROI, created from 

top to bottom in the x-z plane, was a 6.25 mm layer comprised by 50 slices of 0.125 mm 

thickness (i.e. the voxel size). The porosity was estimated in each segmented sub-ROIs using 

the volume analyser tool in Mimics 14 and compared with the total porosity of the specimen 

studied. 

 

In addition to pore geometry, the connectivity between pores was studied. This analysis   

used the region growing algorithm, a procedure where a voxel of interest (i.e. seed  
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pore region. The seed voxel and the tolerance were chosen considering the grey value 

histogram, particularly the pore space range. The seed voxel was a voxel inside a pore with 

a grey value in the middle of the pore space range (i.e. from 152 to 255). The tolerance was 

calculated from the difference between the maximum and minimum of the range. Whilst the 

seed grows, voxels complying with the tolerance criterion are coloured. This facilitates the 

identification of the region where the seed voxel has growth which can be used to assess 

whether the pores are connected (e.g. continuous region) and in which direction (i.e. 

horizontal or vertical). 

5.3. Results and analysis     

5.3.1. Thin sectioning   

The deconstruction of the specimen revealed it to be a highly structured material. Vertical 

slicing was difficult and required the use of specialised equipment. The specimen, although 

requiring plaster coating to prevent damage during the experiments, was sufficiently stable 

to not fall apart before being covered, which agrees with the reinforcing effect of materials 

such as plastics and textiles discussed by Fernando et al. (2009); Dixon and Jones (2005) and 

Kölsch (1995).   

 

During the deconstruction a total absence of nuisance smells coming from the sample 

indicating that the readily degradable components, e.g. food and yard waste (Meraz et al., 

2004) have been degraded by this time, was noticed. This agrees with the material 

characterisation reported in Chapters 3 (see Table 3-6) which showed that the content of 

food and yard waste only decreased during the degradation from 2.27% and 18.40% to 

0.16% and 3.38% dry mass respectively.   
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Figure 5-8 Surfaces exposed after slicing every 8 cm of the MSW sample (the planes of 

view are perpendicular to surface I in Figure 5-3). The notation given in degrees 

correspond to a preliminary study (not reported here) where a red-dye was injected to the 

specimen as reported in Caicedo et al. (2010) 

 

 

Six slices, each of 80 mm thick, were produced following the sectioning procedure show 

schematically in Figure 5-3. Photographs of each slice are presented in Figure 5-8. Visual 

inspection evidences a layered structure. This type of structure agrees with the observations 

reported by Rees-White (2004) at field scale (see Annex 5-2). The layered structure also 

indicates that the method used by Ivanova (2007) for placing the material in the CAR is 

comparable to the placement conditions used in landfills.  
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Visual inspection of the slices showed that, despite more than 1.5 years of anaerobic 

degradation in the CAR, many pieces of 2D materials (e.g. plastic and textiles) remained 

easily identifiable. Judging from the appearance of the surfaces exposed during cutting and 

from the structural stability of the specimen, 2D materials constituted a significant portion 

of the specimen. This agrees with the results of material characterisation, which showed that 

the content of plastics and textiles increased with degradation from 20.03% and 3.08% to 

28.35% and 6.62% dry mass respectively. The inspection shows also that 2D materials are 

distributed through the sample and are preferentially horizontally oriented. This supports 

the argument by Hudson (2007) that the horizontal orientation of elongated materials is the 

reason for the anisotropy in the hydraulic conductivity observed in solid wastes.  

 

An effort was made to quantify the orientation of 2D particles. The step would involve 

segmentation of the images such that the particles of interest could be extracted and their 

angles measured. This proved to be a challenging task. First of all, 2D particles come from 

diverse material sources and show a wide range of colours. Difference in colour between 2D 

particles and the surrounding materials, although evident for the human eye, was not 

always sufficiently high for system recognition. This complicated the application of the 

simpler segmentation method, i.e.  histogram-based thresholding (color frequency 

distribution). More sophisticated methods could have been explored, e.g. region growing, 

but that would require either the manual selection of the particles of interest or an 

elaborated method to define the initial seed and region growth parameters. Time constraint 

during this research limited the possibility of this further exploration. 

 

 

 

 

 

 



 202 

 

Table 5-1 Composition by dry mass of MSW sample. Results obtained before and after degradation at different sieve sizes are 

presented. Particle density information reported by Mantell and Salzberg (1958) and Fernando et al. (2009) is included for 

discussion of µCT results. 

 

 

 

 

 

Materials Dim B4 > 75 75-63 63-37.5 37.5-20 >75-20 20-10 <10 <20 Total

Particle 

density 

(Mg/m
3
)

Flexible Plastics 2D 10.16% 0.88% 0.93% 6.36% 4.47% 0.80% 0.00% 13.44% 0.8336 
b

Glass 2D 2.63% 0.00% 0.00% 0.00% 1.21% 5.21% 0.00% 6.42% 2.5098 
b

Metals 2D 6.78% 0.00% 0.00% 0.15% 0.00% 0.00% 0.00% 0.15% 2.7000 
a

Rigid Plastics 2D 9.87% 0.10% 2.15% 8.65% 3.49% 0.53% 0.00% 14.91% 1.0599 
b

Paper 2D 27.34% 0.00% 0.80% 8.23% 8.49% 3.94% 0.00% 21.46% 1.2000 
a

Textiles 2D 3.08% 0.03% 0.00% 2.87% 3.34% 0.38% 0.00% 6.62% 1.1400 
a

      Combustible                   3D 2.96% 0.00% 0.00% 0.15% 0.65% 0.03% 0.00% 0.83% 1.7315 
b

Food 3D 2.27% 0.00% 0.00% 0.00% 0.00% 0.16% 0.00% 0.16% 1.7315 
b

Wood 3D 3.19% 0.00% 0.00% 1.82% 1.27% 0.73% 0.00% 3.81% 1.1042 
b

Yard waste 3D 18.40% 2.19% 0.00% 0.30% 0.34% 0.56% 0.00% 3.38% 1.7315 
b

Unidentified 0D 13.32% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 28.82% 28.82% 28.82% 1.7315 
b

52.15%

6.70%

10.86%

1.47%

Sieve Size (mm)

After

b Measured in laboratory using material selected from waste sample by Fernando et al (2009)  

a Specific gravity reported in materials handbook by Mantell & Salzberg (1958)
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5.3.2. Flow paths tests 

5.3.2.1. Injection point event    

The flow distribution, expressed as a percentage of the total outflow, is presented in Figure 5-

9. The needle was located at the centre of the specimen, thus considering water flowing 

linearly from the injection point to the base, i.e. neglecting flow spreading, all the outflow 

should come from the central region A. This is represented in the graph as expected outflow-

vertical flow. The percentage area covered by each sector of the segmented collector is shown 

in Table 5-2, and these are equivalent to the percentage of the total flow that should occur for 

each region for uniform flow through the sample. They are represented as the white columns 

referred as expected outflow-uniform flow.  

 

Table 5-2. Percentage of area covered by each sector of the segmented collector 

 

 

The results showed that the greatest flow proportion was collected in the outer (88-94%) 

sector. Almost four times the expected outflow-uniform flow for that sector. No fluid was 

collected in the sector A. In remaining the sectors B, S and V the collected fluid was less than 

12% whilst the expected outflow-uniform flow for the three regions grouped was 75.3%.   

 

Sector
Diameter 

(cm)

Area of 

circle (m
2
)

Sector area 

(m
2
) 

a                % Area 
b  

A 6.3 0.0031 0.0031 3.1%

B 12.2 0.0117 0.0086 8.6%

S 22 0.0380 0.0263 26.5%

V 31.5 0.0779 0.0399 40.2%

Outer na na 0.0213 21.4%

Total na na 0.0992

b. Calculated as percentage of the total area.                                                                         

Example, for B = 0.0086/0.0992=8.6%

a. Corresponds to the effective area that collects volume.                          

Example, for B =0.0117-0.0031= 0.0086       
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Figure 5-9 Outflow distribution during injection point test. Data for the expected outflow 

considers linear water flow and negligible spreading.  

5.3.2.2. Irrigation Event   

The flow distribution, expressed as a percentage of the total outflow, is presented in Figure 

5-10. Expected flows in Table 5-3 were calculated as percentages of the total flow, considering 

an ideal situation in which water flows uniformly and purely vertically. In that case, fluids 

irrigated over the area I (diameter 16 cm), should be collected only in sectors A, B and S 

(diameters 6.3, 12.2 and 22 cm respectively). V and outer sectors are geometrically outside the 

influence of I with diameters greater than 22 cm. The experimental data, however, showed 

that the greatest flow proportion was collected in the outer (39-46%), and V (19-21%) sectors. 

No fluid was collected in the sector A, whereas the expected flow was of 16%. In sectors B 

and S, the collected fluid was less than 50%, of the expected value. Water alone was irrigated 

during the first 59 minutes of the test. The supply was then changed to Brilliant Blue solution 

and run for 60 more minutes.    
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Table 5-3 Percentage of area covered by each sector of the seented collector 

 

 

 

 

Figure 5-10 Outflow distribution during the irrigation event test. Data for the first 59 

minutes (white and black bars)  correspond to water irrigation; the supply was then 

changed to dye solution (blue bars) 

Figure 5-10 illustrates that the flow distribution was reasonably steady over the whole 120 

minutes and was not considerably affected by the dye injection at 59 minutes. This suggests  

Sector
Diameter 

(cm)

Area of 

circle (m
2
)

Sector area 

(m
2
) 

a                

% Expected 

flow 
b    

I 16 0.0201 na na

A 6.3 0.0031 0.0031 15.5

B 12.2 0.0117 0.0086 42.6

S 22 0.0380 0.0263 41.9

V 31.5 0.0779 0.0399 0

Outer na na 0.0213 0

b. Calculated as percentage of I. Example, for B =  0.0086/0.0201=42.6

a. Corresponds to the effective area that collects volume.                                

Example, for B =0.0117-0.0031= 0.0086       
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0%

5%

10%

15%

20%

25%

30%

35%

40%

45%

50%

A B S V Out

Outflow sector

O
u

tf
lo

w
 %

Expected

outflow
15 min

37 min

59 min

90 min

120 min



 206 

that dye solution moved through similar flow paths to the water, and thus acted as a 

representative tracer to visualise water movement. The test was stopped after 2 hours when 

the obstruction of some of the needles was detected, which could have been caused by un-

dissolved solid particles coming either from the solid dye or from solution drying over small 

localised areas. This could be minimised filtering the mixture or adding a small amount of a 

retardant solvent.  

 

Photographs were taken during the test to record progress of dye staining with time. Selected 

images are presented in Figure 5-11. 
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Figure 5-11 Exposed surface of MSW after irrigation with 1g/litre solution of Brilliant Blue. 

Dark blue regions indicate areas that were dye- stained. 

  

i. start of dye injection (59 min) ii. 4 minutes after Brilliant Blue injection   

  

iii. 9 minutes after Brilliant Blue injection iv. 40 minutes after Brilliant Blue injection 

Flow diverting particle 
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Visual observation during Brilliant Blue irrigation confirmed that a significant proportion of 

the dye solution was flowing towards the external surface, through channel(s) connecting the 

irrigated area with the external surface below the top of the specimen. This situation needs 

more analysis. The external exposed surface was not recovered with plaster, and in a layered 

material it is inevitable that any vertical boundary will represent a preferential flow path that 

would not exist in reality. Additionally, although significant steps were taken to minimise 

structural distortion of the specimen and any inclination, those efforts were not sufficient to 

entirely preserve the original structure, and some layer bending (concave downwards), was 

evident that could have affected the waste body and preferential flow. Therefore, sample 

disturbance and stress could depend on size of preferential flow channels.  

 

Table 5-4 summarises data of the two experiments whilst running with water only. The 

comparison shows that outflow through the periphery was, in both experiments, significantly 

high, i.e. 92.49% and 45.28% for injection and irrigation respectively, whilst the area of the 

region was only 21.40%.  During the point injection event, the peripheral outflow was twice 

that for irrigation. This may be explained by the fact that with point injection it is easier for 

water to form a pond on the specimen surface. Water will then look for the easiest way to 

flow which may be a horizontal channel(s) connecting the centre of the top of the specimen 

with the periphery. Comparatively speaking, irrigation enhanced flow distribution through 

the sample, reflected by the increase from 7.51 to 54.72% in the outflow collected from the 

middle area. Nevertheless, approximately half of the flow was still collected from the 

periphery suggesting the presence of horizontal channels that could have favoured 

preferential flow. None of the experiments showed outflow coming from the inner area. This 

gives an indication of the tortuous paths. Fluid particles initiate their journey on the top 

centre of the specimen and during their trip are diverted by many particles to finish their 

journey at a radial distance of at least 3.15 cm from the centre (the radius of the inner sector 

A). These results suggest that as a consequence of the layered structure, the horizontal 

hydraulic gradient could probably be several times larger than the vertical gradient and 

could produce horizontal channelling.  
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Efforts were made to compare the results from this study. However, research on flow paths 

in solid waste is scarce and studies for direct comparison (i.e. similar experimental set up and 

conditions) could not be identified. The investigation by Hudson et al. (2010), which explored 

flow spreading using a very different experimental set up (i.e. hydraulically constrained at 

circular boundary), was considered only for indirect comparison. 

 

Hudson et al. (2010) studied a 40 years old solid waste excavated from landfill and found that 

the horizontal spreading increased with flow rates. Their results suggest that the tendency for 

water flowing through channels decreases with flow rate, which differs from the results 

reported here. This divergence can be explained in the light of the structural differences 

between materials. In Annex 5-1 some of the images taken during loading the 40 years old 

solid waste are shown. The images illustrate a predominantly soil like material with some 

content of 2D plastics, but that do not form continuous impermeable layers. In contrast, the 

structure of the MSW specimen showed in Figure 5-8 and Figure 5-12 evidences 

predominantly layers of 2D materials, which by diverting flow can limit the horizontal 

spreading.   

 

Table 5-4 Comparison of outflows: between injection point and irrigation tests during the 

study of flow paths and data reported by Hudson et al.(2010) of a study of horizontal 

spreading in solid waste 

 

 

`
Test-lower 

flow rate (0.57 

l/h)

Test-higher 

flow rate (5.94 

l/h)

Q/A (m/s) 8.33E-07 8.68E-06

Inner area A 3.10% 3.10% 0.00% 0.00% 0.00% 0.00% 10.20% 21.00% 8.10%

B 8.60% 1.32% 16.61%

S 26.50% 3.15% 18.73%

V 40.20% 3.03% 19.38%

Periphery Outer 21.40% 21.40% 92.49% 92.49% 45.28% 45.28% 39.10% 14.00% 42.90%

a-Averages of outflows were calculated considering only data for tests running with water (no dye solution)

Sector % Area Sector % Area 

75.30%

8.40E-06 7.22E-06

Average outflows 
a                                                                                      

(using only water)

50.70%

Hudson et al (2010)

65.00% 49.10%

Injection Point Irrigation

7.51% 54.72%Middle area
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5.3.3. µCT  

Some of the images reconstructed in the x-y plane are presented in  

Figure 5-12. The relative position of each image is referred to the entire specimen and to the 

sub-ROIs as explained in section 5.2.2.4. Visual assessment of images shows the denser 

components as bright objects, pores as dark areas and a strongly layered structure where the 

2D components (i.e. materials with intermediate densities) are horizontally orientated. 

 

Some examples of the 2D images in the x-z plane are presented in Figure 5-13 . Images a to d 

illustrate different types of structures developed in the specimen. For example, image a 

shows a big pore formed inside a hollow rigid plastic. Images b and c show a structure 

created from permeable materials with smaller pores, and image d a structure inside a big 

synthetic piece of expanded polystyrene. The size of the pores was measured which 

evidenced the presence of pores as large as 53.87 mm (see Figure 5-12 for images a and b; and 

Figure 5-13 for image a). The examination was expanded with a three dimensional analysis as 

detailed in sections 5.2.2.4 and 5.3.4.  
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Figure 5-12 Examples of slice views obtained by µCT of MSW specimen in the x-y plane. 

Darker features are pores whereas brighter areas correspond to denser components such 

glass and metals. Grey materials correspond to middle density materials such as plastics, 

textiles and expanded polystyrene.   

 

 

  

a. x-y plane. Slice # 180 in specimen (0 mm 

inside the ROI) 

b. x-y plane. Slice # 380 in specimen (25 mm 

inside the ROI)  

  

c. x-y plane. Slice # 580 in specimen (50 

mm inside the ROI) 

c. x-y plane. Slice # 680 in specimen (62.5 

mm inside the ROI) 

Pore (53.87 mm)

High density materials

Layered structure 

(2D components, intermediate density)

Pore (53.87 mm)

High density materials

Layered structure 

(2D components, intermediate density)

Pore (42.34 mm)Pore (42.34 mm)
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a. x-z plane. Slice # 

200 in specimen (0 

mm inside the ROI)  

b. x-z plane. Slice # 

800 in specimen (75 

mm inside the ROI) 

c. x-z plane. Slice # 

1000 in specimen 

(100 mm inside the 

ROI) 

d. x-z plane. Slice # 

1600 in specimen 

(175 mm inside the 

ROI) 

Figure 5-13 Examples of slice views obtained by µCT of MSW specimen in the x-z plane.  

 

5.3.4. 3D characterization of pore space     

A 3D object, where the pore space was segmented from the solid matrix, was achieved 

following the iterative process described in Section 5.2.2.4. Figure 5-14 shows examples of 3D 

objects rendered at different grey values.  

 

 

 

 

 

 

Pore (30.91 mm)

Pore (42.57 mm)

Pore (30.91 mm)

Pore (42.57 mm)
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a. Complete MSW specimen b. High density materials (glass and metals) 

 

 

Figure 5-14 Examples of 3D objects 

obtained by µCT at different grey values 

thresholds of the MSW specimen. 

Materials with different densities are 

rendered.  The background was left in 

these images to ease visualization but 

was removed and ROI prepared for 

quantification.   

 

 

c. Low density materials are rendered in 

yellow colour (pores and background) 

 

It was explained in section 5.2.2.4 that eight sub-ROIs were created to reduce the 

computational demand during the quantitative pore space analysis. Table 5-5 details the 

location of each sub-ROI in the x-z plane (from top to bottom). The distance from top to 

bottom is equivalent to the depth within the specimen. The eight sub-ROIs covered a total 

thickness of 175 mm (i.e. the specimen total depth).  
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Table 5-5 Slices selected for pore analysis in the x-z plan. The position refers to the depth 

within the ROI of the MSW specimen 

Sub-

ROI 

number 

Slices 

range 

number 

Position within ROI  

in the x-z plan top to 

bottom (mm) 

Average distance 

(mm) 

1 200-250 0-6.25 3.125 

2 400-450 25-31.25 28.125 

3 600-650 50-56.25 53.125 

4 800-850 75-81.25 78.125 

5 1000-1050 100-106.25 103.125 

6 1200-1250 125-131.25 128.125 

7 1400-1450 150-156.25 153.125 

8 1550-1600 168.75-175 171.875 

 

Figure 5-15 shows the porosity for each sub-ROI as a function of depth expressed as the 

average distance from top to bottom for each layer (Table 5-5). The higher porosities were 

seen in the upper and lower layers, i.e. 52.12% and 40.57 % for 0-6.25 and 168.75-175 mm 

respectively. This could be the result of distortions to the structure caused by cuts made 

during the preparation of the sample. In the internal layers, two regions are identified. From 

6.25 to 81.25 mm the average porosity was 35.09%, whilst in the deeper region from 81.25 to 

156.25 mm was 25.20%. This difference reflects the increase in compaction, and the 

consequent reduction of the volume of pores with depth.  
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Figure 5-15 Variations with depth in the porosity of a specimen of MSW. The analysis was 

run in a ROI using the pore analysis module in Mimics 14 

 

Results of the pore size distribution by number and volume are summarized in Figure 5-15 

and Figure 5-16 respectively. There are no clear differences in either the number or volume 

pore size distribution between layers in the specimen. This suggests that although the deeper 

layer (81.25- 156.25 mm) has a lower porosity, the reduction in the total volume of pores was 

uniform and did not produce net changes in the pore size distribution.   

 

Comparison between the two lines shows that 95% of the pores by number have a size of less 

than 1mm but they represent only 25% by volume. Additionally, 50% of the pores by number 

have a size between 0.26 and 0.41 mm, yet they represent less than 5% by volume. Large 

pores, i.e. ≥ 2mm size, are less than 5% in number but more than 25% in volume (and up to 

75% depending of the layer). Large pores are important in fluid flow processes. As in soils, 

large pores can favour preferential flow (Beven and Germann, 1982), especially if they are 

well connected. The high percentage (by volume) of large pores indicates that this may be the 
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case for the MSW specimen. Visual examination of image c in Figure 5-14 (pores rendered in 

yellow colour) suggests that the pores are connected, especially in the horizontal direction.   

 

 

Figure 5-16 Variations in number pore size distribution of a specimen of MSW. The 

analysis was run in a ROI using the pore analysis module in Mimics 14. Different plots 

correspond to different layers in the specimen 

 

Figure 5-18 presents the pore size distributions for the whole specimen and the PSD obtained 

during the characterization of the MSW sample in Chapter 2. 

 

The PSD shows that the MSW specimen is a coarse material with particles as large as 75 mm 

and with 50% by mass with size above 20 mm. In Table 3-6 can be seen that large materials > 

20mm correspond to 2D particles. These large 2D particles are expected to form large pores as 

it is evidenced by the volume pore size distribution where 50% by volume of the pores have a 

size above 1.60 mm. This shows that the D50 by volume of pores is one order of magnitude 

less than the D50 by mass of particles, whilst the D50 by number of pores is two orders of 

magnitude less than the D50 by mass of particles. 
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Figure 5-17 Variations in volume pore size distribution of a specimen of MSW. The 

analysis was run in a ROI using the pore analysis module in Mimics 14. Different plots 

correspond to different layers in the specimen 

 

Figure 5-18 Variations in volume pore size distribution of a specimen of MSW.  
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The pore analysis here described provided detailed information about the pore size 

distribution in the specimen of MSW studied, however there are some limitations that need 

consideration. First of all, the Sweeney and Martin (2003) algorithm simplifies the complex 

geometry of the pores in solid waste by modelling the space as a chain of spheres. However, 

the high heterogeneity in solid wastes suggests that the pore architecture could differ from a 

chain of spheres. In consequence, some places inside the pores could not be reached by the 

spheres (e.g. edges) and therefore not be considered in the analysis.  

 

Also, the analysis does not consider the connectivity between the pores, a factor of 

importance in flow conduction. For example, a single large pore with a throat would be 

reported as a sequence of spheres (e.g. one fitting the entrance throat and other the pore 

body) rather than a single body. Therefore, the analysis presented using the Sweeney & 

Martin (2003) algorithm should be taken only as an approximation. Further research is 

necessary to develop algorithms that consider more complex geometries and a more realistic 

description of the pore architecture in solid waste.  

 

5.4. Summary      

During this research three techniques, i.e. visualization of flow paths with dye tracers, thin 

sectioning and µCT, were developed and successfully applied for the study of preferential 

flow and structure in solid wastes.  

 

Results showed that preferential flow is a likely phenomenon during fluid flow through 

layered structured landfill waste. The application of thin sectioning exposed a layered 

structure in a sample of anaerobically degraded MSW.  This type of structure resulted from 

the presence of large 2D materials (>20 mm), i.e. plastics, textiles and paper, horizontally 

oriented and that given their low degradability remained unaffected during the degradation. 

The use of µCT revealed detailed information of the structure and pore architecture 

unknown up to now. 50% by volume of the pores was found to be of horizontally connected 
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large pores above 1.60 mm size. Large pores can be the cause of the presence of preferential 

flow channels.  

 

The use of Brilliant Blue as a dye tracer was shown to be a useful tool for the visual 

identification of water flow paths in waste. Colour contrast between the waste matrix and the 

dye was sufficient to achieve visual differentiation between stained and unstained areas.  

   

The use of µCT, introduced during this research, for the study of solid waste is under 

research. Some of the areas that need more investigation include the development of 

scanning routines to systematically study different types of solid waste and of algorithms for 

a more realistic description of the pore space architecture. Also, more research is required to 

understand the role of pores of different architecture in fluids conduction and how to 

estimate fluid flow properties from pores geometry. Chapter 6 explores how to link data for 

pores geometry with fluids flow properties.  
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6. General Discussion  
This thesis has demonstrated that landfilled waste is a complex material, potentially 

comprising many different components with particles that widely vary in size and shape. The 

physical nature, and particularly the structure of waste, is recognised to have a major control 

over processes that act on waste, such as fluid flow and degradation.  Research by others 

(Beaven, 1996, Powrie and Beaven, 1999, Stoltz et al., 2010) has demonstrated the importance 

of waste density linked to effective stress and compaction on hydraulic properties. At a 

particulate level however, one of the fundamental controls on the hydraulic conductivity are 

the size and shape of the particles. This thesis concentrated on: understanding the effect of 

PSD and the content and size of 2D particles on flow and on developing characterisation and 

assessment methods to aid interpretation.   

Chapters 2 and 3 studied the geometric properties that describe a particulate matter at the 

scale of individual particles. The properties investigated were the particle size and particle 

shape. The study evidenced that alike other particulate materials, the PSD in solid wastes can 

be described using mathematical models and that the type of model depends on the nature 

and treatment history of the residue. It was also shown that to fully represent the 

mathematical model it is only required to know the model parameters; i.e. one parameter for 

Normal and Rosin-Rammler (RR) models or two parameters for fractal models, and the range 

of particles size where the model is applicable. This finding implies that the graphical 

representation of the PSD can be replaced by an analytical expression. The analytical 

expression can be used in calculations that involve information about the material particles 

size such as the estimation of the pore size and the hydraulic conductivity.  

The importance of the particle shape was demonstrated by a detailed material classification 

which evidenced that the proportion of 2D materials in solid waste is significant and by 

analogue waste experiments which highlighted the need to consider the relative size to 

matrix and proportion (both volume and mass) of 2D impeding particles.  
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Results from analogue waste experiments showed that the hydraulic conductivity of a 

medium modified with 2D particles is controlled by the volume content (VC) and the relative 

size (RS) of the modifying particles (see Figures 4-9 and 4-10). Also, the mathematical model 

developed by Maxwell(1954) for conduction through a heterogeneous media estimates the 

hydraulic conductivity using a single term p which is a function of the volumetric content of 

2D particles.   

Similar controls are expected for solid wastes. For example, Figure 4-9 and 4-10 show that 

when VC and RS exceed 20% (i.e. 7.3% by mass) and 15 respectively, the reduction on the 

hydraulic conductivity surpasses 30%. Results from material characterisation in solid wastes 

(see chapter 3) suggests that VC and RS could exceed those limits and reductions in the 

hydraulic conductivity therefore envisaged. 

Estimation of VC, RS and p are necessary to confirm this hypothesis. This estimation requires 

information of at least three characteristics: particle size, material characterisation and 

particle density. With the PSD and the material characterisation, the mass fraction of 

potentially flow diverting or impeding 2D materials and the RS of the 2D particles could be 

estimated. Information on particle density could be incorporated to estimate the proportion 

by volume of 2D particles.  

 

The structure of solid waste was studied by thin sectioning and tracer experiments which 

verified the importance of layering.  

The novel use of µCT showed waste structure. µCT was used to investigate pore size 

distributions within real samples of waste opening new research possibilities. The ability to 

examine pore geometry with µCT provides an experimental link between PSD analyses and 

pore network models. For example, pore size distributions obtained from mathematical 

models based on PSD (e.g. White and Beaven (2008)) could be contrasted with experimental 

measurements from  µCT. Then, the description of the pore space architecture could be used 

as a tool to study the interaction between the structure and processes such as flow and 

degradation. One alternative is to use the pore space description to mathematically model 
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flow using pore network models as it has been discussed by Nayagum et al. (2010). This has 

been a usual approach in soils and particulate media (Heijs et al., 1995, Amos et al., 1996). 

As with most non-invasive techniques, constraints in the resolution of the images obtained 

with µCT, imply limitations in the size of features resolved (i.e. size of the smaller pores). 

This is a restraint that has been addressed with highly focussed X-ray beams (D'Amico et al., 

1992) and multiscale images (Grader et al., 2009). To obtain multiscale images, the object is 

progressively cut to reduce its size and images are obtained every time. Acquisition of 

multiscale images in specimens of solid waste could be feasible providing the structure is 

preserved. Structure preservation could be achieved for example using the techniques for 

thin sectioning described in Chapter 5.   

This Chapter focusses on demonstrating the use of PSD information through the 

incorporation of the PSD models into a methodology developed by White and Beaven (2008) 

for the estimation of the characteristics of the pore space (i.e. length and area) and the 

associated hydraulic conductivity.  

Also in this chapter, a graphical approach that links waste characterisation with the impact 

on the hydraulic conductivity is discussed. The approach integrates the use of the ternary 

plots, introduced in Chapter 3 where materials in solid waste were classified according to 

their dimensionality, with their impact on hydraulic conductivity according to the framework 

proposed by Velkushanova et al. (2009). Results obtained in Chapter 4, that dealt with the 

impact of 2D particles on the hydraulic conductivity of a matrix are used to develop further 

the use of material characterisation for the estimation of the hydraulic conductivity in solid 

wastes.  
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6.1. The use of PSD for the estimation of fluid flow 

properties in solid wastes 

6.1.1. Background   

Efforts have been made by researchers to find expressions to estimate the hydraulic 

conductivity using particle size data (Hazen, 1911, Krumbein, 1936b, Dullien, 1992, Boadu, 

2000). Equation 2-4 for example, is a general expression that estimates the intrinsic 

permeability k  as a function of d ,the system characteristic size parameter. The equation 

indicates that the better the estimation of d , the more accurate the calculated k . In Chapter 

2, focus was placed on finding a mathematical model to describe the PSD of solid wastes. The 

advantages of having a PSD mathematical model were discussed. They include the benefits 

of getting an analytical expression to express the PSD data and the consequently easier and 

more precise calculations of material properties (e.g. pore size distribution and permeability) 

that involve particle size information. This is equivalent to improving the accuracy in the 

estimation of d and the intrinsic permeability k . 

In solid wastes, the use of particle size data and PSDs models to estimate fluid flow 

properties is still highly unexplored. Nevertheless , the approach presented by White and 

Beaven (2008), one of the few in this field, provides a method for the estimation of the 

characteristics of the pore space in solid wastes. White and Beaven (2008) considered the 

mathematical representation of the PSD with a generic polynomial expression that fits the s 

shape of a PSD graph. Then, using the data generated with the PSD model, the properties of 

the pore space are estimated using size dependent functions that relate the size of the 

particles with the pores size (i.e. length and area). A downside of the White and Beaven 

(2008) method is that the polynomial expression proposed to represent the PSD, does not 

have a physical meaning and is not used in the particle industry to represent the PSD for a 

material type. This condition could be addressed with a more robust PSD representation such 

as the models explored in Chapter 2 (e.g. normal, RR or fractal).  
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6.1.1. Method description  

The method proposed by White and Beaven (2008) allows mapping of PSD  data into micro-

scale network models and can be used to derive model parameter values for application in 

more complex macro-scale landfill models. The basic assumption is that as particulate 

materials are composed by particles with a range of sizes, the particles create a porous 

network system consisting of channels with a range of sizes. If the particles are grouped into 

narrow size ranges; they create a sub-network with a narrow size range, its own porosity and 

permeability. The PSD of a waste material can then be converted into a pore size distribution 

once a function that relates the size of the particles to the size of the pores is defined. White 

and Beaven (2008) defined a size dependent function (Equation 6-1) that considers the 

contribution of each particle to an element of channel length il  , 

   

  iiLi ddfl                   Equation 6-1            

 

where  iL df  is a size dependent function and id is the particles defined according to 

Equation 6-2. 

 

2

1
 ii

i

dd
d                  Equation 6-2 

 

The contribution of an individual particle to an element channel is calculated with Equation 

6-1. The contribution of all the particles within the size range can be calculated considering 

the total amount of particles iN . The mass of particles in the range id to 1id   is y retained   . If 

the particles are assumed to be spherical, the ratio between the volume occupied by all the 

particles and the volume of a single spherical particle with an average diameter id  gives the 
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number of particles in the range of sizes of interest. Then, considering the elemental volume 

of waste is EV and that it has a porosity n , the particles in the range id to 1id   will occupy a 

solid volume equal to   Eretained Vny 1 and the number of particles in this range of sizes will 

be (see Equation 6-3), 
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i

d
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N



             Equation 6-3 

 

iN is the total number of particles in the elemental volume EV , if EV is assumed to be a cubic 

metre, the number of particles contributing to the channel length iL will be approximately the 

cube root of iN . Thus, iL  can be expressed as (see Equation 6-4): 

 

  iiLii ddfNL
33.0

                   Equation 6-4 

 

Similarly, the channel diameter can be estimated with another size function  iD df defined in 

Equation 6-5 which converts the particle size id into a channel diameter iD .   

 

  iiDi ddfD                            Equation 6-5 

The area of flow in an individual channel ia  can be estimated from the diameter of an 

individual channel according to Equation 6-6.  
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i

D
a                                  Equation 6-6 

The total channel flow area can be estimated with the total number of particles contributing 

to this flow area. This is approximately iN to the power of 2/3. Then, the total channel flow 

area iA can be estimated as:   
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ii

D
NA               Equation 6-7 

 

iL and iA calculated with Equations 6-4 and 6-7 are the length and area of the pores for the 

channels formed with particles within a small size interval. The calculations are repeated to 

cover the complete size range and a pore size distribution obtained with the y retained and the 

values for iL and iA . 

Each of the channels within the network can be theorised as an arrangement of pipes, and the 

flow rate through them iq  estimated with the Poiseuille´s equation.  The flow rate estimated 

with Poiseuille`s  equals the amount calculated with Darcy´s law (see Equation 6-8). 
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2

  Equation 6-8 

 

In Equation 6-8,   and   are the fluid density and viscosity, g  is the acceleration due to 

gravity and h  the hydraulic gradient driving the flow. iK  is the effective permeability for 

the channel within the network, and EA  and EL are the area and length of the element of 
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volume EV respectively. Equation 6-9, obtained from Equation 6-8, is an expression for iK  in 

terms of the channel geometry and fluid properties. 
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   Equation 6-9 

With the iK  for each group of channels within the network, the permeability of the network 

K can be estimated as the sum of the products between iK
 
and the fraction area for the 

associated group of channels (see Equation 6-10)  

 




i

i
i

A

A
KK           Equation 6-1 

 

The different steps involved in White and Beaven (2008) method demonstrate how to use 

PSD data to estimate the geometrical properties of the pore space and the associated 

permeability. Discussion on some aspects of the method is the focus of the next paragraphs. 

 

White and Beaven (2008) used empirically selected values for  iL df  and  iD df . Although 

they did not present clear reasons for the selection of the numbers used, they recognised the 

need for the determination of those geometric functions for solid wastes. Some discussion on 

the possible numbers follows. The channel diameter for example, should be a fraction of the 

particle size, perhaps of less than 10% of the particle size. This is a suggestion based on the 

geometrical construction of a pore space (Donohue and Wensrich, 2008) and on the empirical 

equations where the permeability and the particle size are related with a factor of  less than 

one (Hazen, 1911, Krumbein, 1938b). Then, it is reasonable to think that  iD df  should adopt 

values of less than 1, maybe of less than 0.1.  On the other hand, the channel length is the 
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result of solid particles located vertically and creating a pore space, therefore it should not 

have the same restriction. Instead, the channel length could be several times larger than the 

particle size which implies that  iL df  could adopt values of more than 1.  

One of the implications of the White and Beaven (2008) approach is that changes in the PSD 

due to compression, deformation, biodegradation and crushing can be reflected in the pore 

length and pore area distributions. In particular, the application of the method has the 

potential to indicate the magnitude of the variation in the pore size distribution and 

permeability resulting merely from the biodegradation process. This is an aspect explored 

during the present chapter. Results from chapter 2 indicate that changes in PSD can be 

expected as the result of biodegradation. White and Beaven (2008) method was applied to 

PSDs obtained in chapter 2 and results are presented and discussed along the present 

chapter. The values of the functions  iL df  and  iD df
 
were selected considering the reasons 

discussed. Furthermore, the fitness of the values selected was evaluated comparing the 

permeability obtained with the White and Beaven (2008) method and the permeability 

experimentally found for the specimens of MSW by  Ivanova (2007) and for UK MBT and 

German MBT by Siddiqui (2011) and ensuring that both values had the same order of 

magnitude. For comparison purposes, the values selected were kept unaltered for each 

sample before and after degradation.   

6.1.2. Results  

Results obtained from the application of White and Beaven (2008) method are summarised in 

Table 6-2 and Annexes 6-1 to 6-5. PSD data were generated using the parameters of the PSD 

model summarised in Table 2-15. The parameters are those of the model that showed the 

highest fit to experimental data and that was judged to give the best PSD representation, i.e. 

Fractal Model for UK MBT and MSW and RR for German MBT. The parameters  iL df
 
and

 iD df  were selected as described in Section 6.1.1. The porosities agree with the experimental 

drainable porosities reported by Siddiqui (2011) and by Ivanova (2007) for the specimens of 

solid waste. Data taken for UK MBT and German MBT was for the initial conditions during 
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the experimentation in the CARs, i.e. absence of compression. The hydraulic conductivity 

reported for Siddiqui (2011) and Ivanova (2007) under no compression was used for 

comparison with the results from the model and then to adjust  iL df
 
and  iD df  . Table 6-1 is 

a summary of the parameters used.   

 

Table 6-1 Summary of parameters used for the application of White and Beaven (2008) 

method to samples of solid waste     

 

 

 

An example of data generated from application of the White and Beaven (2008) model to the 

PSD data presented in Chapter 2 is given in Table 6.2, with analyses of all PSDs given in 

Annexes 6-1 to 6-5.   

 

 

 

 

 

 

 

 

 

 

 

Stress 

(Kpa)

Average 

Drainable 

Porosity 

(%)

Average 

Kexperimental 

(m\s) n Source f D f L PSD model

UK MBT B4 0 40 7.47E-05 0.4 Siddiqui 2011 0.04 2.3 Fractal

German 

MBT B4 0 37 6.37E-05 0.37 Siddiqui 2011 0.02 2.3 Rosin Rammler 

MSW B4 0 34 8.45E-05 0.34 Ivanova 2007 0.02 2.3 Fractal
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Table 6-2 Application of White and Beaven (2008) method to UK MBT B4 sample      

 

 

 

 

 

 

 

Sieve size 

mm
y retained 

Average 

d mm

Channel 

diameter 

Di m

Channel 

lenght Li 

m

Channel 

area Ai m
2

Channel effective 

permeability Ki m/s

Sigma 

KiAi/A m/s

0,032 0,0500

0,063 0,0186 0,048 1,90E-06 0,63 9,49E-05 2,79E-09 8,53E-11

0,15 0,0342 0,107 4,26E-06 0,77 1,43E-04 1,14E-08 5,25E-10

0,3 0,0391 0,225 9,00E-06 0,81 1,56E-04 4,87E-08 2,46E-09

0,6 0,0540 0,450 1,80E-05 0,90 1,94E-04 1,75E-07 1,09E-08

1,18 0,0724 0,890 3,56E-05 1,00 2,36E-04 6,20E-07 4,72E-08

2 0,0746 1,590 6,36E-05 1,01 2,41E-04 1,96E-06 1,52E-07

3,35 0,0929 2,675 1,07E-04 1,08 2,79E-04 5,15E-06 4,64E-07

6,3 0,1487 4,825 1,93E-04 1,27 3,83E-04 1,43E-05 1,77E-06

7 0,0293 6,650 2,66E-04 0,74 1,30E-04 4,67E-05 1,96E-06

8 0,0393 7,500 3,00E-04 0,82 1,58E-04 5,38E-05 2,74E-06

9 0,0367 8,500 3,40E-04 0,80 1,51E-04 7,07E-05 3,44E-06

10 0,0346 9,500 3,80E-04 0,78 1,45E-04 9,01E-05 4,22E-06

11 0,0328 10,500 4,20E-04 0,77 1,40E-04 1,12E-04 5,06E-06

12 0,0312 11,500 4,60E-04 0,76 1,36E-04 1,37E-04 5,97E-06

15 0,0862 13,500 5,40E-04 1,06 2,67E-04 1,34E-04 1,15E-05

20 0,1251 17,500 7,00E-04 1,20 3,42E-04 1,99E-04 2,20E-05

A (m
2
) 3,10E-03 K (m/s) 5,94E-05

Model Parameters K experimental (m/s) 7,47E-05

Fractal 

dimension 2,5354

n 0,40

fD 0,04

fL 2,3

g 9,81 m/sec2

mu liquid 1,00E-03 kg/m/sec

ro liquid 1000 kg/m3
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6.1.3. Discussion  

Results from the application of White and Beaven (2008) method are summarised in Table 6-

3. Changes in the hydraulic conductivity ( K ) with degradation were estimated in the 

specimens as a percentage of the K of the specimen before degradation.  

 

Table 6-3 Comparison of K estimated with White and Beaven (2008) method in specimens 

of solid waste before and after degradation       

 

 

 

 

The results show that the K  estimated with the White and Beaven (2008) method increased 

with the degradation of the specimens and was caused by a general increase in particle size 

with degradation discussed in Chapter 2. Although there are no independent experimental 

measurements of K  following degradation to support these results, it is believed that the 

presence of coarser particles creates a coarser pore space which could create a higher 

hydraulic conductivity and consequently higher flows.  

 

The results also show the potential magnitude of the changes in K . They indicate that K is 

not expected to increase by more than 10% as a result of the biodegradation occurring in the 

specimens studied. Some differences between the specimens are evidenced. For example, the 

specimen with the smaller increase in K of 1.03 % was the German MBT. This sample had the 

Kw&b (m\s)
%change in Kw&b 

with degradation
Kmeasured (m\s)

UK MBT B4 5,94E-05 7,47E-05

UK MBT AF 6,31E-05 NA

German MBT B4 1,95E-05 6,37E-05

German MBT AF 1,97E-05 NA

MSW B4 4,09E-05 8,45E-05

MSW AF 4,23E-05 NA

w&b White and Beaven (2008)

6,23%

1,03%

3,42%
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smaller and statistically un-significant variation in the PSD from the specimens of solid waste 

investigated. Whilst the specimens of UK MBT and MSW showed higher increases in K , i.e. 

6.23 and 3.42% respectively, and both specimens had been demonstrated to experience 

significant variations in their PSDs with degradation.  

 

The results suggest that the changes in structure caused by the biodegradation of a solid 

waste material may have a secondary impact on the variation observed in properties such as 

the hydraulic conductivity. Some other processes such as crushing and compression may 

have a stronger impact on the structure and consequently on the hydraulic conductivity. This 

is an area of some limited research over the last years (Dixon et al., 2008, McDougall et al., 

2004), but worthy of further attention.  

 

The procedure illustrated in this chapter to use PSD data for the estimation of the hydraulic 

conductivity could be extended to incorporate changes in PSD that arise from crushing or 

compression processes. This would require investigating the type of PSD model that best 

represents the experimental data both before and after the process. The type of model 

required will possibly change according to the process experienced by the residue. For 

example, Rosin-Rammler could give a reasonable representation of the PSD of the material 

before crushing, when the content of coarser particles is still significant. Whereas the fractal 

model could be a better model for the material after crushing, when the content of finer 

particles has increased.  

 

The application of the White and Beaven (2008) method to specimens of solid waste from 

different origins here discussed, demonstrates the potential to incorporate PSD data into the 

estimation of macro properties of solid wastes such as the hydraulic conductivity. The study 

demonstrated some of the advantages attained when the PSD is represented with an 

analytical expression. For example, the simplicity in producing the entire PSD curve using, 

depending on the type of model, only one or two parameters (i.e. one parameter for fractal 
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and two for RR). Additionally, there is the possibility of creating a new PSD for the degraded 

material by adjusting the PSD model parameters to reflect the extension of the degradation.  

 

The results suggest also that in all the specimens K estimated and K measured have the same 

order of magnitude (e.g. 5.94x10-5 vs 7.47 x10-5 m/s for UK MBT B4 estimated and 

experimental respectively). This could be an indication that the values selected for the 

functions  iL df  and  iD df
 
were of the correct order. However, as the values for those 

functions were empirically selected and not determined from values found in the literature , 

further analysis of the characteristics of  iL df  and  iD df
 
is required. To increase the 

confidence of the values estimated with the White and Beaven (2008) method, the functions 

 iL df  and  iD df
 
require to be determine in solid wastes of different natures. This was 

acknowledged by the authors White and Beaven (2008) and is emphasised here following the 

application of their method to solid wastes from different origins.    

 

Although the method developed by White and Beaven (2008) is still under development and 

further research is necessary for a better estimation of the size functions, the application to 

solid waste specimens from different sources was demonstrated. One of the possibilities is 

the potential to incorporate changes in the structure of the solid waste into the estimation of 

the hydraulic conductivity. This offers an alternative to incorporate information about the 

structure of solid wastes into more complex macro-scale models. This may be possible by 

selecting an appropriate mathematical model (e.g. Fractal, RR or normal) to describe the PSD. 

It is also possible to include the associated changes in structure resulting from processes such 

as crushing, compression and biodegradation by adjusting or changing the PSD model 

according to the nature of changes under investigation. The inclusion of information about 

the structure of solid wastes is an area that has been recognised as important by most 

modellers but that has been in the practice neglected in most macro-scale landfill models. The 

use of mathematical models to represent PSD data and the use of such data to estimate the 

hydraulic conductivity with for example the use of White and Beaven (2008) method could be 
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a reasonable alternative to address such difficulty. The procedure to attain such information 

has been illustrated in Chapters 2 and 6 of this thesis. 

6.2. The influence of material composition on the hydraulic 

conductivity of solid wastes  

Material composition of raw and processed specimens of solid waste was discussed in 

Chapter 3. Results illustrated the differences found between specimens and also the changes 

arising from degradation. In addition to conventional material characterisation, the 

framework introduced by Velkushanova et al.(2009) was extended to classify materials 

according to their shape expressed as their dimensionality. Dimensionality and material 

composition were combined to develop a criterion to classify materials according to their 

potential to affect flow. Material composition was transformed into the content of 0D, 1D, 2D 

and 3D components. The fraction composed for 2D materials, was theorised as to have the 

potential to be flow impeding or diverting. This hypothesis was confirmed in the experiments 

presented in Chapter 4. It was shown that when 2D materials are sufficiently large in 

comparison to the particles in the surrounding matrix, and constitute over a certain 

percentage of the residue, they could influence the flow properties. The experiments showed 

that to be considered as potentially flow diverting or impeding, 2D particles need to have at 

least 15 times the size of the particles of the surrounding matrix and account for at least 7.3% 

by mass in the residue. The potential to affect flow of the 2D particles was measured as the 

magnitude of the reduction in the hydraulic conductivity K of the matrix material without 2D 

particles. Only reductions in K over 30% were considered as significant. Once only those 2D 

particles 15 times larger than the matrix particles are defined as flow diverting or impeding , 

the mass content of 2D particles can be used to evaluate the composition of a waste material 

and assess whether that content is high enough (i.e. > 7.3% by mass) to cause an important 

impact on the flow properties of the residue. The criterion can then be incorporated into the 

ternary plots introduced in Chapter 3 and be used to discriminate between composition 

regions where an impact on flow properties is expected from those where such impact is not 

expected. In Figure 6-1, a graphical representation between two regions according to the mass 
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content of 2D particles is presented. Region 1 represents those residues with low 2D particles 

mass content (i.e. < 10%), and therefore with a non-significant impact on flow properties. 

Whilst region 2 represents those residues with an important content of 2D particles and 

consequently a significant impact on flow properties.  

With the regions defined, a discussion for the specimens of solid waste studied during this 

research follows. In the first instance, the definition applied in chapter 3 for flow diverting 

and impeding particles needs an adjustment in the light of the results discussed in chapter 4.  

In Velkushanova et al. 2009, it was considered that 2D particles 5 times the size of the 

particles in the matrix could be considered either as flow diverting or impeding. However, 

the experimental results suggest that those particles are not sufficiently large to cause a 

significant reduction in K (i.e. > 30%) and that they need to be at least 15 larger than the size 

of the particles in the matrix. With this adjustment, Figure 3-6 was modified for the 

specimens that have a completed characterisation (i.e. material classification for each size 

fraction) and the resulting ternary plot presented in Figure 6-2. The adjusted mass content of 

diverting and impeding materials were calculated using Tables 3-8 to 3-13. For the UK MBT 

and German MBT specimens, a representative matrix particle size of 1mm was defined which 

means that 2D particles need to be approximately 15 mm long to be considered as flow 

diverting or impeding. Only 2D particles in the fraction from 12-20 mm and over were 

summed up to obtain the amount of diverting and impeding particles. A comparison 

between Figure 3-6 and Figure 6-2 evidences that with the adjusted definition, the amount of 

flow diverting and impeding particles decreased from over 30% by mass to less than 17%. 

Nevertheless, contrasting Figures 6-1 and 6-2 evidences that the composition of the 

specimens is still located within the region 2 where the content of 2D particles is high enough 

to cause an effect on the residue flow properties.  

This type of ternary representation could be used in practice to move from a general material 

characterisation to infer whether the hydraulic conductivity could see a reduction of more 

than 30% resulting from the important content of 2D materials that can have an impact on the 

flow properties of the solid waste material.       
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Figure 6-1 Ternary Plot illustrating different regions according to the impact on flow 

caused by the presence of 2D particles 
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Figure 6-2 Adjusted comparative Ternary Plot of specimens of solid waste classified 

according to the content of particles that affect flow.  The diverting or impeding particles 

are at least 15 the average matrix particle size 

 

 

 

 

 

 

 

Diverting & 

Impeding
Neutral Matrix

MBT UK B4 14.73% 56.12% 29.15%

German MBT B4 16.96% 56.02% 27.02%

German MBT AF 12.48% 53.55% 33.97%
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7. Summary and Conclusions  

 

This chapter presents the summary and key conclusions drawn from the research discussed 

in this thesis and outlines areas of future work. 

 

Results from analyses on particle size and particle shape in specimens of MSW and MBT 

suggest that these two properties differ between specimens and change with degradation. 

Particle size and shape play an important role in the type of the structure that develops in 

landfilled solid wastes which in turn influences fluid flow processes. Results from this 

research suggest that landfilled solid wastes could experience structural changes with 

degradation undergoing an increase in the average particle size and in the content of 2D 

materials. The magnitude of such changes appears to depend on the material’s initial state of 

degradation. For example, the specimen of waste with more pre-treatment (i.e. German MBT 

with aerobic-anaerobic treatment) showed minor  changes than those seen in specimens of 

MSW and partially pre-treated MBT residues  (i.e. UK MBT).  

 

Experiments with waste analogues and waste specimens suggest that 2D particles influence 

fluid flow processes reducing the saturated hydraulic conductivity, increasing flow paths 

tortuosity and favouring preferential flow paths. Reduction in the hydraulic conductivity was 

found to be within one order of magnitude and to be a function of the 2D particles relative 

content and size.   

 

Based on the results of this study, the framework described by Velkushanova et al. (2009) 

needs adjustment. In Velkushanova et al.(2009), 2D particles are classified as potentially flow 

diverting or impeding if they are at least 5 times larger than the size of the particles in the 

matrix. However, the study detailed along this thesis showed that 2D materials might reduce 

the hydraulic conductivity by more than 30% when they are 15 times larger than the 

surrounding matrix and constitute at least 7.3% (by dry mass) of the solid waste.  This 
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suggest that 2D particles may need to be 15 times larger than the size of the particles in the 

matrix and represent more than 7% by dry mass to be consider as potentially flow diverting 

or impeding.  

 

Results from the experiments in a specimen of MSW suggest that the presence of inert coarse 

2D materials could influence the development of a strong and layered structure, where large 

pores are horizontally connected and favoured preferential flow. More research is necessary 

to understand the impact of 2D materials in residues of different nature (e.g. MBTs) 

 

Three techniques, i.e. visualization of flow paths with dye tracers, thin sectioning and µCT, 

were pioneered and successfully applied during this research to study the structure in solid 

waste and the presence of preferential flow. The use of µCT to characterise the structure of 

MSW was demonstrated.   

 

The findings from the previous chapters are summarized below: 

7.1. The nature of particle size and shape in solid wastes  

 

The following was drawn from the study of particle size and shape:  

 

1. Particle size was successfully described using physically based PSD mathematical 

models, an approach un-explored in solid wastes. This opens the possibility of 

incorporating analytical expressions into existing waste-behavioural mathematical 

models to characterise the particle size; and consider  changes with degradation by 

tuning the parameters values in the analytical expressions.  

 

2. The nature and waste processing history of the residue investigated has an influence 

on the type of model that best describes its PSD. 
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3. Changes in particle size distribution with degradation were statistically significant in 

the specimen of a partially pre-treated MBT (i.e. UK MBT) and in the specimen of 

MSW, but insignificant in a sample of the highly pre-treated MBT (i.e. German MBT). 

In the specimens investigated, the controlled degradation in the CAR produced an 

increase in the average particle size. This could indicate that the specimens underwent 

a degradation mechanism where readily degradable smaller particles were degraded 

earlier than those of inert coarser materials. 

 

4. 2D materials were found to be predominantly coarse inert and slowly degradable 

materials, i.e. flexible and rigid plastics, glass, paper and textiles. In the specimens 

investigated, 2D particles comprised over 30% by dry mass which suggests that they 

may constitute a significant proportion in residues from different sources. The content 

of 2D particles experienced a further increase of 4 to 6% with degradation indicating 

that 2D materials may experience little or non-degradation. 

 

 

7.2. The role of 2D particles on permeability  

 

Results from the experiments using waste analogues provide an indication of the magnitude 

of the changes expected in the hydraulic conductivity in solid wastes. The study also 

indicates that the reduction in the hydraulic conductivity could be a function of the 2D 

materials content and relative size.  

 

The following is a proposed approach that could be used to incorporate the findings of this 

research into calculating changes in hydraulic conductivity as a result of 2D particles. The 

idea is to include variations in K that result from changes in the structure and geometry 

which may result from degradation or other processes (e.g. crushing). An initial 

characterisation that includes PSD and material composition would be necessary: 
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1. First, the initial hydraulic conductivity (Ko) could be estimated using Powrie and 

Beaven (1999) equation using the depth or effective stress conditions. Alternatively, 

the initial PSD can be used to estimate Ko considering a soil or granular media with a 

similar grading to the residue studied. In this case only the magnitude of the changes 

in K are meaningful.  

 

2. The initial material characterisation could be used to estimate the proportion of 2D 

particles. For example, 2D plastic and glass pieces could be considered as potentially 

flow diverting. While the waste analogue experiments were performed with plastic 

2D particles, it may be reasonable to consider a comparable effect from 2D glass 

pieces. Paper and textiles are semi-permeable materials and could be  conceptualised 

as flow impeding particles. Data for impeding materials is  unavailable. An 

alternative might be to consider only a fraction (e.g. 50-70%) as potentially diverting. 

The initial mass content of 2D particles could be calculated with these considerations. 

3. The size of the 2D particles is considered. The maximum in the PSD curve indicates 

the size of the largest 2D particles (assuming that the bulky 3D particles had been 

removed). Considering the results in chapter 3, the matrix materials content could be 

approximated to 30%.  The D50 in the matrix, equivalent to the D15 of the entire PSD, 

gives a reasonable estimation of the median size of the matrix particles. The ratio 

between 2D particles and matrix median could then be calculated. The result gives an 

indication of the RS.  

 

4. If the mass content of 2D particles is less than 7.3% (relative volumetric content VC < 

20) and relative size (RS) is less than  15, there is no need to include a correction factor 

for the initial waste as K/Ko would not be greater than 0.7. However, as degradation 

evolves, the final content of 2D particles can increase by an extra 4 to 6%. Further 

analysis could be necessary according to step 8 below. 
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5. If the mass content of 2D particles is between 7.3% and 13.7% (20 ≤VC <40) and 15 ≤ 

RS < 25, a correction factor can be applied considering the relation 

81.0005.0/  VCKoK (see Figure 4-9). K/Ko will take values between 0.71 and 0.61.   

 

6. If the mass content of 2D particles is between 7.3% and 13.7% (i.e. 20 ≤VC <40) and 

RS=25, a correction factor can be applied considering the relation  

72.00094.0/  VCKoK  (see Figure 4-9). K/Ko will take values between 0.53 and 

0.34.   

 

7. For mass contents exceeding 13.7% and RS above 25, a reduction in the hydraulic 

conductivity of one order of magnitude can be applied, and the correction factor 

equals 0.1. 

 

8. The impact of a waste aging on its hydraulic conductivity could be estimated if the 

content of 2D particles caused by degradation increases significantlyby using the new 

composition factors within steps 4 to 7 above. 

 

9. Changes in PSD with degradation could be incorporated considering the nature of the 

residue investigated. More research is necessary to extend the findings explained in 

chapter 2 to other specimens of solid waste, yet the curves presented in chapter 2 

could be used as an indication. 

 

i. For dual aerobic and anaerobic pre-treated wastes, changes in PSD with 

degradation could be considered as negligible  

ii. For raw municipal solid wastes and aerobic pre-treated wastes, the general 

trend observed in the specimens of MBT UK and MSW could be used as an 

indication of how PSDs may change, and hence have an impact on 

permeability.  

iii. With the new PSD, Ko is updated and calculations start again  
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7.3. Preferential flow and waste structure   

 

The following was drawn from the study of preferential flow and waste structure in a 

specimen of degraded MSW:  

 

1. Preferential flow was found to be predominant in a strong layered structured 

degraded MSW which was tested under unsaturated flow rate conditions (Q≈ 0.7 

Qsat) using two different methods, i.e. injection and irrigation, with 92.49% and 

45.28% peripheral flow respectively. 

 

2. The layered type of the structure seemed to be influenced by the high content of 

coarse 2D materials, i.e. over 50% (by dry mass) and 20 mm size, horizontally oriented 

and that remained unaffected during the degradation. 

 

3. The use of µCT revealed detailed information of the structure and pore architecture in 

the specimen of MSW investigated. 50% by volume of the pores were found to be of 

horizontally connected large pores above 1.60 mm size. Large pores could be the 

cause of the presence of preferential flow channels. 

 

7.4. Future Work   

The study detailed along this thesis produced a level of new understanding in the following 

areas (see Table 1-1):  

At the particle level: particles size and shape were described using PSDs mathematical 

models and dimensional descriptors. Results from the study indicate that particle size and 

shape diverge between residues from different origins. The treatment story and changes with 

degradation could change the PSD, the material composition and influence the type of PSD 
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model.  Emphasis was placed to the quantification of 2D materials which were shown to 

constitute an important mass fraction of the specimens investigated.       

At the level of packed bed: techniques to study the structure in solid residues (i.e. µCT , thin 

sectioning and dye staining) were developed and applied to a degraded specimen of MSW. 

Using those techniques, structural features such as layering and pore space architecture were 

investigated with a pioneer detailed level.   

At the level of fluid flow behaviour: the influence of 2D materials on hydraulic conductivity 

was studied using analogues. The study demonstrated that 2D materials can reduce the 

hydraulic conductivity of a matrix. The larger and more abundant the 2D particles, the 

greater the reduction. 2D materials were also shown to influence the presence of preferential 

flow channels.  

 

The following suggestions for future work are made:  

 

1. At the level of fluid flow behaviour: 

 

a. Further experiments are required to investigate the impact on the hydraulic 

conductivity of other type of 2D materials, i.e. glass, paper and textiles, which 

may reduce the hydraulic conductivity at different conditions than those 

observed in plastics 2D materials (i.e. RS 15 and VC 20). 

 

b. The experiments in the permeameter were carried out to represent the 

proportion of 2D plastics in the specimens of MBT studied. It is necessary to 

extend the investigation to cover higher contents of plastic 2D materials (i.e. 

mass contents over 13.7%) to represent the higher contents observed in MSWs.  

 

c. To have a more comprehensive understanding of the effect of 2D materials on 

the hydraulic conductivity of solid wastes, it is recommended to validate the 
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results in solid wastes using a waste derived matrix material modified with 

controlled amounts of 2D particles. 

 

d. More work on mathematical models other than Maxwell is recommended to 

help understand the impact of 2D particles on K on a theoretical level. 

 

 

2. At the level of packed bed, at least two areas for further research are proposed: 

 

a. The presence of preferential flow paths could generate operational difficulties during the 

application of remediation strategies resulting from the poor access of fluids to some of the 

areas in the landfill and consequent spatial variation in contaminants flushing. Further 

research for a better understanding of the influence of factors such as waste composition, pre-

treatment, placement method and waste age on the nature of the structure developed and 

flow through preferential flow paths is necessary.  

 

b. CT and µCT could be applied to characterise the structure of landfilled waste adopting a     

multiple scale imaging approach. This could provide significant insights to aid understanding of, 

for example, how the structure of waste changes over time as it degrades through variations in 

pore size and interconnectivity; or the difference in the structure that develops in residues with 

different characteristics.   
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8. Annexes  
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Annex 2-1 PSD and hydraulic conductivity in samples of raw (DM3) and pulverised (PV1) 

pre-landfilled directive household wastes, from Beaven (2000) 
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Annex 2-2 Graphical representation of simulated PSDs for solid waste following diverse 

mathematical models for particle size distribution  

 

Properties and differences between the mathematical models to describe particle size, i.e. 

Normal, Rosin Rammler distributions and Fractal. Simulated particle size distributions were 

created for a solid waste following each of the models. Parameters for each model were 

selected from those obtained for German MBT.  

 

 

 

 

 

Observations Observations

Zmean 1,9890 d' 10,2964 D 2,4581

Sg 1,1757 v 1,0395

Xmean 7,3085

S 0,1618

Calculation using 

function NORMDIST-

Excel which correspond 

to Equation 2-15 (R/RL)
3̂-D

Sieve 

size (mm)

Ln sieve 

size Normal (log-normal) (x/d')
v

Rosin Rammler R/RL Fractal

75 4,3175 0,9762 7,8792 0,0004 0,9996 1,0000 1,0000

63 4,1431 0,9665 6,5730 0,0014 0,9986 0,8400 0,9098

37,5 3,6243 0,9179 3,8331 0,0216 0,9784 0,5000 0,6869

20 2,9957 0,8041 1,9941 0,1361 0,8639 0,2667 0,4886

10 2,3026 0,6051 0,9701 0,3790 0,6210 0,1333 0,3356

6,3 1,8405 0,4497 0,6001 0,5488 0,4512 0,0840 0,2613

3,35 1,2090 0,2535 0,3112 0,7325 0,2675 0,0447 0,1855

2 0,6931 0,1352 0,1821 0,8336 0,1664 0,0267 0,1403

1,18 0,1655 0,0604 0,1052 0,9001 0,0999 0,0157 0,1054

0,6 -0,5108 0,0167 0,0521 0,9493 0,0507 0,0080 0,0731

0,3 -1,2040 0,0033 0,0253 0,9750 0,0250 0,0040 0,0502

0,15 -1,8971 0,0005 0,0123 0,9878 0,0122 0,0020 0,0345

0,063 -2,7646 0,0000 0,0050 0,9950 0,0050 0,0008 0,0215

0,032 -3,4420 0,0000 0,0025 0,9975 0,0025 0,0004 0,0149

Rosin Rammler distributionNormal distribution Fractal scaling

Distribution 

parameters

Parameters selected 

from those obtained 

with Fractal model 

for German MBT

Observations

Calculations using Equation 2-22

Calculations using Equation 2-24

The distribution is normal 

in the Ln (sieve size), 

and can be referred as 

log-normal. Parameters 

were selected from 

those obtained with the 

normal model for German 

MBT

Distribution 

parameters

Parameters 

selected from 

those obtained 

with the RR model 

for German MBT

Parameters
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Annex 2-3 MBT UK schematic description of the treatment process (after  

http://www.newearthsolutions.co.uk/residual-waste-treatment/process-description/, last 

accessed January 25 2010) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.newearthsolutions.co.uk/residual-waste-treatment/process-description/
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Annex 2-4 Comparison of PSDs with dry and wet sieving methods . a. UK MBT B4, b. 

German MBT B4, c. MSW AF. 

 

In the two samples of MBT waste dry sieving showed a tendency to underestimate the 

content of materials retained in mesh sizes< 10 mm. The differences were more pronounced 

for MBT UK (a) than for German MBT (b). This underestimation can be recognised as a right 

shifted curve for MBT UK-wet sieving with approximately 5% more content of fines in the 

range 0.3-3.35 mm size. For German MBT the underestimation is evidenced as a right shifted 

curve with approximately 2% more content of fines in the range 0.6 to 6.3 mm. For MSW the 

effect of underestimation of fines is not evident but there is an  overestimation of 

approximately 3% in the content of coarse materials > 10mm size. 
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b. Comparison of PSDs obtained with dry and wet sieving in 
sample of German MBT before degradation 
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c. Comparison of PSDs obtained with dry and wet sieving in 
sample of MSW after degradation 
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Annex 2-5 PSDs in UK MBT obtained before and after degradation. a. cumulative 

distributions. b. histogram.  

 

 

 

a. Cumulative distributions of PSDs: 
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Annex 2-6 PSDs in German MBT obtained before and after degradation. a. cumulative 

distributions. b. histogram.  

 

a. Cumulative distributions of PSDs: 
German MBT before and after degradation

Analyses with dry sieving method
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b. Histograms of PSDs:
German MBT before and after degradation

2.73% of mass was lost during degradation as gas and leachate
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Annex 2-7 PSDs in MSW obtained before and after degradation. a. cumulative 

distributions. b. histogram.  

 

a.  Cumulative distributions of PSDs: 
MSW before and after degradation

Analyses with wet sieving method 
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b. Histograms of PSDs:
MSW before and after degradation
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Annex 2-8 Graphical analysis of the cumulative PSD in UK MBT for assessment of normal 

law using, a. linear-linear, b. logarithmic-linear, c. logarithmic-probabilistic and d. linear-

probabilistic scales 

a.Cummulative distribution of PSD:
UK MBT before and after degradation
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b.Cummulative distribution of PSD:
UK MBT before and after degradation

Log-linear scale
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c.Cummulative distribution of PSD:
UK MBT before and after degradation

Log-probabilistic scale
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d.Cummulative distribution of PSD:
UK MBT before and after degradation

Linear-probabilistic
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Annex 2-9 Cumulative PSD represented in Log-probabilistic scale for a. German MBT and 

b. MSW specimens 

Cummulative distribution of PSD:
German MBT before and after degradation

Log-probabilistic scale
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a. Cumulative PSD of German MBT represented in Log-probabilistic 

Cummulative distribution of PSD:
MSW before and after degradation

Log-probabilistic scale
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b. Cumulative PSD of MSW represented in Log-probabilistic scale 
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Annex 2-10 Normal law model fitting to PSDs of UK MBT before and after degradation for 

different sieve size ranges. a. cumulative 20-0.032 mm , b. cumulative 6.3-0.063 mm, c. 

linear scale 20-0.032 mm and d. linear scale 6.3-0.063 mm 

 

a. Normal law fitting: 
UK MBT 20-0.032mm sieve sizes
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AF: Xmean=5.0843, S=0.0799
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b. Normal law fitting: 
UK MBT 6.3-0.063mm sieve size 

B4: Xmean=3.8151,S=0.6932
AF: Xmean=6.8070, S=0.5169
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Annex 2-11 Normal law model fitting to PSDs of German MBT before and after 

degradation for different sieve size ranges. a. cumulative 75-0.032 mm , b. cumulative 6.3-

0.063 mm, c. linear scale 75-0.032 mm and d. linear scale 6.3-0.063 mm 

 

a. Normal law fitting: 
German MBT 75-0.032mm sieve sizes

B4: Xmean=7.3085,S=0.1618
AF: Xmean=7.0113, S=0.3193
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b. Normal law fitting: 
German MBT 6.3-0.063mm sieve size 

B4: Xmean=9.7449,S=0.5275
AF: Xmean=11.4731, S=0.7942
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Annex 2-12 Normal law model fitting to PSDs of MSW before and after degradation for 

different sieve size ranges a. cumulative 75-0.032 mm , b. cumulative 6.3-0.063 mm, c. 

cumulative 20-0.032 mm, d. linear scale 75-0.032 mm, e. linear scale 6.3- 0.063 mm and. f. 

linear scale 20-0.063 mm   

b. Normal law fitting: 
MSW 6.3-0.063mm sieve size 

B4: Xmean=23.8600,S=1.1228
AF: Xmean=32.1803, S=1.2661
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c. Normal law fitting: 
MSW 20-0.063mm sieve size 

B4: Xmean=12.7545,S=0.8346
AF: Xmean=27.3621, S=1.2134
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Annex 4-1 Dimensionality analysis of K  (adapted from Hubbert (1940)) 

A dimensional analysis by Hubbert (1940) confirmed that the factors and powers included in 

Equation 4-4 were the correct ones and that no other essential quantities were omitted. 

Combining Equation 4-3 and Equation 4-4 gives Equation 4-5  where each variable has the 

dimensions included in the following table. 

                       Dimensions for each of the variables involved in the analysis of K 

Variables Dimensions 

[Q] [L3T-1] 

[A] [L2] 

[ i ] [L0] 

[C] [L0] 

[d2] [L2] 

[  ] [ML-3] 

[1/μ] [M-1LT] 

[g] [LT-2] 

Results 

Introducing the information in Equation 4-5 gives:  

[L3T-1L-2L0]=[L0L2ML-3M-1LTLT-2] 

which summarises as: [LT-1]=[LT-1] 

which shows dimensional balance and that C is a dimensionless coefficient. Equation 4-5 

shows that Q varies with the size and shape characteristics of the solid media. 
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Annex 4-2 Details of experimental set up for permeability tests 
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Annex 4-3 Initial trials evaluating the impact on the hydraulic conductivity when using de-

aired water   

 

 

Three samples of Leighton Buzzard Sand Fraction B were tested. Sample 6 was tested using 

tap water continuously entering to the main tank. Samples 8 and 9 were tested using tap 

water first loaded to the main tank, left in rest and then connected to a vacuum pump. 

Results from those two samples were very similar, however only Sample 9 is presented. 

Sample 10 was tested with de-aired water. The hydraulic conductivity of the sample tested 

with tap water was almost one third the hydraulic conductivity of the sand tested with de-

aired water. The correlation coefficient    showed a significant increase with the use of de-

aired water. 

Sample 10
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Sample Description R
2 S K (m/s)

6

100 % Sand 

Direct Tap 

water

0.601 0.000003 6.79E-04

9

100% Sand Tap 

water stored and 

vacuumed

0.9604 0.000008 1.81E-03

10
100% Sand De-

aired water
0.9974 0.00001 2.26E-03
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Annex 4-4 Specifications of Leighton Buzzard sand : material used as matrix 
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Annex 4-5 Derivation of phase relationships for mixtures of Sand and plastic discs 
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Annex 4-6 Pluviation: apparatus, mechanisms and results from testing sands 

 

 

a. Schematic representation of the pluviation apparatus 

 

 

b. Deposition during optimum pluviation 

(after Fig 5 in (Cresswell et al., 1999)) 

c. The difference in the mechanism of compaction 

between pouring and pluviation at the same rate 

(after Fig 8 in (Cresswell et al., 1999)) 
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d. Pluviation time versus dry densities reported by Cresswell et.al  in different sands (after Fig 3 in 

Cresswell et al  (1999)). Sand A is a medium coarse Leighton buzzard sand D50 equal to 0.75 mm 
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Annex 4-7 Graphical method for temperature corrections in the range 10 to 30 Celsius 

according to Equation 4-10 
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Annex 5-1 Images taking during loading solid waste for a study of horizontal spreading by 

Hudson et al. (2010) 
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Annex 5-2 The structure of waste, layering and daily cover (adapted from Rees-White (2004)) 
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Annex 6-1 Application of White and Beaven (2008) method to UK MBT AF sample      

 

 

 

 

 

 

Sieve size 

mm
y retained 

Average d 

mm

Channel 

diameter 

Di m

Channel 

lenght Li 

m

Channel 

area Ai 

m
2

Channel 

effective 

permeability 

Ki m/s

Sigma 

KiAi/A 

m/s

0,032 0,0180

0,063 0,0095 0,048 1,90E-06 0,51 6,08E-05 3,51E-09 6,75E-11

0,15 0,0198 0,107 4,26E-06 0,65 9,92E-05 1,38E-08 4,33E-10

0,3 0,0256 0,225 9,00E-06 0,70 1,18E-04 5,65E-08 2,11E-09

0,6 0,0395 0,450 1,80E-05 0,81 1,57E-04 1,95E-07 9,75E-09

1,18 0,0590 0,890 3,56E-05 0,93 2,06E-04 6,68E-07 4,36E-08

2 0,0667 1,590 6,36E-05 0,97 2,24E-04 2,05E-06 1,45E-07

3,35 0,0903 2,675 1,07E-04 1,07 2,74E-04 5,23E-06 4,55E-07

6,3 0,1584 4,825 1,93E-04 1,30 3,99E-04 1,41E-05 1,78E-06

7 0,0330 6,650 2,66E-04 0,77 1,41E-04 4,52E-05 2,01E-06

8 0,0451 7,500 3,00E-04 0,85 1,73E-04 5,18E-05 2,84E-06

9 0,0430 8,500 3,40E-04 0,84 1,68E-04 6,76E-05 3,59E-06

10 0,0412 9,500 3,80E-04 0,83 1,63E-04 8,56E-05 4,42E-06

11 0,0397 10,500 4,20E-04 0,82 1,59E-04 1,06E-04 5,33E-06

12 0,0384 11,500 4,60E-04 0,81 1,55E-04 1,28E-04 6,33E-06

15 0,1085 13,500 5,40E-04 1,14 3,11E-04 1,25E-04 1,23E-05

20 0,1641 17,500 7,00E-04 1,31 4,10E-04 1,83E-04 2,38E-05

A (m
2
) 3,16E-03 K (m/s) 6,31E-05

Model Parameters

Fractal 

dimension 2,3771

n 0,40

fD 0,04

fL 2,3

g 9,81 m/sec2

mu liquid 1,00E-03 kg/m/sec

ro liquid 1000 kg/m3
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Annex 6-2 Application of White and Beaven (2008) method to German MBT B4 sample      

 

 

 

Sieve size 

mm
y retained 

Average d 

mm

Channel 

diameter 

Di m

Channel 

lenght Li 

m

Channel 

area Ai 

m
2

Channel effective 

permeability Ki m/s

Sigma 

KiAi/A m/s

0,032 0,0020

0,063 0,0025 0,048 9,50E-07 0,33 6,48E-06 3,67E-10 2,70E-12

0,15 0,0073 0,107 2,13E-06 0,47 1,31E-05 1,30E-09 1,93E-11

0,3 0,0128 0,225 4,50E-06 0,57 1,91E-05 4,79E-09 1,04E-10

0,6 0,0257 0,450 9,00E-06 0,72 3,06E-05 1,52E-08 5,27E-10

1,18 0,0491 0,890 1,78E-05 0,89 4,71E-05 4,78E-08 2,56E-09

2 0,0666 1,590 3,18E-05 0,99 5,77E-05 1,38E-07 9,04E-09

3,35 0,1010 2,675 5,35E-05 1,13 7,63E-05 3,39E-07 2,94E-08

6,3 0,1838 4,825 9,65E-05 1,38 1,14E-04 9,03E-07 1,17E-07

7 0,0368 6,650 1,33E-04 0,81 3,90E-05 2,93E-06 1,30E-07

8 0,0486 7,500 1,50E-04 0,89 4,69E-05 3,40E-06 1,81E-07

9 0,0442 8,500 1,70E-04 0,86 4,41E-05 4,50E-06 2,26E-07

10 0,0401 9,500 1,90E-04 0,83 4,14E-05 5,81E-06 2,73E-07

11 0,0364 10,500 2,10E-04 0,81 3,88E-05 7,33E-06 3,23E-07

12 0,0330 11,500 2,30E-04 0,78 3,63E-05 9,08E-06 3,75E-07

15 0,0816 13,500 2,70E-04 1,06 6,64E-05 9,25E-06 6,99E-07

20 0,0918 17,500 3,50E-04 1,10 7,18E-05 1,50E-05 1,22E-06

30 0,0883 25,000 5,00E-04 1,09 7,00E-05 3,09E-05 2,46E-06

40 0,0313 35,000 7,00E-04 0,77 3,51E-05 8,55E-05 3,42E-06

63 0,0152 51,500 1,03E-03 0,60 2,17E-05 2,35E-04 5,82E-06

75 0,0010 69,000 1,38E-03 0,25 3,60E-06 1,04E-03 4,25E-06

A (m
2
) 8,79E-04 K (m/s) 1,95E-05

Model Parameters Kexperimental (m/s) 6,37E-05

d`parameter 

(RR model) 10,2964

v parameter 

(RR model) 1,0395

n 0,37

fD 0,02

fL 2,3

g 9,81 m/sec2

mu liquid 1,00E-03 kg/m/sec

ro liquid 1000 kg/m3
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Annex 6-3Application of White and Beaven (2008) method to German MBT AF sample  

      

Sieve size 

mm
y retained 

Average d 

mm

Channel 

diameter 

Di m

Channel 

lenght Li 

m

Channel 

area Ai 

m
2

Channel 

effective 

permeability 

Ki m/s

Sigma 

KiAi/A 

m/s

0.032 0.0070

0.063 0.0053 0.048 8.93E-07 0.42 9.38E-06 2.28E-10 2.70E-12

0.15 0.0131 0.107 2.00E-06 0.57 1.72E-05 8.45E-10 1.84E-11

0.3 0.0199 0.225 4.23E-06 0.66 2.27E-05 3.28E-09 9.43E-11

0.6 0.0350 0.450 8.46E-06 0.79 3.31E-05 1.09E-08 4.56E-10

1.18 0.0581 0.890 1.67E-05 0.94 4.66E-05 3.59E-08 2.11E-09

2 0.0700 1.590 2.99E-05 1.00 5.27E-05 1.08E-07 7.18E-09

3.35 0.0960 2.675 5.03E-05 1.11 6.52E-05 2.74E-07 2.26E-08

6.3 0.1591 4.825 9.07E-05 1.32 9.13E-05 7.53E-07 8.69E-08

7 0.0306 6.650 1.25E-04 0.76 3.05E-05 2.48E-06 9.54E-08

8 0.0400 7.500 1.41E-04 0.83 3.64E-05 2.88E-06 1.33E-07

9 0.0362 8.500 1.60E-04 0.81 3.41E-05 3.82E-06 1.65E-07

10 0.0329 9.500 1.79E-04 0.78 3.20E-05 4.93E-06 2.00E-07

11 0.0299 10.500 1.97E-04 0.76 3.01E-05 6.21E-06 2.36E-07

12 0.0273 11.500 2.16E-04 0.73 2.83E-05 7.68E-06 2.75E-07

15 0.0689 13.500 2.54E-04 1.00 5.24E-05 7.78E-06 5.16E-07

20 0.0826 17.500 3.29E-04 1.06 5.92E-05 1.23E-05 9.21E-07

30 0.0940 25.000 4.70E-04 1.11 6.45E-05 2.40E-05 1.96E-06

40 0.0455 35.000 6.58E-04 0.87 3.98E-05 6.00E-05 3.02E-06

63 0.0371 51.500 9.68E-04 0.81 3.48E-05 1.39E-04 6.12E-06

75 0.0060 69.000 1.30E-03 0.44 1.03E-05 4.59E-04 5.97E-06

A (m
2
) 7.91E-04 K (m/s) 1.97E-05

Model Parameters

d`parame

ter (RR 

model) 10.9739

v 

paramete

r (RR 

model) 0.8546

n 0.37

fD 0.02

fL 2.3

g 9.81 m/sec2

mu liquid 1.00E-03 kg/m/sec

ro liquid 1000 kg/m3
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Annex 6-4 Application of White and Beaven (2008) method to MSW B4 sample      

 

 

 

 

 

Sieve size 

mm
y retained 

Average d 

mm

Channel 

diameter 

Di m

Channel 

lenght Li 

m

Channel 

area Ai 

m
2

Channel effective 

permeability Ki m/s

Sigma 

KiAi/A 

m/s

0,032 0,0424

0,063 0,0135 0,048 9,50E-07 0,59 2,04E-05 2,13E-10 4,80E-12

0,15 0,0237 0,107 2,13E-06 0,71 2,98E-05 8,87E-10 2,91E-11

0,3 0,0260 0,225 4,50E-06 0,73 3,17E-05 3,84E-09 1,34E-10

0,6 0,0344 0,450 9,00E-06 0,80 3,83E-05 1,40E-08 5,89E-10

1,18 0,0444 0,890 1,78E-05 0,87 4,54E-05 5,01E-08 2,51E-09

2 0,0442 1,590 3,18E-05 0,87 4,53E-05 1,60E-07 8,01E-09

3,35 0,0534 2,675 5,35E-05 0,93 5,15E-05 4,25E-07 2,42E-08

6,3 0,0827 4,825 9,65E-05 1,08 6,90E-05 1,20E-06 9,10E-08

7 0,0160 6,650 1,33E-04 0,62 2,31E-05 3,93E-06 1,00E-07

8 0,0213 7,500 1,50E-04 0,69 2,79E-05 4,54E-06 1,40E-07

9 0,0198 8,500 1,70E-04 0,67 2,66E-05 5,98E-06 1,75E-07

10 0,0185 9,500 1,90E-04 0,65 2,55E-05 7,63E-06 2,14E-07

11 0,0174 10,500 2,10E-04 0,64 2,45E-05 9,51E-06 2,57E-07

12 0,0165 11,500 2,30E-04 0,63 2,36E-05 1,16E-05 3,02E-07

15 0,0451 13,500 2,70E-04 0,88 4,61E-05 1,14E-05 5,83E-07

20 0,0645 17,500 3,50E-04 0,99 5,86E-05 1,71E-05 1,10E-06

30 0,1048 25,000 5,00E-04 1,17 8,10E-05 2,96E-05 2,65E-06

40 0,0856 35,000 7,00E-04 1,09 7,08E-05 6,21E-05 4,85E-06

63 0,1573 51,500 1,03E-03 1,34 1,06E-04 1,10E-04 1,29E-05

75 0,0686 69,000 1,38E-03 1,01 6,12E-05 2,60E-04 1,75E-05

A (m
2
) 9,07E-04 K (m/s) 4,09E-05

Model Parameters Minimun Kexperimental (m/s) 1,90E-05

Fractal 

dimension 2,5927 Maximun Kexperimental (m/s) 1,50E-04

n 0,34

fD 0,02

fL 2,3

g 9,81 m/sec2

mu liquid 1,00E-03 kg/m/sec

ro liquid 1000 kg/m3
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Annex 6-5 Application of White and Beaven (2008) method to MSW AF sample      

 

 

Sieve size 

mm
y retained 

Average d 

mm

Channel 

diameter 

Di m

Channel 

lenght Li 

m

Channel 

area Ai 

m
2

Channel 

effective 

permeability 

Ki m/s

Sigma 

KiAi/A 

m/s

0,032 0,0273

0,063 0,0101 0,048 9,50E-07 0,53 1,68E-05 2,34E-10 4,36E-12

0,15 0,0185 0,107 2,13E-06 0,65 2,53E-05 9,62E-10 2,68E-11

0,3 0,0212 0,225 4,50E-06 0,68 2,77E-05 4,10E-09 1,25E-10

0,6 0,0293 0,450 9,00E-06 0,76 3,44E-05 1,47E-08 5,59E-10

1,18 0,0392 0,890 1,78E-05 0,84 4,18E-05 5,22E-08 2,41E-09

2 0,0404 1,590 3,18E-05 0,85 4,27E-05 1,65E-07 7,77E-09

3,35 0,0503 2,675 5,35E-05 0,91 4,95E-05 4,34E-07 2,37E-08

6,3 0,0805 4,825 9,65E-05 1,07 6,77E-05 1,21E-06 9,01E-08

7 0,0159 6,650 1,33E-04 0,62 2,30E-05 3,93E-06 9,98E-08

8 0,0213 7,500 1,50E-04 0,69 2,79E-05 4,54E-06 1,40E-07

9 0,0199 8,500 1,70E-04 0,67 2,67E-05 5,96E-06 1,76E-07

10 0,0187 9,500 1,90E-04 0,66 2,57E-05 7,59E-06 2,15E-07

11 0,0178 10,500 2,10E-04 0,65 2,48E-05 9,44E-06 2,58E-07

12 0,0169 11,500 2,30E-04 0,64 2,40E-05 1,15E-05 3,05E-07

15 0,0466 13,500 2,70E-04 0,89 4,72E-05 1,13E-05 5,89E-07

20 0,0677 17,500 3,50E-04 1,01 6,05E-05 1,68E-05 1,12E-06

30 0,1121 25,000 5,00E-04 1,19 8,47E-05 2,90E-05 2,71E-06

40 0,0933 35,000 7,00E-04 1,12 7,50E-05 6,03E-05 4,99E-06

63 0,1752 51,500 1,03E-03 1,39 1,14E-04 1,06E-04 1,33E-05

75 0,0777 69,000 1,38E-03 1,06 6,65E-05 2,49E-04 1,83E-05

A (m
2
) 9,06E-04 K (m/s) 4,23E-05

Model Parameters

Fractal 

dimension 2,5361

n 0,34

fD 0,02

fL 2,3

g 9,81 m/sec2

mu liquid 1,00E-03 kg/m/sec

ro liquid 1000 kg/m3
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                                                                   ABSTRACT                                                                 

      Alternative landfill operation strategies are required to reduce the time for which a landfill poses 
a pollution risk. The application of those alternative strategies, e.g., aeration and flushing, requires 
recirculation of fluids, consequently their implementation requires better understanding of fluid flow 
and transport processes in landfills. Research in porous media has revealed that flow and transport 
processes are strongly controlled by the physical  structure, in particular the pore size, geometry and 
interconnectivity and particle size and shape. It is generally accepted that landfilled municipal solid 
waste (MSW) develops a heterogeneous and anisotropic structure during placement, degradation 
and settlement; however our detailed understanding of the structure that develops once MSW is 
placed into landfills, and how it influences fluid flow is very limited. This paper discusses the use 
of Micro-Computed Tomography ( CT) for the non invasive study of waste structure. Results are 
presented for waste analogues which were successfully analysed using threshold segmentation 
techniques to detect millimetre sized structural features and to quantify the volumetric content of 
high density materials. Improvements required (e.g., image quality, higher resolution, segmentation 
techniques) to extend CT to analyse the structure of landfilled waste samples and characterise pore 
architecture are also discussed.                                                                                                         

.

.

ì

  

  ì  

                          INTRODUCTION                         

      Landfilling is generally considered the least de-
sirable option for final disposal of solid waste. Never-
theless, in many countries, landfilling remains the 
final disposal route for solid wastes. Recalcitrant 
contaminants contained in landfill sites are likely to 
persist for centuries rather than decades and liner and 
leachate collection systems are likely to fail before 
this time [1]. Thus the risk of pollution posed by 
active and closed landfill sites extends well beyond 
the operational period for the site [2].                         
      The search for alternative landfill operation and 
management strategies has triggered the development  
of operation of the landfill as a bioreactor, aiming to 
enhance biodegradation, which has many advantages. 
These include improved site utilization (through ac-
celerated settlement), leachate management, physico-
chemical stabilization and removal of contaminants. 

.

.

The application of these alternatives requires the 
recirculation of liquids and so their implementation 
requires better understanding of fluid flow and trans-
port processes in landfills.                                        
       Research in porous media, including soils, packed 
beds and foams, has revealed that flow and transport 
processes are strongly controlled by the physical 
structure, in particular the pore size, geometry and 
interconnectivity and the particle size and shape [3-5]. 
Landfilled municipal  solid waste (MSW) is a porous 
medium comprising a mixture of highly diverse ma-
terials (e.g., plastics, textiles, glass and organic waste). 
It is recognized that like geological materials and as 
a result of the deposition in progressive layers, com-
paction and the heterogeneity, MSW develops a 
strong structure [6]. Plastics and Textiles, due to their 
shape, tensile strength and orientation, can enhance 
the strength (e.g., Kölsch [7] and Dixon et al. [8]), and
influence flow behaviour by diverting fluid flow [9, 
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10]. However our detailed understanding of the 
structure that develops once MSW is placed into 
landfills, and  how  that  structure influences fluid 
flow is very limited.                                                  
       Research into the structure of porous media has
been traditionally approached using methods such as
field observations [4,11]; laboratory analysis of cores
by thin sectioning, resin impregnation and imaging
[12,13]; indirect analysis using tracer injection
breakthrough  curves  from  fluid  flow experiments
[12]; and observation of flow path patterns revealed 
by dye staining [13,14].                                             
   Non-invasive techniques, particularly X-ray
Computed Tomography (CT) have been successfully
used in porous media research since the early 1990s,
and have revealed highly detailed information on
both the structure and the pore space architecture,
improving our understanding of fluid flow [15,16]
and other porous medium interaction processes [17,
18].                                                                            
      This paper discusses the potential of X-ray CT
for studying landfilled waste, and illustrates this with
some results obtained from waste analogue speci-
mens. This paper presents a theoretical background 
of CT. Example applications are discussed to show 
that non-invasive methods can be applied to the 
study of landfilled waste. The imaging procedure is 
explained and the potential for improvement is di-
scussed. Preliminary results of some of the structural 
features revealed in the analysis of waste analogues 
are presented, compared with bulk properties and 
discussed in the context of their potential  impact on 
the long term management of landfill sites.              

Non-invasive Techniques Background                  

      Non-invasive techniques are based on the prin-
ciple that properties of the internal structure of a 
specimen can be inferred from the detection of a 
signal, passed through the specimen. They were 
originally developed for diagnostic medicine and
have enabled the non-invasive study of the human
body. In recent decades increased availability has led
to the use of these techniques for  research purposes 
in areas  such  as archaeology, palaeontology, petro-
physics, geology and materials engineering.            
    The acquisition of images using non-invasive
techniques is faster and causes far less disturbance 
than progressive thin sectioning. Physical properties
of the signal used vary between non-invasive tech-
nologies including X-rays in CT, Magnetic fields in 
Magnetic Resonance Imaging and gamma rays in 
Positron Emission Tomography. Since the response
of a particular material is dependent on the signal
type, selection of the appropriate technique requires
careful consideration of the type of material being
investigated. Watson et al. [19] concluded that land-
fill waste was suited to examination using CT. Dur-
ing the research discussed in this paper, locally avail- 

.

.

.

.

.

.

able microfocus-CT ( CT) equipment was used.     
                     
Principles of X-ray CT                                            

        X-ray CT is a radiographic method that uses X-
rays for digitally cutting a specimen to reveal its
interior details. X-rays are high energy electromag-
netic waves produced inside X-ray vacuum systems, 
where a cathode is heated to produce electrons
which are accelerated by a high voltage to a rotating 
anode which typically reradiates less than 1% of the 
electron energy in the form of X-rays [20]. This
process establishes a flow of X-rays known as a 
beam, with wavelengths in the range 0.01 to 10 nm. 
       CT scanners work by emitting a cone of X-rays,
which pass through the object of interest to one or
more detectors. In CT, the object is rotated in rela-
tion to the X-ray source to create a series of  two 
dimensional images which can then be computation-
ally assembled into a three dimensional object.     
      A detector measures X-ray intensity before the
beam enters the object and after it passes through it,
and using the Beer-Lambert law (Eq. 1) calculates ,
the linear X-ray attenuation coefficient for the mate-
rial being scanned. I and I  are the initial and trans-o (x)

mitted beam intensities respectively and x the length 
of the X-ray path through the material. If the scanned 
medium is inhomogeneous, the intensity is expressed 
as shown in Eq. 2.                                    

ì

ì

ì

.

.

.

.

      In Eq. 2,  is the unknown variable constrained 
by many equations for each point along  each  X-ray 
path. Image reconstruction involves finding values 
for  that provide solutions to these equations [21,
22]. The most commonly used reconstruction algo-
rithm, known as "filtered back projection", was in-
vented by Allan Cormack who shared the 1979 Nobel 
Prize for Medicine and Physiology with Godfrey 
Hounsfield inventor of the CT scanner and relates the 
measured projection data to the two-dimensional 
Fourier transform of the object cross section. Once 
reconstructed, objects can be visualized in 2D and 3D 
and features qualitatively or quantitatively assessed 
using various image processing software packages 
available both free and commercially [23].               
      Attenuation of X-rays is caused by beam matter 
interactions, primarily Compton scattering and pho-
toelectric absorption, both of which are strongly 
dependent on the density of the absorbing  medium, 
the atomic number and the energy of the incoming 

X-ray beam [24]. Mathematical functions to describe 
the relationship between physical properties of the 

matter and the attenuation of X-rays have been ex- 

ì 

ì

.
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(3)

tensively discussed (e.g., McCullough [25]; Brooks 
[26] and Denison and Carlson [27]) and approximate 
equations have been proposed. Equation 3 is an ex-
ample, where ñ is the electron density (related to 
mass density by the number of atomic units per elec-
tron), Z is the effective atomic number and E is the 
energy of the incoming X-ray beam. The relationship 
shows that µ is directly proportional to the electron 
density of the material [24]. Differentiation of fea-
tures within a specimen is therefore possible because 

at each point, µ depends directly on the material 
properties [21,22].                                                     

    Images obtained from CT are monochromatic 
representations of the spatial distribution of ì where 
the grey shade represents  intensity. Images are con-
ventionally mapped so that brighter regions corre-
spond to those volume elements (voxels) with higher 
ì values. The format selected for storing the image 
controls the number of levels in the grey scale range, 
e.g., in 8 bit, the grey level has values in the range
0-255.                                                                        
           

quantitative studies are required [15,21].            
       Medical CT can successfully image metre sized 
objects with millimetre scale resolutions. Demand 
for higher resolution tomography in denser and sma-
ller objects eventually led to the development of ìCT 
which scans millimetre sized objects at 1-10 µm re-
solution. The physical principles that control CT and 
ìCT are the same. With decreasing size, radiography 
becomes more difficult as the specimen must absorb 
a sufficient portion of the incident beam to produce a 
measurable signal, which in a small specimen de-
mands high attenuation per unit length, a condition 
that is only satisfied at low X-ray energies which are 
insufficient to penetrate dense objects. Precisely 
focused beams are also required to minimize blurring 
of fine details [28]. These difficulties were success-
fully addressed by D'Amico et al. [29] with the de-
velopment of a microfocus X-ray source which forms 
the basis of µCT. In µCT, X-rays are first highly 
collimated to achieve beam focus on the anode of 
onlyfew micrometres diameter.                                 

Applications of CT in Porous Media Research     

       Following successful application in the medical
field, CT rapidly gained popularity among those
studying the structure of porous media in fields such 
as hydrogeology and geosciences. A vast number of
references are available and comprehensive review 
papers within these fields are given by e.g., Ketcham

.

.

.

.

.

ì may change between equipment and so Houns-
field units and CT numbers, which use the linear 
attenuation of reference materials such as air and 
water for calibration, are preferred when diagnostic 
and 

     

and Carlson [30]; Kaestner et  al. [31]; Allaire et al. 
[32] and Werth et al. [33].                                         
    Petroleum engineers pioneered the use of CT 
within geological sciences to characterise density, 
porosity,  saturation  and  complex  mineralogies  in 
oil-reservoir rocks, imaging fluid flow patterns  and 
studying  rock  mechanics  [34,35].  Scientists  from 
diverse porous media research areas then found med-
ical CT a feasible method for studying, with a high  
level of detail, density  and  water  distributions [15,
16]; structure [18] and soil interaction processes [18,
36].                                                                            
     CT has seen limited use in the study of waste 
structure and fluid flow phenomena, with Watson et 
al. [19] and Watson et al. [37] being the only refer-
ences identified at the time of writing. Watson et al.
[37] used medical CT to investigate the change in 
structure of the organic fraction of MSW as it  de-
graded anaerobically over a period of 2 yr in 35 L 

reactors. They found that CT scanning was able to 
show structural changes in the waste occurring over 
the period of degradation and that particle size was 
reduced over the same time. The resolution used for 
the scanning was too small to enable the pore  net-
work to be clearly visible. No attempts to use higher 
resolution computed tomography in waste have been 
reported.                                                                    

             MATERIALS AND METHODS          

1. Materials                                                              

       As part of an investigation into the effects of two 
dimensional components on hydraulic conductivity 
and shear strength, two synthetic specimens were 
prepared and scanned. Each specimen consisted of 
two dimensional plastic materials in a relatively 
homogeneous matrix. This approach was preferred 
over scanning samples of real landfilled waste. It 
was considered that the properties being investigated 
would be well represented but the material would be 
less complex than real wastes, minimizing uncertain-
ties caused by uncontrolled variables, e.g., continuing 
degradation; other components acting as reinforce-
ment or flow diverters; as well as reducing complex-
ities in the imaging process.                                      
      The first specimen created in a modified 75 mm 
diameter, 238 mm tall permeameter, was prepared to 
investigate the effect that  two dimensional compo-
nents have on hydraulic conductivity. The permea-
meter was modified by replacing the aluminium 
connecting rods with plastic ones to reduce artefacts  

due to X-ray scattering  from the metal. In this  case  

the matrix material selected was Leighton Buzzard 
Sand fraction b (grain size 600 m to 1.18 mm) and 
polystyrene discs (5 mm diameter x 0.6 mm thick) 

.

.

.

.

.

.
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was 30 m. The  scanner  settings  were 110 kV  and 
149 A for beam  voltage  and  current  respectively. 
The total scanning time was 3.75 h and the scan con-
sisted of 3004 radiographic projections with individ-
ual exposure time of about 5 s.                                  
    In both cases preliminary trial runs were re-
quired to find optimal settings to obtain high signal 
to noise ratio images and minimise artefacts (defined 
by ASTM [24]) as anything in the image that does 
not accurately reflect true structure in the sample 
being inspected). In order to minimise ring artefacts, 
which had been problematic in earlier scans, the 
scan was acquired in "ring compensation" mode.     
    Reconstruction was carried out using a filter 
back projection algorithm and volume images ana-
lysed using VG-Studio Max V2.0 software devel-
oped by Volume Graphics GmbH, Heidelberg, 
Germany. The stack of two dimensional images was 
processed using Image J a free, Java-based image 
processing program developed at the U.S. National 
Institute of Health.                                                    

               RESULTS AND DISCUSSION               

1. Permeameter Sample                                          
   
      The reconstruction of the complete sample pro-
duced 1376 horizontal slices separated by 0.059 mm. 
A subsection (70 mm depth, 75 mm diameter) lo-
cated between the lower two piezometer ports in the 
permeameter was selected as the region of  interest 
(ROI). This region was selected as some of its fluid 
flow properties had been determined (e.g., saturated  
hydraulic conductivity). This ROI, consisting of 
1083 horizontal slices with a voxel size of 2.15 x 

-4 310 mm , was used for further analyses. It was first 
divided from bottom to top into four sub-regions: 
ROI-1, ROI-2, ROI-3 (each with 250 slices) and 
ROI-4 (with 331 slices) to reduce the computational 
demand and accelerate processing. All images were 
stored as 8 bit grey scale images.                             
     Inspection of the horizontal and vertical views 
(Fig. 1) allowed visual identification of the plastic 
pieces. They were preferentially oriented in the x-y 
plane, and distributed along the sample with a con-
centration increasing from bottom to top.                 
     Figure 2 shows the grey value distribution for 
each of the ROIs, as well as the result of summing 
the four ROIs. All the histograms show two peaks 
clearly divided at a grey value of around 143. As 
images were mapped for brighter materials to be dis-
played with the higher grey levels, those voxels with 
grey values above 143 correspond to sand. This was 
verified during visualisation in 3D by disabling the 
interval 0-143. The rendered volume showed only 
sand grains confirming that materials in the range 

ì
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which represented the two dimensional components. 
Sand and polystyrenes discs in a dry mass ratio of 
6.35:1 (86.4% sand and 13.6% discs) were mixed 
by hand and deposited in a permeameter cell, using a 
pluviation method as described by Cresswell et al. 
[38]. Pluviation uses a cylindrical tube (75 mm diam-
eter) filled with offset sequential interwoven wire 
diffuser meshes to create an even sand rain effect 
which produces a high density, evenly distributed 
specimen. Once placed, the sample level was mea-

3
sured in order to calculate total volume (353.44 cm ), 

-3
bulk density (1.76 Mg m ) and volumetric percent-
ages (54.4% sand, 21.6% discs and 24% pores). The 
scan aimed to identify the distribution and orienta-
tion  of  the  flow  diverting  elements  (polystyrene 
discs) and evaluate the  potential  to  characterize  in 
two and three dimensions the pore network structure 
of the specimen.                                                        
      The second specimen was a modified mechani-
cally biologically treated waste residue (MBT). De-
tails of the MBT residue used can be found in Velku-
shanova  et  al. [10]  and  Fernando  et  al. [39].  The 
sample was prepared for shear strength testing  in a 
60 mm direct shear apparatus by sieving the MBT at 
the as-received moisture content (26% by dry mass), 
retaining the fractions from 0 to 2.8 mm (to create a 
matrix) and then adding 2% by dry mass of  20 x 10 
mm High Density Polyethylene (HDPE:25 pieces or 
2.4% by volume). The material was placed in the 
shear box apparatus and compressed  under a normal 
stress of 100 kPa for 24 h but not subjected to shear 
stresses. The final specimen was a cuboid (6 x 6 x 3 

3
cm; 108 cm ), with a mass of 85.46 g and a bulk 

-3density of 0.79 Mg m . The scan was intended  to 
study the distribution and orientation of the HDPE 
pieces following compression.                                  

2. Methods                                                                

     The permeameter specimen was scanned using 
an  X-Tek  XT  H 450 (X-Tek  Systems Ltd, Tring, 
Hertfordshire, UK). This machine was equipped with  
a 2000 x 2000 pixel PerkinElmer 1621 X-ray flat 
panel detector with pixel size 200 m x 200 m, 
which provided a resolution limit of 100 m (limited 
by the power source size). The scan was run with a 
beam voltage of 200 kV, a current of 175 A and a 1 
mm thick copper filter. The total scanning time was 
3.53 h, and the scan consisted of 3143 radiographic 
projections with an individual exposure time of about 
4 s.                                                                   
       The MBT specimen was scanned using a X-Tek 
XT H 225 equipped with a 2000 x 2000 pixels Per-
kinElmer 1620 X-ray flat panel detector with a res-
olution limit of 3 m (when used with a 6 mm 
sample). For the 60 mm MBT sample, the resolution 
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e. Horizontal view at  
    45.0 mm

g. Horizontal view at  
    70 mm (piezometer 
    left)

h. Cross sectional cut 
    at 36 mm 

f. Horizontal view at 
   62.7 mm

c. Horizontal view at 
    21.4 mm

d. Horizontal view at  
    33.2 mm

a. Horizontal view at 
    0 mm (piezometer 
    port top right)

b. Horizontal view at  
    9.6 mm

Fig. 1. Selected slice views in the permeameter speci-
           men. Dark grey features are the 5 mm plastic 
           discs  incorporated  to  the  sample.  Distances 
           given are from the bottom of the specimen.

0-143 correspond to plastic discs and pores.            
    The cumulative distribution of grey values is 
illustrated in Fig. 3. The y-axis is the percentage of 
voxels with a grey value < x. Therefore, the graph 
represents the volumetric content of the components 
in the specimen. Volumetric concentrations of pores 
and discs were calculated for each ROI using a 
threshold of 143 and the corresponding quantity 
on the y-axis. They were compared against the per-
centages determined during the specimen preparation 
(54.4% sand, 21.6% discs  and 24% pores). Results 
from the sum of all ROIs showed close agreement 
with the actual composition (see the sum of all ROIs 

in Fig. 3). Differences in the volumetric contents 
between the four ROIs suggest a gradual increase in 
the content of plastic discs, from bottom to top, and 
this is also shown in the horizontal views.                 
       Differentiation between discs and pores based on 
grey level was more difficult. Grey value histograms 
under 143 do not show clear peaks to distinguish be-
tween these two materials. Although the distribution 
for ROI-4 (Fig. 2) suggests that the curve is the result 
of two different distributions - the first with a maxi-
mum at around 60 presumably for pores and the 
second with a maximum at around 118 presumably 
for plastics - they share a significant region of grey 
values making any unambiguous differentiation un
reliable.                                                                      
       At the time of writing no further  attempts have 
been made to achieve segmentation between plastics 
and pores. This could have been possible using alter-
native segmentation algorithms  like  those  based on 
differences in shape (i.e., Hough transform, template 
matching) or on the statistical treatment of histogram
to obtain two separated normal distributions [40]. 
This will be the subject of further research.               

2. MBT Specimen                                                    

      The reconstruction of the complete sample pro-
duced 731 horizontal slices separated by 0.052 mm. 
A subsection was created to approximate the real 
shape of the sample and disregard the wrapping 
which held the sample together, as well as the back- 
ground information. A ROI of approximately 6 x 6 x 3 
cm size was created. It was composed of 594 hori-

-4 3zontal slices and had a voxel size of 1.41 x 10 mm . 
All images were stored as 8 bit grey scale and 
mapped so that denser/brighter components were 
displayed at the higher grey values.                           
      Visual inspection of the 2D slices  showed  six,
sub-horizontally aligned reinforcing particles (the 
dark grey rectangular features in Fig. 4a-4d), located
at 2.55, 4.52, 10.04, 11.60, 15.70 and 16.54 mm 
(measured from the base of the sample). Four further 
reinforcing particles lay on the external top layer of 

the specimen. This corresponds to 40% of the total 
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number of pieces added to the specimen (25 in total). 
The remaining 15 pieces were placed vertically or 
with some angle of inclination as can be seen in the 
vertical cuts shown in Figs. 4e and 4f. White features 
in the images correspond to high density materials, 
due to the convention chosen during mapping the 
images, and are likely to be small glass and metal 
pieces contained in the matrix.                                  
       Figure 5a shows the grey value histogram for the 
ROI. The variety of components in waste and their 
wide range of densities lead to a distribution that, 
unlike the one obtained for the permeameter sample, 
does not show clearly distinguished peaks. This sit-
uation caused difficulties during the segmentation of 
components and showed the need to enhance con-
trast between materials if quantification, rather than 
simply detection, was the aim of imaging MSW and 
MBT samples. At the time of writing strategies for 
increasing the contrast are being explored. These 
include filling macro-pores with an aqueous solution 
of a contrast enhancing compound (e.g., potassium 
iodide) and increasing the overall contrast by imaging 
smaller regions with lower energy beams.                
     Despite this difficulty, the potential use of  the 
information obtained from CT was further explored 
by performing an approximated segmentation which 
used some information extracted from the grey value 
distribution (Fig. 5a) and the 3D rendering tool. The 
histogram in Fig. 5a, displays at least three weak 
peaks at grey values of around 50, 106  and 120. 
Those peaks are likely to represent maximum grey 
values for three types of materials: low, medium and 
high density.                                                              
      Figure 5 (b and c) shows three dimensional re-
presentations of the complete specimen (b) and  only 
the high density materials (c). The object represented 
in c was created by iteratively adjusting the threshold, 
starting at 120 as suggested by the histogram, and 
until a satisfactory representation was achieved: only 

glass and metal pieces were rendered. A threshold of 
170 produced an object that was visually judged to 
be composed entirely of glass and metals.                 
       The volumetric content of high density materials 
with grey value > 170 was calculated as 5.43%. Infor-
mation of this nature is useful for the characterisation 
of solid waste. The specimen studied was created 
using the finest fraction (0-2.8 mm) of an MBT waste 
sample. This fraction is usually termed "soil like" as 
the components are too small to be characterised 
using manual or mechanical sorting [10] and plays a 
significant role in fluid flow processes. Fine particles
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Fig. 2. Grey value distribution for the permeameter 
sample. Y axis represents the number of 
voxels with a grey value equal to X. The 
grey scale is in the range 0-255 as a result 
of images being stored in 8 bit format.        .

Fig. 3. Cumulative grey value distribution in the per-
meameter specimen. Y axis represents the per-
centage of voxels as the total sample volume 
with a grey value less than X. The threshold 

0.0E+00

5.0E+05

1.0E+06

1.5E+06

2.0E+06

2.5E+06

3.0E+06

3.5E+06

4.0E+06

4.5E+06

5.0E+06

5.5E+06

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250

Grey value

N
u

m
b

er
o

fv
o

xe
ls

ROI-1 ROI-2 ROI-3 ROI-4

Sand

Plastics & pores

grey value of 143 corresponds to the point  
dividing the peaks for sand and plastics and 
pores in Fig. 5.                                                .

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250

Grey Value

 

0

10

20

30

40

50

60

70

80

90

100

0

ROI-1 ROI-2

ROI-3 ROI-4

Total (ROI-1 to 4)

Plastics & pores

%
 c

u
m

m
u

la
ti

ve
 o

f 
vo

xe
ls

 w
it

h
 s

m
al

le
r 

gr
ey

 v
al

u
e

Caicedo Concha et al., Sustain. Environ. Res., 21(4), 259-268 (2011)



Fig. 4. Selected views in the MBT specimen where 
reinforcing plastic pieces were identified. (a) 
Long linear features indicate presence of par-
ticles with some angle of inclination; (b, c, d, 
e and f) rectangular features (dark grey) are 
the reinforcing pieces. White features are high 
density materials likely to be glass and metals.
Distances given are from the bottom of the 
specimen.

changes in size during degradation. It is clear that a 
particle size characterisation will not provide the 
complete picture of these changes as it will not dis-
tinguish between materials. Analogous information 
could be obtained in undisturbed solid waste samples 

(e.g., in situ landfill cores)  offering the possibility of 
non-invasive material characterisation. Segmentation 

of other features, such as plastic pieces, soil-like 
materials and pores was less clear using the grey 
value threshold and 3D rendering tool. Iterative 
changes in the threshold < 120 did not produce  

objects that, once visually assessed, were composed 

of only one type of material. As previously discussed, 
improvements in image contrast and more complex 
algorithms for segmentation are to be explored at 
later stages of research.                                              .
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a. Grey value distribution for the MBT sample. Lines 
    were placed as indicative of peaks to assist during
    the segmentation.                                        .

b. Complete specimen. 
    Dark  features at the 
    top  correspond  to 
    plastic pieces. 

c. High density materi-
    als (grey value over 
    170), probably glass 
    and metals.

Fig.  5a is the grey value distribution in the MBT 
specimen scanned with slow acquisition routine. 
The Y axis represents the percentage of voxels 
as the total sample volume with a grey value 
less than X. B and c are three dimensional re-
constructions of the MBT specimen in VGStudio 
Max2 using the Volume Render (Scatter HQ) 
algorithm.                                                         .

a. Horizontal reinforcing 
    element at 10.04 mm 

b. Horizontal reinforcing 
    element at 11.60 mm

c. Horizontal reinforcing 
    element at 15.70 mm

d. Horizontal reinforcing 
    elements at 16.54 mm 

e. Vertical view at 9.67 
    mm with 8 reinforcing 
    elements 

f. Vertical view at 22.15 
    mm with 5 reinforcing 
    elements 

can fill the pores formed by coarser materials and 
control the hydraulic conductivity [41-43]. Hence a 
detailed characterisation will improve the estimation 
of fluid flow characteristics in landfilled waste. 
Particles of glass and metals would be expected to 
behave differently from similar size particles of 
organic materials. Organic materials are readily 
biodegradable and consequently likely to exhibit
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3. Discussion                                                            

      The visual inspection of horizontal  and vertical
CT slices allowed the detection of elements which 

modify the structure and the viewing of both speci-
mens with a high level of detail.                               
      Furthermore,  the  histograms  produced  useful
information on the structure of the permeameter spec-
imen and detected axial structural variations, e.g., 
differences in concentration of plastic discs. As a 
consequence of modifications to the structure using 
flow diverting elements, the saturated hydraulic con-
ductivity in the permeameter specimen was reduced 
by 26% when compared with an equivalent 
specimen without structural alterations. The purpose
of this ongoing investigation is to increase our fun-
damental understanding of the role of materials con-
tained in MSW such as plastics, textiles and paper, 
which, due to their shape, size and composition are 
thought to impact the fluid flow properties [9,10,44,
45] and the mechanical  properties [7,10,39] of  the 
landfilled waste. CT provides the  possibility of 
obtaining detailed information on the structure (disc
distribution) that otherwise could only be obtained 
by the destruction of the sample.                              
      The possibility of obtaining information on the
pore architecture is of particular interest for the esti-
mation of fluid flow properties. Dullien [5] examined 

how mathematical models that consider the pore 
space as a bundle of capillaries work well in pre-
dicting the hydraulic conductivity and hence are a 
well founded modelling approach. However given 
the lack of accurate and detailed information on the 
pore structure, their use in porous media studies is 
still limited. In solid waste, this information is even 
scarcer than for other materials such packed beds 
and soils where more recent progress has been made 

[15,36,46,47]. The heterogeneity of waste may also 
lead to further complexity in the pore geometry [48]. 
The lack of information on waste pore structure 
param eters e.g., pore size distribution and tortuosity, 
has constrained modellers to use soil data for waste 
modelling. Recent numerical modelling of waste 
behaviour has inferred the pore size distribution from 
particle size information to estimate gas and liquid 
hydraulic conductivities as well as the capillary pres-
sure [49,50]. It is therefore clear that better estima-
tion of pore space parameters will improve modelling 
accuracy and have a positive impact in the design and 
operation of strategies for landfill remediation.        
     The major challenge in applying imaging to a 
real landfill is the preparation or recovery of a 
sample representative of the field in terms of both 
size and structure. Large scanners can accommodate 

specimens up to about 600 mm in diameter, which 
should be sufficient to be representative of a proc-
essed waste such as MBT with a maximum particle 
size of up to, say, 60 mm. Regions of interest could 
then be highlighted, physically extracted and scanned
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at micron resolution, as has been done in petrophys-
ics research [51]. Potential methods of sample re-
covery from the field and preservation, including 
freezing [52] and impregnation [19], have been pro-
posed but further work is needed.                             

                           CONCLUSIONS                          

     The use of µCT to identify structural features 
(reinforcing  and  flow  diverting elements)  in waste 
analogue   materials   has   been  demonstrated.  The 
method was also effective in quantifying the content 
of high density materials, e.g., sand and glass.         
       The results suggest that µCT could be applied to 
characterise the structure of landfilled waste such as 
MBT, for which the particle size and hence repre-
sentative elemental volume are not too large. A 
multiple scale imaging approach could be adopted 
to reveal a level of detail which would increase our 
understanding of fluid flow and mechanical proc-
esses in landfills.                                                     
     The use of CT and µCT to study solid waste
could provide significant insights to aid understand-
ing of, for example, how the structure of waste 
changes  over time as it degrades through variations 
in pore size and interconnectivity; or the difference 
in the structure that develop in residues with dif-
ferent characteristics. The current paper has demon-
strated this potential.                                                
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Exploring the use of a modified dye-adsorption method for a better 
understanding of landfilled waste structure in the context of post-closure 

management strategies in landfills 
 

Caicedo C. Diana M1 , Sandoval C. John J2, Watson, Geoff V.R3, Siddiqui, Asif A, Richard, 
David J and Powrie, William 4 

 
ABSTRACT  

 
It is generally accepted that landfilled municipal solid waste develops a heterogeneous and 
anisotropic structure during placement, degradation and settlement. Thus structure is significant 
as it affects the flow properties for liquids and gas. This paper describes the results of a test 
carried out on a specimen of degraded MSW to investigate the effectiveness of emulsion paint 
and brilliant blue dye in identifying preferential liquid flow paths. Some promising initial results 
are presented and suggestions for improvements to the techniques and future work are made. 
 
INTRODUCTION  
 
Final disposal of solid waste into landfills is considered as the least desirable option within 
integral solid waste management systems. Nevertheless, in many countries, landfilling remains 
as the main solid waste final disposal solution. Evidence suggests that recalcitrant contaminants 
contained in landfills are likely to persist for centuries as well as the risk of pollution posed by 
both active and closed sites. 
 
The search for adequate landfill operation and management strategies has triggered the 
development of various engineering alternatives aiming to enhance biodegradations processes, 
sites utilization rates (i.e. settlement), improved leachate management, physicochemical 
stabilization and removal of contaminants, among others. Alternatives explored include the 
recirculation of liquids and in situ aeration. Implementation of any of these alternatives requires 
understanding of flow and transport processes in landfills. 
 
In porous media flow and transport processes are strongly controlled by the medium physical 
structure, which can be analyzed in terms of pores geometry and interconnectivity (Collins, 
1961; Beven and Germann, 1982; Dullien, 1992). No much is known about the physical structure 
that develops once solid waste is placed into landfills and how that structure influences flow 
phenomena. It is recognized though that, similarly to other geological materials , municipal solid 
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waste (MSW) can constitute highly structured materials due to the deposition in progressive 
layers, high compaction and composition, material’s size and material’s shape heterogeneity 
(Dixon and Jones, 2005). Plastics and textiles, due to their shape and orientation, can reinforce 
the structure strength (Ashby and Jones, 1986, Kölsch, 1995 , Dixon et al., 2008) and influence 
flow behaviour by blocking or impeding fluids movement (Xie et al., 2006 and Velkushanova et 
al., 2009) 
  
Of special interest for the study of fluid flow and transport process in porous systems is the 
presence of preferential routes or flow pathways. This type of phenomenon is commonly referred 
as preferential flow and is used to describe flow mechanisms where transport of water, as well as 
dissolved and suspended matter, are primarily associated with a smaller fraction of the total pore 
space. Field measurement of mass movement of liquids and gases in soils often shows faster 
transport than it is predicted from mathematical modelling, a phenomenon that has been 
frequently associated with preferential flow occurring through macropores (e.g. earthworm 
burrows and cracks), or caused by soil layering or hydrophobicity (Beven and Germann, 1982, 
Allaire et al., 2009) 
 
The study of preferential flow mechanisms in natural and semi-natural systems has gained 
attention during the recent decades due to its incidence in physical processes with high 
environmental and human health implications. In soils, preferential routes may accelerate or 
delay the movement of dissolved matter and contaminants. Faster transport of contaminants to 
groundwater sources reduces the contact time with chemically reactive soil layers (Morris and 
Mooney, 2004 and Flury et al., 1994).  
 
Diverse techniques ranging from the observation of structures likely to lead to preferential flow 
(Garner, 1953, Beven and Germann, 1982, Munyankusi et al., 1994, Shipitalo et al., 2004,, 
Mooney et al., 2006) to the use of tracers breakthrough curves (Mooney and Morris, 2008) and   
dyes to visualise flow paths (Van Ommen et al., 1988, Andreini and Steenhuis, 1990, Flury et al., 
1994, Weiler and Flühler, 2004, Hangen et al., 2004, ,Morris and Mooney, 2004, Lipsius and 
Mooney, 2006) have been applied in preferential flow studies with soils and in other systems 
such packed beds (Ravindra et al., 1997).  
 
The observation of disturbing structures, i.e. cavities, fissures, in-homogeneities, can be achieved 
during field excavations by in situ inspection or in the laboratory. Careful selection of sampling 
methods is required to ensure negligible changes in the specimen’ original structure ( Clayton et 
al., 1982). Specific steps during specimen preparation (e.g. thin sectioning and resin 
impregnation); depend on factors such as specimen nature, degree of detail expected and 
techniques availability (e.g. visual, microscopic or scanning).  
 
In tracer studies, conservative substances (non-reactive, non-degradable and highly detectable) 
are used as surrogates to mimic the transport of water and other dissolved and suspended 
substances. Once applied, the tracer travel through the system is characterized by monitoring its 
concentration in the effluent. The response curve so obtained is influenced by the flow behaviour 
and the medium structure. Different chemicals are used for this purpose. Ions such as Cl- and Br-

are particularly good at tracing water movement; whereas dyes are generally considered suitable 
surrogates for contaminants. 
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Dyes are coloured substances highly soluble in the carrying solvent, properties that are    
exploited in preferential flow studies. As the solvent flows, dyes stain such contact areas and 
make the visual recognition of flow paths possible. Dyes are due to their high sorption capacity,  
non-conservative (Ketelsen and Meyer-Windel, 1999 and Germán-Heins and Flury, 2000) which 
has limited their use in breakthrough curves studies , where conventional tracers are used.  
 
Of special interest in preferential flow studies are those dyes with high water solubility , such as 
Brilliant Blue (BB), which due to its high mobility, visibility and low toxicity has extensively  
been used to understand flow paths in soils studies (Andreini and Steenhuis, 1990). 
Visualisation, using image processing techniques, has allowed the qualitative description of dye 
spatial distribution (Flury et al., 1994). Some degree of quantification has also achieved with the 
calibration of photograph colour using the amount of dye adsorbed (Morris and Mooney, 2004, 
Lipsius and Mooney, 2006). Further exploitation of  dye patterns information to infer flow 
regimes was published by Weiler and Flühler, 2004. In their study, textural diverse soils (i.e.  
loam to sand) were infiltrated with Brilliant Blue at different irrigation rates and initial moisture 
conditions. The use of photographs taken of vertical and horizontal sections together with the 
analysis of the extent and distribution of the stained areas was used to classify flow types into 
those occurring only in the soil matrix and those occurring as the result of interactions between 
the soil matrix and macropores.  
 
As observed in some soil systems, preferential flow routes seem to develop within landfill units. 
Some experimental work has indicated the presence of channelling flow in municipal solid waste 
, usually by measuring moisture contents and the distribution of flow at the discharge of waste 
packed columns (Zeiss and Major, 1992, Korfiatis et al., 1984). In other studies in MSW, tracer 
tests have revealed the presence of stagnant zones and flow channeling, indicating the presence 
of preferential flow phenomena (Johnson et al., 2001, Bendz and Singh, 1999). During 
remediation of landfill sites, flushing and aeration effectiveness are expected to be strongly 
influenced by the presence of preferential flow mechanisms; however, experimental evidence in 
this sense at both laboratory and field scale is still limited. No studies reporting the use of dye 
tracers for flow visualisation in waste have being published 
 
This paper presents a case of study in which dye tracing methods were explored to visualize flow 
routes in a nearly undisturbed municipal solid waste (MSW) sample in response to liquid 
infiltration events. The study was carried out under two different liquid injection methods and 
using different dye types. In the first method, a water diluted emulsion paint was poured on the 
top of the sample whereas in the second an aqueous solution of Brilliant Blue was irrigated using 
a device that simulates an even irrigation event. The structure of the specimen was also analysed, 
with special attention to the examination of the orientation of those materials that have the 
potential to modify flow patterns. The paper explains the results obtained during these 
experiments, examines the potential of dye tracing methods in the study of flow and transport 
processes in landfilled waste and discusses the implication of those results in the context of post-
closure management strategies for landfills. 
 
MATERIALS  
 
The waste specimen used in this study corresponds to fresh household waste (MSW) acquired 
from a local landfill facility in the UK and was used during the study of settlement processes in 
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landfills published by Ivanova et al., 2008. Large particles (>40-mm) were shredded. The 
resulting sample was characterized according to its particle size and components, as can be seen 
in Figure 1. In that study, a built purpose consolidating anaerobic reactor (CAR) was used 
according to the design described by Parker et al., 1999. The reactor is a Perspex cylinder (935-
mm height and 480-mm ID) with a loading system that applies a constant surcharge to the waste, 
which in this case was set at 50kPa. This load would be equivalent to a 5-m waste depth in a 
landfill if a 10 kN/m3 bulk unit weight is assumed for the residue.    
 
The sample was placed and degraded following a process that represents well those occurring in 
landfill sites that lead to the formation of highly structured materials (Dixon and Jones, 2005). 
The specimen served as a “control sample” as given in full by Ivanova, 2007. Progressive layers 
of material were placed inside the CAR and highly compressed to 500-mm height. After 
placement, the sample was saturated using a prepared mineral media containing 10% of 
anaerobically digested sewage sludge to accelerate anaerobic digestion. Leachate was 
intermittently recirculated , however, as the purpose of the sample was to work as a “control”, it 
was initially acidified, and the degradation inhibited during the initial 345 days of the 919 days 
of total experimentation.  A total settlement of 18.6% (350-mm final sample height ), was 
reported as the result of consolidation and bio-degradation processes (Ivanova, 2007). 
 
METHODS 
 
After settlement was completed, the opportunity was taken to trial some techniques developed 
during this study to investigate preferential flow on much smaller waste samples. The methods 
were based on the application of two types of dye to reveal flow paths in waste in two different 
flow regimes. The first dye was diluted emulsion paint added to the surface of the resaturated 
waste. The second was an aqueous solution of Brilliant Blue that was irrigated using a device  
simulating rainfall. 
 
Dye-tracing using diluted paint 
 
At the start of this study, the MSW sample was slowly re-saturated by pumping water through 
the base of the CAR at a rate of 1.25 ml/s. The water level in the reactor was raised up to 1 mm 
above the waste surface. Then two litres of diluted (1:1 by mass) red emulsion paint were then 
allowed to pond at the top of the saturated waste and allowed to drain. Once the drainage 
finished the CAR was wrapped in an electric heating blanket and insulation to dry both the waste 
and the infiltrated paint.  
 
After two weeks, the sample was removed from the reactor, whilst every effort was made to 
preserve the original structure. This step was of great importance since it is recognized that 
damage caused to the structure as a result of sampling may cause potential biases to structures 
favouring preferential flow. The core was extruded from the cell using a piston and then  
wrapped with cling film. Following extrusion, the core which was originally contained in the 
480-mm Perspex cylinder, was 479-mm diameter over the upper part (300-mm height) and 487-
mm over the bottom one (50-mm height), suggesting that the original structure was likely to have 
been reasonably well preserved.  
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To visualise the areas through which the paint penetrated, the external surface of the sample was 
inspected and photographs taken at different angles after reference pins were placed every 60o 
around the sample (e.g. red pins in Figure 4 are the reference points at 180o ). A thin sectioning 
method to allow visualisation on the internal structure was developed, involving cutting the 
specimen into vertical slices using a band saw. Initial trials revealed that horizontal slicing was 
relatively easy, but not vertical. This was, because of the preferential horizontal orientation of 
many sheet-like materials ,  e.g. plastics, textiles, etc., contained within the waste sample, as was 
confirmed once the slices were produced. To achieve high quality cutting, the sample was  
covered with a plaster layer that once dried, created a strong yet easily to cut coat that prevented 
any structural damage during the slicing process and facilitated core manipulation. The core was 
then cut horizontally at height of 230-mm using an electric knife. This step had two purposes: to 
make the sample fit into the 300-mm throat of the band saw and preserve the bottom portion for 
the Brilliant Blue tests. The top portion where, the paint had penetrated the most, was cut into 8 
cm thick vertical slices using the band saw, which produced cleanly cut flat surfaces. A 
schematic representation of the cutting process is presented in Figure 2. Photographs of each 
exposed surface were taken as shown in Figure 5 and Figure 6 and used for analysis. 
 
Dye-tracing using Brilliant Blue 
 
In the second test Acid Blue 9 (also known as Brilliant Blue R), a commercially available food 
grade colorant (CAS No 3844-45-9), was used as dye. The dry colorant was supplied by Sigma 
Aldrich and a 1g/litre aqueous solution prepared to irrigate the waste sample. This concentration, 

 

 
Figure 1 Particle size distribution and material composition of the MSW at the beginning of settlement 
studies  ( after Table 5.2 and 5.3 in Ivanova, 2007)   
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although less than those reported in the literature for soils ( 3 to 5 g/l; Flury and Flühler, 1995; 
Germán-Heins and Flury, 2000 and Mooney and Morris, 2008) provided a sufficient  visual 
contrast with the waste matrix and was considered adequate for the test.  
 
 
  

a. Initial core representation with imaginary 
reference points (dashed lines) and initial 
horizontal cut 

b. Thin sectioning carried out on the top 
subcore  

 

c. Cross sectional view of the thin sectioning process 
Figure 2 Schematic representation of the cutting process during the study of preferential flow in specimen of 
MSW  
 
The dye tracer was applied using a rainfall simulator device that produced an even irrigation of 
the sample at very low flow rates. A schematic representation of the experimental set up is 
presented in Figure 3. The device is made of a Perspex cylinder and a needles shower. The flow 
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rate, controlled by the liquid head in the cylinder, is in the range of 39 ml/min to 49 ml/min. The 
use of the rainfall simulator was essential for this study as made possible the minimisation of any 
bias during the dye application that could have favoured preferential infiltration of the dye 
solution. 
 

 

Figure 3 Schematic representation of the experimental set up used during Brilliant Blue tests. A rainfall 
simulator was used to irrigate a square sample obtained from the MSW specimen. Outflow was collected 
in concentric containers with the dimensions presented in the table 

 
Powrie and Beaven, 1999 reported saturated hydraulic conductivity values between 1.5 x 10-4 to 
1.9  x 10-5m/s for crude household waste samples under 87-kPa compression conditions, 
corresponding to measured dry density values ranging 0.32 – 0.39 t/m3. A dry density value of  
0.343 t/m3 was calculated by Ivanova for the waste sample used in this study based in the results 
reported by Powrie and Beaven (1999). This suggest that the saturated hydraulic conductivity for 
the sample should be at least in the order of 10-5 m/s. Based on this data, the head column in the 
rainfall simulator was set in order to produce the flow rates required for the experiments. 
 
A square (310 x 320 x 120 mm) specimen was produced from the remaining bottom portion of 
the sample, by cutting it vertically with the band saw. No further horizontal slicing was 
necessary. Once cut, three of the exposed surfaces were covered with a plaster layer to preserve 
the structure during the test, as previously described. The fourth face was left uncovered for 
visualisation of dye flow paths during the experiment. The bottom surface was carefully attached 
to a strong mesh (with a large aperture size of approx. 1-cm) to support the specimen whilst not  
causing major flow disruptions. The sample was mounted so as to permit the location of five 
concentric containers at the bottom,  aligned with its centre, which allowed the collection and 
measurement of the outflow distribution.  
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The test was run in two phases. First water alone, was irrigated at a rate of  43 ml/min, over a 
central circular area, I in Figure 3 (16-cm D), on the top of the waste surface, and until a steady  
state was reached, indicated by the measured flow rates in and out of the sample being the same 
after 60 minutes . Then, the supply of water was replaced by the dye solution and the test was 
run for a further 1 hour. Both, the total outflow and the concentric distribution were measured 
every 30 minutes.  
 
RESULTS     
 
Dye-tracing using diluted paint 
 
Photographs were taken and processed using Adobe Photoshop Lightroom, using the saturation 
tool that allows colour filtration (red in this case) and facilitates visual analysis (Figure 4). Over 
most of the surface, the dye penetrated approximately 6 cm. However, in some areas, infiltration 
was substantially higher. In the 180-240o section, penetration of the dye was up to 15 cm (Figure 
4 a); region that was selected for a more detailed analysis using thin sectioning (Figure 2). The 
maximum dye penetration was 27 cm, detected in the 300-0o section in a hollow plastic bottle, 
which could presumably have acted as a macropore (Figure 4 b).  
 
Six slices each 8 cm thick, were produced to visualise the dye spatial distribution as indicated in 
Figure 2. Photographs were recorded and presented in Figure 5 and Figure 6. This inspection 
showed negligible average infiltration of the paint, <1 cm, and evidenced the preference of the 
paint to flow along the external surface. Examination of the structure was achieved through  
inspection of the slices as shown in Figure 6, which confirmed that materials such as plastics and 
textiles were mostly horizontally orientated.  
 
Brilliant Blue Tests  
 
The flow distribution, expressed as a percentage of the total outflow, is presented in Figure 7. 
The area of each sector (Figure 3), was used to estimate an “expected outflow” considering water 
flowing linearly from the irrigated area to the base, i.e. neglecting flow spreading. Water alone 
was irrigated during the first 59 minutes of the test. The supply was then changed to Brilliant 
Blue solution and run for 60 more minutes.    
 
Photographs were taken during the test to record progress of dye staining with time. Selected 
images are presented in Figure 8, for which a blue filter was used. The dark blue areas represent 
those regions coloured with Brilliant Blue while those in light blue are original blue pieces of 
material, not dye-stained.   
 
DISCUSSION      
 
The two dye tests carried out during this study indicated the presence of preferential flow, 
especially at the external surface of the sample. The factors causing this behaviour can be related 
primarily to the structural properties of the solid medium.  
 
Examination of the structure revealed that, despite more than 1.5 years of active anaerobic 
degradation and 3 more sitting in the CAR, many pieces of plastic and textiles remained easily  
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a. 180-240 o region, showing dye penetration 
up to 15 cm. The red pins identified as 180o, 
are the reference points placed at that angle ( 
originally red). 

b. 300-0 o region, showing a localised dye 
penetration up to 27 cm 

Figure 4 Selected photographs of the external surface of the MSW sample after infiltration of a paint . Red 
regions indicate paint stained areas. 
 
 

   
a. 8 cm b.16 cm c. 24 cm d. 32 cm e. 40 cm f. 48 cm 

Figure 5 Slices produced by sequential sectioning of the 180-240 o region (the view is of Surface I indicated in   
Figure 2 c)   

 
identified. They were well distributed through the sample and preferentially horizontally 
orientated. These materials, due to their shape, impede or block the flow of fluids. They can, 
therefore lead to preferential flow. The original mass content of plastics and textiles was 20% 
and 3% by dry mass respectively. Material characterisation has not yet been carried out for the 
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degraded sample; however, judging from the visual inspection, plastic content is likely to be 
much higher. The total absence of nuisance smells coming from the sample also indicates that 
the readily degradable components, e.g. organic matter and paper, have been degraded by this 
time. Further material analysis will be carried on within the next few months to better understand 
the changes in waste structure resulting from biodegradation. 
 
Deconstruction of the sample revealed it to be a highly structured material. Vertical slicing was 
difficult and required the use of specialised equipment. The specimen, although requiring plaster 
coating to prevent damage during the experiments, was sufficiently stable to not fall apart before 
being covered, which reflects the high reinforcing potential of materials such as plastics and 
textiles. 
 
 

  

  
Figure 6 Surfaces exposed after slicing every 8 cm of the MSW sample (the planes of view are perpendicular 
to surface I in Figure 2c)  
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Figure 7 Outflow distribution during Brilliant Blue infiltration test. Data for the first 59 minutes (white and 
black bars)  correspond to water irrigation; the supply was then changed to dye solution (blue bars) 
 
During the experiment using Brilliant Blue the flow distribution differed substantially from that 
expected in the absence of preferential flow. Expected outflows (Figure 7) were calculated as 
percentages of the total flow, considering an ideal situation in which water flows uniformly and 
purely vertically. In that case, fluids irrigated over the area I should be collected only in sectors 
A, B and S as shown in Figure 3. V and outer sectors are geometrically outside the influence of I 
with diameters greater than 22 cm. The experimental data, however, showed that the greatest 
flow proportion was collected in the outer (39-46%), and V (19-21%) sectors. No fluid was 
collected in the sector A, whereas the expected flow was of 16%. In sectors B and S, the 
collected fluid was less than 50%, of the expected value.  
 
Development of leachate recirculation and flushing techniques for landfills has become a priority 
in order to assess the long term environmental impact of the source term associated with waste 
disposal and management. One of the challenging aspects of describing the dynamics of 
contaminants in landfills is understanding and simulating their movement in the unsaturated 
zone. The flow rates employed in the dye-tracing tests with Brilliant Blue were conceived to be 
low enough to establish unsaturated flow conditions through the waste sample under irrigation. 
BB addition followed establishment of unsaturated flow conditions in the system, as indicated by 
the consistency in the outflow percentages measured for every sector of the segmented collector, 
as shown in Figure 7. In this form the routes followed by the solution, indicated by the stained 
sections in the sample, can be associated with flow pathways leaved by the liquid under an 
unsaturated flow regime.     
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i. start of dye injection (59 min) ii. 4 minutes after Brilliant Blue injection  

 

iii. 9 minutes after Brilliant Blue injection iv. 40 minutes after Brilliant Blue injection 
Figure 8 Exposed surface of MSW after irrigation with 1g/litre solution of Brilliant Blue. Dark blue regions 
indicate areas that were dye- stained. 
 
Visual observation during Brilliant Blue irrigation confirmed that a significant proportion of the 
dye solution was flowing towards the external surface (Figure 8), through channel(s) connecting 
the irrigated area with the external surface below the top of the specimen. This situation needs 
more analysis. The external –exposed surface was not recovered with plaster, and in a layered 
material it is inevitable that any vertical boundary will represent a preferential flow path that 
would not exist in reality. Additionally, although significant steps were taken to minimise 
structural distortion of the specimen and any inclination, those efforts were not sufficient to 
entirely preserve the original structure, and some layer bending (concave downwards), was 
evident that could have affect the waste body and preferential flow.    
 
Figure 7 illustrates that the flow distribution was reasonably steady over the whole 120 minutes 
and not affected by dye injection at 59 minutes. This suggests that the BB solution moved 
through similar flow paths to the water, and thus acted as a representative tracer to visualise 
water movement. The test was stopped after 2 hours when the obstruction of some of the needles 
was detected, which could have been caused by undissolved solid particles coming either from 
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the solid dye or from solution drying over small localised areas. This could in the future, be 
prevented by filtering the mixture and adding a small amount of a retardant solvent.  
 
Results after paint drainage also indicated preferential flow. Inspection of the external surface 
suggested preferential flow with a pattern that, according to the classification inferred by Weiler 
and Flühler, 2004 , corresponds to flow occurring in a heterogeneous matrix with fingering 
present. This result is, however, not conclusive as other biasing factors, e.g. slight inclination 
towards the 180-240o region, not strictly controlled during the test, could have caused 
preferential flow.    
 
The paint used showed poorer infiltration capacity than the Brilliant Blue. This might have been 
caused by some of its properties. The suspension has higher solids content than water and dye 
soluble systems and likely to have higher viscosity, which will result in an increase of the fluid 
flow resistance. The mixture also has a faster drying rate compared to other, more conventional 
water based systems. Estimation of the amount of dye necessary to guarantee significant 
infiltration should account for losses in the permeation capacity resulting from faster drying. 
Nevertheless, the paint system offers advantages over BB for example when dry; it becomes 
insoluble making it then possible to examine different flow conditions in the same sample, using 
other dyes.  
 
CONCLUSIONS      
 
Coloured based tracers (dye and paint) have been shown to be a useful tool for the visual 
identification of flow paths in waste. Contrast between colours of the waste matrix and the paint 
and dye was sufficient to achieve visual differentiation between stained and unstained areas. 
Brilliant Blue was found to be a reasonably good method of visualising water flow paths. Latex 
emulsion and Brilliant Blue dye methods can be further improved to overcome some of the 
operational difficulties, i.e. insufficient infiltration and injection needle obstruction, experienced 
during this study.  
 
The use of thin sectioning, image processing and sectored fluid collection were of substantial 
benefit during this research, offering important information for better understanding flow spatial 
distribution and waste structure.  
 
Results obtained during this study suggest that preferential flow is likely during fluid flow 
through a landfill waste. This could generate operational difficulties during the application of 
remediation strategies resulting from the poor access of fluids to some of the areas in the landfill 
and consequent spatial variation in contaminants flushing. These results, suggest the need for 
further research to better understand the influence of factors such as waste composition, pre-
treatment, placement method and waste age on the nature of the structure developed. Better 
understanding of the structure of landfilled waste would help to improve the effectiveness of the 
design and application of different post-closure remediation technologies in landfills aimed at 
more sustainable landfill management. 
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Abstract  

 

Alternative landfill operation strategies are required to reduce the time for which a landfill poses a pollution 
risk. The application of those alternatives, e.g. aeration and flushing, requires recirculation of fluids, 
consequently their implementation requires better understanding of fluid flow and transport processes in 
landfills.  Research in porous media has revealed that flow and transport processes are strongly controlled by 
the physical structure, in particular the pore size, geometry and interconnectivity and particle size and shape. It 
is generally accepted that landfilled municipal solid waste (MSW) develops a heterogeneous and anisotropic 
structure during placement, degradation and settlement, however our detailed understanding of the structure 
that develops once MSW is placed into landfills, and how it influences fluid flow is very limited.  This paper 
discusses the use of Micro-Computed Tomography (µCT) for the non invasive study of waste structure. 
Results are presented for waste analogues which were successfully analysed using threshold segmentation 
techniques to detect millimetre sized structural features and quantify the volumetric content of high density 
materials.  Improvements required (e.g. image quality, higher resolution, segmentation techniques) to extend 
µCT to analyse the structure of landfilled waste samples and characterise pore architecture are also discussed. 
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1 Introduction 

Landfill is generally considered the least desirable option for final disposal of solid waste. Nevertheless, in 

many countries, landfilling remains the final disposal route for solid wastes. Recalcitrant contaminants 

contained in landfill sites are likely to persist for centuries rather than decades and  liner and leachate collection 

systems are likely to fail before this time (Hall et al., 2007). Thus the risk of pollution posed by active and 

closed landfill sites extends well beyond the operational period for the site (Hudgins & Harper, 1999). 

 

The search for alternative landfill operation and management strategies has triggered the development of 

operation of the landfill as a bioreactor, aiming to enhance biodegradation, which has many advantages. These 

include improved site utilization (through accelerated settlement), leachate management, physicochemical 

stabilization and removal of contaminants. The application of these alternatives requires the recirculation of 

liquids and so their implementation requires better understanding of fluid flow and transport processes in 

landfills.  

 

Research in porous media; including soils, packed beds and foams, has revealed that flow and transport 

processes are strongly controlled by the physical structure, in particular the pore size, geometry and 

interconnectivity and the particle size and shape (Collins, 1961; Beven & Germann, 1982; Dullien, 1992). 

Landfilled municipal solid waste (MSW) is a porous medium comprising a mixture of highly diverse materials 

(e.g. plastics, textiles, glass and organic waste, etc). It is recognized that like geological materials and as a result 

of the deposition in progressive layers, compaction and the heterogeneity, MSW develops a strong structure 

(Dixon & Jones, 2005).  Plastics and textiles, due to their shape, tensile strength  and orientation, can enhance 

the strength (e.g. Kölsch, 1995 and Dixon et al., 2008), and influence flow behaviour by diverting fluid flow 

(Xie et al., 2006 and Velkushanova et al., 2009). However our detailed understanding of the structure that 

develops once MSW is placed into landfills, and how that structure influences fluid flow is very limited. 

 

Research into the structure of porous media has been traditionally approached using methods such as field 

observations (Beven & Germann, 1982, and Shipitalo et al., 2004); laboratory analysis of cores by thin 

sectioning, resin impregnation and imaging (Mooney & Morris, 2008, Flury et al., 1994); indirect analysis using 

tracer injection breakthrough curves from fluid flow experiments (Mooney & Morris, 2008) and observation of 

flow path patterns revealed by dye staining (Flury et al., 1994, Morris & Mooney, 2004). 

  

Non-invasive techniques, particularly X-ray Computed Tomography (CT) have been successfully used in 

porous media research since the early 1990s, and have revealed highly detailed information on both the 

structure and the pore space architecture, improving our understanding of fluid flow (e.g., Heijs et al., 1995 and 

Amos et al., 1996) and other porous medium interaction processes (e.g. Sato & Suzuki, 2003, Kettridge & 

Binley, 2008).    

  

This paper discusses the potential of X-ray Computed Tomography (CT) for studying landfilled waste, and 

illustrates this with some results obtained from waste analogue specimens.  This paper presents a theoretical 

background to CT.  Example applications are discussed to show that non-invasive methods can be applied for 

the study of landfilled waste.  The imaging procedure is explained and the potential for improvement is 

discussed.  Preliminary results of some of the structural features revealed in the analysis of waste analogues are 

presented, compared with bulk properties and discussed in the context of their potential impact on the long 

term management of landfill sites.  
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2 Non-invasive techniques background   

Non-invasive techniques are based on the principle that properties of the internal structure of a specimen can 

be inferred from the detection of a signal, passed through the specimen. They were originally developed for 

diagnostic medicine and have enabled the non-invasive study of the human body. In recent decades increased 

availability has led to the use of these techniques for research purposes in areas such as archaeology, 

palaeontology, petro-physics, geology and materials engineering.  

 

The acquisition of images using non-invasive techniques is faster and causes far less disturbance than 

progressive thin sectioning. Physical properties of the signal used vary between non-invasive technologies and 

include X-rays in Computed Tomography (CT), Magnetic fields in Magnetic Resonance Imaging (MRI) and 

gamma rays in Positron Emission Tomography (PET).  Since the response of a particular material is dependent 

on the signal type, selection of the appropriate technique requires careful consideration of the type of material 

being investigated. As discussed by Watson et al., 2006, landfill waste is ideally suited to examination using CT.  

During the research discussed in this paper, locally available microfocus-CT (μCT) equipment was used. 

    

2.1 Principles of X-ray Computed Tomography (CT) 

X-ray Computed Tomography (CT) is a radiographic method for digitally cutting a specimen to reveal its 

interior details. The principles that control CT are similar to those of conventional radiography where 

differences in X-ray absorption are shown by grey scale differences in medical radiographs.  X-rays are high 

energy electromagnetic waves produced inside X-ray vacuum systems where the cathode of a high voltage 

power source emits electrons that are collected in the anode. This process establishes a flow of electrical 

current known as beam, which has a wavelength of 0.01-10 nm.  

CT scanners work by emitting a cone of X-rays, which pass through the object of interest to one or more 

detectors.  In μCT, the object is rotated in relation to the X-ray source to create a series of two dimensional 

images which can then be computationally assembled into a three dimensional object.  

A detector measures X-ray intensity before the beam enters the object and after it passes through it, and 

converts them to grey values using the Beer-Lambert law (Equation 1).  Io and I(x) are the initial and 

transmitted beam intensities respectively, µ the linear x-ray attenuation coefficient for the material being 

scanned, and x the length of the X-ray path through the material. If the scanned medium is inhomogeneous, 

the intensity is expressed in terms of Cartesian coordinates as shown in Equation 2. 
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In Equation 2, µ is the unknown variable constrained by many equations for each point along each X-ray path. 

Image reconstruction consists of finding values for µ that provide solutions to these equations (Brooks et al., 

1981, Denison et al., 1997).  The most commonly used algorithm is known as “filtered back projection” was 

invented by Allan Cormack who shared the 1979 Nobel Prize for medicine and physiology with Godfrey 

Hounsfield inventor of the CT scanner and relates the measured projection data to the two-dimensional 

Fourier transform of the object cross section.  Once reconstructed, objects can be visualized in 2D and 3D and 

features qualitatively or quantitatively assessed using various image processing software available both free and 

commercially (Kak & Slaney, 1988). 

 

Differentiation of features within a specimen is possible because at each point, µ depends directly on the 

material’s electron or bulk density, effective atomic number and on the energy of the incoming x-ray beam 
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(Brooks et al., 1981 and Denison et al., 1997). Linear attenuation coefficients may change between equipment. 

Hounsfield units and CT numbers, which use the linear attenuation of reference materials such air and water 

for calibration, are preferred when diagnostic and quantitative studies are required (Brooks et al., 1981 and 

Heijs et al., 1995). 

 

Medical CT can successfully image metre sized objects with millimetre scale resolutions. Demand for higher 

resolution tomography in denser and smaller objects eventually led to the development of μCT which scans 

millimetre sized objects at 1-10 µm resolution.  The physical principles that control these CT and μCT are the 

same.  With decreasing size, radiography becomes more difficult as the specimen must absorb a sufficient 

portion of the incident beam to produce a measurable signal, which in a small specimen demands high 

attenuation per unit length, a condition that is only satisfied at low X-ray energies which are insufficient to 

penetrate dense objects.  Precisely focused beams are also required to minimize blurring fine details (Dunsmuir 

et al., 1991).  These difficulties were successfully addressed by D'Amico et al.,  (1992) with the development of 

a microfocus X-ray source which forms the basis of µCT.  In µCT, X-rays are first highly collimated to achieve 

beam focus on the anode of only few micrometers diameter.    

 

2.2 Applications of CT in porous media research  

 

Following successful application in the medical field, CT rapidly gained popularity among those studying the 

structure of porous media in fields such as hydrogeology and geosciences. A vast number of references are 

available and comprehensive review papers within these fields are given by e.g. Ketcham & Carlson,  (2001), 

Kaestner et al., (2008), Allaire et al.,  (2009) and Werth et al.,  (2010). 

Petroleum engineers pioneered the use of CT within geological sciences to characterise density, porosity, 

saturation and complex mineralogies in oil-reservoir rocks, imaging fluid flow patterns and studying rock 

mechanics (Wellington & Vinegar, 1987 and Withjack, 1988).  

Scientists from diverse porous media research areas then found medical CT a feasible method for studying, 

with a high level of detail, density and water distributions (e.g. Heijs et al., 1995 and Amos et al., 1996), 

characterize structures (Kettridge & Binley, 2008) and soil interaction processes (e.g. Mooney et al., 2006, 

Kettridge & Binley, 2008).  

CT has seen limited use in the study of waste structure and fluid flow phenomena, with Watson et al., 2006 and 

Watson et al., 2007 being the only references identified at the time of writing. Watson et al.,  (2006 & 2007) 

used medical CT to investigate the change in structure of the organic fraction of MSW as it degraded 

anaerobically over a period of two years in 35 l reactors.  No attempts to use higher resolution computed 

tomography in waste have been reported.  

3 Material and Methods 

3.1 Materials    

As part of an investigation into the effects of two dimensional components on shear strength and hydraulic 

conductivity, two synthetic specimens were prepared and scanned.  Each specimen consisted of two 

dimensional plastic materials in a relatively homogeneous matrix.  This approach was preferred over scanning 

samples of real landfilled waste. It was considered that the properties being investigated would be well 

represented but the material would be less complex than real wastes, minimizing uncertainties caused by 
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uncontrolled variables, e.g. continuing degradation; other components acting as reinforcement or flow 

diverters; and reduce complexities in the imaging process. 

 

The first specimen was a modified mechanically biologically treated waste residue (MBT).  Details of the MBT 

residue used can be found in Velkushanova et al., (2009) and Fernando et al., (2009). The sample was prepared 

for shear strength testing in a 60mm direct shear apparatus by sieving the MBT at the as-received moisture 

content (26 % by dry mass), retaining the fractions from 0 to 2.8 mm (to create a matrix) and then adding 2 % 

by dry mass of 20 × 10 mm HDPE (25 pieces or 2.4 % by volume). The material was placed in the shear 

apparatus and consolidated under a normal stress of 100 kPa for 24 hours but not subjected to shear stresses. 

The final specimen was a dense cuboid (6 × 6 × 3 cm; 108 cm3), with a mass of 85.46 g and a bulk density of 

0.7913 Mgm-3. The sample was wrapped with aluminium foil before the scan which was intended to study the 

distribution and orientation of the HDPE pieces following consolidation.  

 

The second specimen, created in a modified 75mm permeameter, was prepared to investigate the effect that 

two dimensional components have on hydraulic conductivity.  In this case the matrix material selected was 

Leighton Buzzard Sand fraction b (grain size 600 µm to 1.18 mm) and polystyrene discs (5 mm diameter x 0.6 

mm thick) which represented the two dimensional components. Sand and polystyrene discs were mixed in a 

dry mass ratio of 6.35/1 (86.4% sand and 13.6% discs by dry mass), mixed by hand and deposited in a 

permeameter cell, using a pluviation method as described by Cresswell et al., 1999.  Pluviation uses a cylindrical 

tube (75mm diameter) filled with offset sequential interwoven wire diffuser meshes to create an even sand rain 

effect which produces a high density, randomly distributed specimen. Once placed the sample level was 

measured to calculate its total volume 353.44 cm3, bulk density 1.7618 Mgm-3 and volumetric percentages 

54.4% sand, 21.6% discs and 24% pores.  The permeameter cell was 75 mm in diameter, 238 mm tall and 

designed for testing hydraulic conductivity in granular soils. The permeameter was modified to remove the 

metal components as these cause scattering of X-rays which lead to artefacts in the scan data, reducing the 

image quality.  In this case, the scan aimed to identify the distribution and orientation of the flow diverting 

elements and evaluate the potential to characterize in two and three dimensions, the pore network structure of 

the specimen 

 

3.2 Methods   

The equipment used was an X-Tek Benchtop 160Xi scanner (X-Tek Systems Ltd, Tring, Hertfordshire, UK) 

equipped with a 1248 × 1248 pixels Hamamatsu C7943 X-ray flat panel sensor (Hamamatsu Photonics, 

Welwyn Garden City, Hertfordshire, UK), with an ultimate resolution limit of 10 µm. Given the size of the 

MBT and permeameter specimens (60 mm and 75mm), the resolutions expected in each case are 0.05 mm and 

0.06 mm respectively. Preliminary trial runs were required to find the optimal combination of settings to obtain 

high signal to noise ratio images and to minimise artefacts.   

 

The MBT specimen was scanned  at a beam voltage and current of 97 kV and 104 µA respectively using a 

tungsten target; 1 mm copper filter; a magnification factor of 1.35 and digital gain of 1. Scanning time was 

about 2 hours using the fast scan routine, based on 1910 radiographic projections and an individual exposure 

time of ~2 s. The permeameter sample was scanned at a beam voltage and current of 112 kV and 85 µA 

respectively with no filter, the rest of parameters remained as in the MBT scan.  

 

Reconstruction was carried out using a filter back projection algorithm and volume images analysed using VG-

Studio Max V2.0 software developed by Volume Graphics GmbH, Heidelberg, Germany. The stack of two 

dimensional images was processed using Image J - a free, Java-based image processing program developed at 

the National Institute of Health.  
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4 Results and Discussion 

4.1 MBT specimen    

The reconstruction of the MBT specimen produced 483 thin, horizontal cuts with a separation of 

approximately 0.06mm and volume element (voxel) size 0.0001042 mm3. Visual inspection of the 2D views 

showed six reinforcing particles – the dark grey rectangular features in Figure 1, horizontally aligned located at 

1.47, 3.69, 8.61, 10.65, 14.79 and 15.27 mm (measured from bottom to top) and 4 more pieces horizontally 

placed on the specimen external top layer. This corresponds to 40% of the total number of pieces added to the 

specimen (25 in total).  The remaining 15 pieces would have been placed vertically or with some angle of 

inclination, making their identification more difficult as only the horizontal slices were analysed. White features 

in the images correspond to high density material, which are likely to be small glass and metal pieces contained 

in the matrix. 

 

Figure 2 shows three dimensional representations of the complete specimen (a) and the segmented high and 

medium density materials (b and c). Creation of these 3D representations for the segmented materials was 

achieved using the grey value distribution generated after the reconstruction which converts linear attenuation 

into grey values (range 0-255). A manual segmentation process was performed where an initial grey value was 

selected as a threshold. Only those materials with grey values over the threshold, or within a specified range, 

are rendered. The appearance of the resulting 3D representation is visually judged and the threshold iteratively 

adjusted until a satisfactory representation achieved. In Figure 2 high density materials are rendered as voxels 

with grey values over 194 whilst medium density by voxels between 156 and 194.  

 

 

   

a. Slice at 12.05 mm with no evidence 

of horizontal reinforcing particles 

b. Horizontal reinforcing element at 

3.69 mm 

c. Horizontal reinforcing element at 

8.61 mm  
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d. Horizontal reinforcing element at 

10.65 mm  

e. Horizontal reinforcing element at 

14.79 mm  

f. Horizontal reinforcing element at 

15.27 mm  

Figure 1 Selected views in the MBT specimen where reinforcing plastic pieces were identified. (a) Long linear features indicate 

presence of particles with some angle of inclination; (b,c,d,e,f) rectangular features (dark grey) are the reinforcing pieces. White 

features are high density materials (might be glass and metals).  

 

 

 

 

 

 
  

a. Complete specimen. Dark features at 

the top correspond to plastic pieces 

b. High density materials (grey value over 

194), could be glass and metals  

c. Medium density materials (grey value 

156-194), could be materials such as 

bones, wood, etc 

Figure 2 Three dimensional reconstructions of the MBT specimen in VGStudio Max2 using Volume Render (Scatter HQ) 

algorithm, and fast scan routine  

 

Quantitative analysis of the equivalent volume for these materials was carried out using the volume analyser 

tool, which displays the grey value distribution with the corresponding number of voxels. The voxel size 

(0.0001042 mm3) is used as a conversion factor to calculate the volume of the specimen for each grey value.  

Figure 3 shows grey value distribution resulting from a fast scanning against a second run, for comparison 

purposes, carried out using similar X-ray settings and reducing the sample rotation speed resulting in a total 

scanning time of 10 hours. Differences between the two scans might be the result of not having performed a  



8 

Hounsfield calibration, changes in the X-ray spectrum and flux not registered during the operation, and 

divergences in the region of interest selected for the reconstruction. Using Figure 3 the volumetric content of 

high density materials was calculated as 1.98 and 1.64 % in the slow and fast scan respectively. Segmentation of 

other features, such as plastic pieces, soil-like materials and pores was not possible using grey value threshold 

(as their grey values do not differ significantly). More complex algorithms for segmentation will be explored at 

later stages to achieve this.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 Grey value distribution in the MBT specimen scanned with slow and fast acquisition routines. Y axis represents the 

percentage of voxels as the total sample volume with a grey value less than X.  

 

 

4.2 Permeameter sample     

A subsection of 20 mm depth, corresponding to ¼ of the total volume, located between 80 and 100 mm 

elevation in the permeameter (bottom to top, 238mm total height) was selected for reconstruction. This 

subsection was selected since it is located between two points where the hydraulic conductivity will be 

measured, which will provide fluid flow data to complement structural information provided by the µCT 

analysis.  Selection of a subsection is a standard practice in image reconstruction as it reduces the 

computational memory requirements and produces more reliable object representations. The reconstruction 

generated 343 slices separated by 0.058 mm with a voxel size of 0.00010086 mm3.  Inspection of the views, 

Figure 4, allowed visual identification of the horizontally orientated plastic pieces. Figure 5 shows the grey 

value distribution for the reconstructed subsection. Segmentation of sand grains was achieved using 144 as 

grey value threshold.  Materials rendered in the range between 97 and 143 correspond to plastic discs and 

pores, those under 97 to background (permeameter walls).  Quantitative analysis was carried out using the 

volume analyser tool and results compared against the actual sample composition. A slight decreasing in the 

threshold, from 143 to 137, did not affect significantly the rendering quality and produced percentages in close 

agreement with the actual composition. Differentiation between plastics and pores was not successful using 
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grey value threshold. Improvements in image quality (e.g. minimisation of rings artefacts) and use of alternative 

algorithms will be explored to achieve this. 

 

 

    

a. Horizontal view at 0 

mm 

b. Horizontal view at 2.9 

mm 

c. Horizontal view at 5.8 

mm 

d. Horizontal view at 8.7 

mm 

    

e. Horizontal view at 11.7 

mm 

f. Horizontal view at 14.6 

mm 

g. Horizontal view at 17.5 

mm 

h. Horizontal view at 20 

mm 

Figure 4 Selected slices views in the Permeameter specimen. Dark grey features are the 5mm plastic discs incorporated to the sample  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 5  Grey value distribution for the permeameter sample. Y axis represents the percentage of voxels as the total sample 

volume with a grey value less than X  
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5 Conclusions 

The potential to use Micro-Computed Tomography was illustrated with examples where it was successfully 

used in the inspection of structural features (reinforcing and flow diverting elements) in waste analogue 

specimens.  The method was also effective in quantifying the content of high density materials, e.g. glass and 

sand. The characterisation of pore structure in landfilled waste is viable as several algorithms are available to 

measure parameters such as pore size and interconnectivity, however this requires better image quality, higher 

resolution (decreasing sample size) and more complex segmentation procedures that those explored in the 

examples discussed in this paper.  These preliminary results suggest that µCT can be successfully applied to 

characterise the structure of landfilled waste, where a multi-scale imaging approach could be adopted to reveal 

high level of details which would increase our understanding of fluid flow and mechanical processes in landfill.  
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SUMMARY: Mechanical biological treatment (MBT) of wastes is being used increasingly in 
Europe to comply with the Landfill Directive. This process will have significant implications for 
the mechanical (strength) and flow behaviour of such wastes when they are landfilled. This 
paper describes the detailed characterisation of a particular MBT waste from the UK, with 
respect to particle size, shape and material. It is argued that the treatment process will eliminate 
certain types of particle (e.g. large or crushable) present in raw municipal solid waste, but that 
particles likely to act as reinforcing elements or block fluid flow within a general matrix of 
indeterminate material will remain. This observation is used to propose a simplified 
characterisation system in which the shape or “dimension” of the particle is used as an indicator 
of its potential impact on bulk strength and flow properties. Particle compressibility is not 
accounted for: the impact of this on the bulk behaviour of the waste remains a subject of 
continuing investigation. 

1. INTRODUCTION 

The EU Landfill Directive (EC, 1999) requires amongst other things that biodegradable waste is 
treated to reduce its biodegradability prior to disposal to landfill. A range of processes known 
generically as Mechanical-Biological Treatment or MBT have become popular throughout 
Europe to enable compliance with this requirement. MBT normally involves sorting (in which 
recyclable and combustible materials are removed), particle size reduction (e.g. by shredding) 
and partial biodegradation, which may achieved using either aerobic or anaerobic processes. 

While an MBT process may fulfil the letter of the Landfill Directive, the real benefits are less 
clear. In many cases, the quality of the outputs is too low for any utilisation or disposal route 
other than landfill (Juniper, 2005). After landfilling, the MBT residue or output will probably 
continue to give off methane, but not at a fast enough rate to make it economically worthwhile to 
capture and use for electricity generation. Thus the widespread adoption of MBT could 
exacerbate the problem of fugitive emissions of greenhouse gases from landfills, which the EU 
Landfill Directive was enacted to address. A further point is that the removal of large reinforcing 
elements from the waste during the mechanical processing stage will alter its mechanical 
properties, perhaps reducing landfill stability. The effect of processing on the permeability of the 
waste is also uncertain. 

An indication of the changes in the biodegradability, mechanical and flow properties of waste 
resulting from mechanical biological treatment might be obtained from a detailed consideration 
of the constituents of the MBT residue, including the particle size and material type.  
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This paper describes in some detail the characterisation process for an MBT waste from the UK, 
presents the results, proposes a simplified classification for the material and discusses the 
implications of the characterisation for the mechanical and flow behaviour. 

2. CHOICE OF CHARACTERISATION/CLASSIFICATION SYSTEM 

Classification systems for waste have been proposed by a number of authors, often focussing on 
different attributes. Siegel et al (1990) proposed a classification system based on material type. 
Landva and Clark (1990) distinguished between organic (putrescible and non-putrescible) and 
inorganic (degradable and non-degradable) components. Grisolia et al (1995) recognised the 
importance of particle deformability, while Kölsch (1995) added the concept of the “dimension” 
of the particle, which could range from zero (small particles) through one and two dimensions 
(stick- and sheet-like) to three dimensions (rotund and bulky).  

These systems are reviewed by  Dixon and Langer (2006), who develop a new framework for 
waste classification focussing particularly on the factors influencing the mechanical properties of 
the waste (principally strength and stiffness). Although the attributes of particle size, particle 
shape and material are all considered, the primary distinction made is between reinforcing, 
compressible and incompressible particles.  

Characterisation of an MBT residue should be more straightforward than characterisation of a 
raw MSW in two main respects. First, mechanical treatment should reduce substantially the 
range of particle sizes in the waste. Secondly, the elimination of breakable or crushable items 
(“particles”) such as bottles and cans made from incompressible materials such as ceramics and 
metals should give a better correlation between particle material type, shape and contribution of 
a particle to the overall mechanical behaviour of the waste. 

3. MATERIALS AND METHODS 

A sample of approximately 500 kg of MBT residue was recovered from a mechanical-biological 
treatment facility in southern England. The MBT process is shown schematically in Figure. A 
representative 25 kg sub-sample was sieved by gentle mechanical shaking for 30 minutes 
through a stack of sieves into five different size fractions: >20 mm, 20-12 mm, 12-7 mm, 7-5 
mm and <5 mm. The moisture content of each fraction was determined by oven-drying at a 
temperature of 70ºC until a constant mass was achieved. Each fraction was then sorted manually 
into different components/materials, viz.: flexible plastics, rigid plastics, textiles, glass, ceramics, 
stones, metals, paper, wood, bones, rubber and miscellaneous.  

These categories are similar to those suggested by some authors, e.g. Dixon and Langer 
(2006) but differ from the groups described by other authors, e.g. Grisolia et al (1995); Kölsch 
(1995); Landva and Clark (1990).  They were selected partly because of the need for categories 
to be amenable to identification by visual inspection, although the smaller particle size of MBT 
waste makes this more difficult than for raw MSW. This is evidenced by the 58.1% of particles 
(by mass) placed into the “miscellaneous” category. Glass (22.8%) was the second most 
prevalent material. Rigid and flexible plastics together accounted for 10.8% of the sample: those 
two groups were distinguished because of the expected impact of the material on particle shape 
and mechanical properties, as discussed below. The 25 kg sample was sieved at the as-received 
water content. It is accepted that this could lead to some error as a result of the agglomeration of 
fine particles, but this is of little consequence as it is likely to affect only the relatively sticky 
particles later classified as “matrix” material. A proportion of the finest material (< 5 mm) which 
was dry-sieved following oven drying as described above.  
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Figure 1. Schematic description of typical MBT process (after New Earth Solutions: 

http://www.newearthsolutions.co.uk/residual-waste-treatment/process-description/)  

4. RESULTS 

4.1. Particle size 

Figure 2 shows the PSD curve obtained during sorting the MBT waste sample. For comparison, 
a PSD curve for MSW from the same source as the MBT waste, which had been shredded to a 
maximum particle size of 80 mm and tested in the Pitsea Compression cell over a period of forty 
eight months, is also shown, in Figure 3, together with PSD curves for some German MBT 
wastes reported by Kuhele-Weidemeir (2005), Bauer (2007) and Münnich (2005).  

When the Pitsea cell waste PSD curve is adjusted by removing the fraction over 20 mm, it lies 
just below the PSD for the MBT waste shown in Figure 2.  

The maximum particle size for the German MBT waste samples is about 75 mm, compared 
with 20 mm for the UK MBT waste.  

4.2. Moisture Content  

The moisture contents of the original (unsieved) sample and the various size fractions obtained 
by sieving are indicated in Figure 4.  

The moisture resides disproportionately in the smallest (<5 mm) fraction. Although the water 
content of the largest (>20 mm) fraction is also high, this represents just 0.8% of the sample by 
dry mass and so is insignificant.  

Retention of water in the finest fraction is probably explained by the high specific surface 
area and the absorptive nature of the particle materials (e.g. paper, card and textiles).   
 



Sardinia 2009, Twelfth International Waste Management and Landfill Symposium 

PSD MBT UK First PSD analysis

0.0%

10.0%

20.0%

30.0%

40.0%

50.0%

60.0%

70.0%

80.0%

90.0%

100.0%

0.01 0.1 1 10 100

Particle size (mm)

P
e

rc
e

n
ta

g
e

 p
a

s
s

in
g

 
Figure 2. PSD curve obtained by sieving at the as-received water content 

PSD: MBT vs old landfill waste (Pitsea), UK
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Figure 3. Comparison between PSD curves obtained for MBT, raw MSW shredded to 80 mm, 

and German MBT waste 
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Figure 4. Moisture content of unsieved MBT waste and the different size fractions  

 
Figure 5. Mass distribution (%) by material type and particle size for the MBT sample (format of 

graph, suggested by Dixon and Langer, 2006) 

4.3. Material type 

The composition of the waste by material type and particle size is shown in Figure 5, and 
summarised quantitatively in Table 1. Percentages by volume were calculated using measured 
particle densities for the different materials. Owing to their low density, flexible plastics form a 
relatively small percentage of the whole by mass, but a rather larger proportion by volume. 
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Photographs of the unsorted waste, and some of the individual particle types and sizes, are given 
in Figure 6. 

a      b  

c    d  

e  

Figure 6. MBT waste (a) before sorting; and after manual sorting: (b) “Glass” with size 12-20 
mm; (c) “Rigid plastics” with size 12-20 mm; (d) “Flexible plastics” with size bigger 
than 20 mm; (e) “Textiles” with size 12-20 mm 
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Table 1. Composition of MBT waste sample by material type and particle size 
    Size (mm)    

Material  <5 5-7 7-12 12-20 >20 Total 

Bones % mass 0.00% 0.00% 0.12% 0.12% 0.00% 0.25% 
 %volume 0.00% 0.01% 0.19% 0.19% 0.00% 0.39% 
Ceramics % mass 0.00% 0.00% 1.23% 1.07% 0.00% 2.29% 
 %volume 0.00% 0.00% 0.88% 0.77% 0.00% 1.65% 
Flexible Plastic % mass 0.00% 0.38% 1.18% 2.87% 0.14% 4.57% 
 %volume 0.00% 0.78% 2.41% 5.87% 0.29% 9.34% 
Glass % mass 0.00% 3.02% 12.03% 7.70% 0.01% 22.77% 
 %volume 0.00% 2.05% 8.17% 5.23% 0.01% 15.45% 
Metals % mass 0.00% 0.07% 0.23% 0.19% 0.00% 0.49% 
 %volume 0.00% 0.04% 0.14% 0.12% 0.00% 0.31% 
Miscellaneous % mass 29.15% 11.74% 8.80% 8.01% 0.39% 58.10% 
 %volume 28.67% 11.55% 8.66% 7.88% 0.39% 57.15% 
Paper % mass 0.00% 0.04% 0.22% 0.16% 0.01% 0.43% 
 %volume 0.00% 0.04% 0.22% 0.16% 0.01% 0.43% 
Rigid Plastic % mass 0.00% 0.75% 2.67% 2.69% 0.16% 6.27% 
 %volume 0.00% 1.21% 4.28% 4.32% 0.26% 10.07% 
Rubber % mass 0.00% 0.01% 0.08% 0.10% 0.00% 0.18% 
 %volume 0.00% 0.01% 0.09% 0.11% 0.00% 0.21% 
Stones % mass 0.00% 0.15% 0.78% 0.81% 0.00% 1.73% 
 %volume 0.00% 0.11% 0.57% 0.59% 0.00% 1.28% 
Textiles % mass 0.00% 0.15% 0.22% 0.89% 0.07% 1.33% 
 %volume 0.00% 0.14% 0.22% 0.87% 0.07% 1.31% 
Wood % mass 0.00% 0.34% 0.74% 0.49% 0.00% 1.57% 
 %volume 0.00% 0.53% 1.13% 0.75% 0.00% 2.42% 

Total % mass 29.15% 16.66% 28.30% 25.10% 0.80% 100.00% 

4.4. Particle shape 

In addition to the particle size and material type, the particle shape will influence the bulk 
mechanical and flow behaviour of the material. Following Kölsch (1995) and Dixon and Langer 
(2006), four categories of particle shape may be identified, categorised according to their relative 
dimensions or aspect ratio. These are:  
 Grains (characterised by Kölsch, 1995 as having zero dimensions, D0). Each dimension is 

less than a certain minimum significant length.  In an MBT, these particles form a “matrix” 
into which the other particles may be considered to be embedded potentially modify its 
behaviour. Kölsch (1995) identified the minimum significant dimension (such that particles 
smaller than this are considered as 0D) as 8 mm for a raw MSW: for an MBT waste, the 
minimum significant dimension will be somewhat smaller. 

 Fibres, sticks or strings (one-dimensional, D1). One dimension is long relative to the typical 
dimension and the other two are smaller. These particles may act as reinforcing elements, 
potentially enhancing the shear strength of the matrix material. 
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 Sheets or foils (two-dimensional, D2). These particles are flat, with two long dimensions and 
one short. They may act as reinforcing elements in terms of their effect on strength, or as 
elements that block or impede (semi-block) fluid flow, depending on the material of which 
they are made. Impermeable materials such as plastics and metals will tend to block flow 
across their area completely, whereas more permeable materials such as textiles and perhaps 
paper and card may impede rather than fully block flow and are referred to as semi-blocking. 

 Bulky (three-dimensional, 3D). These particles are rotund, with all three dimensions greater 
than the minimum significant value. They may act to block or impede fluid flow, again 
depending on the material from which they are made and their size relative to the matrix. 

The minimum length needed for a 1D or 2D particle to be considered as a reinforcing element is 
worthy of some consideration.  

Dixon and Langer (2006) suggest that to act as a reinforcing element, a 1D or 2D particle 
must exceed the nominal diameter of the particles around it (i.e., of the particles in the matrix). 
For fibre-reinforced soils, Michalowski and Zhao (1996) suggest that the length of reinforcing 
components must be at least an order of magnitude larger than the diameter (D50) of the 
surrounding grains, but this seems excessive.  

In the context of a fibre reinforced composite, Ashby and Jones (1986) show that a certain 
minimum length of fibre, related to its tensile strength, is needed to develop a significant tension. 
A reinforcing element has been taken in this paper as one longer than three times the typical 
particle size in the surrounding matrix.  

Figure 7 illustrates various 1-dimensional (1D), 2-dimensional (2D) and 3-dimensional (3D) 
materials within the sample of MBT waste. The main components in each dimensional and 
material category are described in Table 2. 

Table 3 and Table 4 summarize the mass distribution of particles according to their 
dimensionality within the two plastic categories (rigid and flexible). Percentages are calculated 
as a proportion of the total sample dry mass. The majority of particles within both plastic 
categories are 2D. The dominant dimensions of particles made of other materials are given in 
Table 5; blank fields indicate that no particles of that material type and size range were present.  

5. DISCUSSION 

5.1. Mechanical Behaviour 

Dixon and Langer (2006) suggest a classification framework for waste components based on 
shape-related properties as follows: 
 Reinforcing components: 1-dimensional and 2-dimensional (e.g. plastic and paper sheets), 
 Three-dimensional components: i) Compressible (e.g. putrescible materials, beverage cans) 

and ii) Incompressible (e.g. pieces of metal). They further divide the compressible category 
into high- and low-compressibility materials. 

As has already been mentioned, the MBT material described in this paper is rather simpler than a 
raw MSW and might be viewed as a matrix with reinforcing (1D and 2D) and flow-impeding 
(2D and 3D) elements embedded.  

The matrix is represented by the fine fraction (<5 mm): its PSD curve is given in Figure 8 
which indicates D50 ~ 1 mm.  

To allow for the gripping of the ends and the development of significant tensile stress, 
components with one or two long dimensions ≥ 3.D50 (i.e. ≥ 3 mm) have been considered to be 
potentially reinforcing.  
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Figure 7. Typical 1D and 2D particles found in MBT 
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Table 2. Description by dimensionality and material of components found in MBT  
Fraction 
(material) 

Size 
fraction 1D 2D 3D 

>20 mm: 
3D – 55%;  
2D – 25%;  
1D – 20% 

Wires with a plastic 
cover; lollipop sticks: up 
to 170×2mm 

Sheet-like solid plastic 
pieces: up to 125×10 mm; 
70×30 mm 

Parts or whole pens or 
markers; other bulky 
items; up to 135×8 
mm; 50×8 mm 

12-20 mm:  
2D – 55% 
3D – 30% 
1D – 15% 

Pipe-like plastic 
materials, mostly from 
lollipops (70×2 mm), 
wires (115×1.5 mm) 

Sheet-like hard plastic 
pieces (50×12 mm) 

Different bulky items 
(parts of pens, 
necklaces pines etc.); 
up to  130x8 mm 

7-12 mm:  
2D – 65% 
1D – 20% 
3D – 15% 

Wires (55×1.5 mm); parts 
of clothes tags (50×0.7 
mm) 

Sheet like pieces of solid 
plastic boxes etc. (35 ×8 
mm; 40×7 mm) 

Bulky items e.g. balls 
(d ~ 4 mm), parts of 
toys etc., 40×4 mm 

Rigid plastics 
 

5-7 mm: 
2D – 85% 
3D – 10% 
1D – 5% 

Parts of clothes tags (50 
0.7 mm) 

Sheet-like hard plastic 
pieces up to 60×8 mm 

Small plastic balls, 
internal parts of pens 
up to 12×5 mm  

>20 mm: 
2D -100% 

 
- 

Mostly pieces of  plastic 
bags and packaging  

. 

12-20 mm 
2D – 95% 
1D – 5% 

Parts of plastic packaging 
(100 ×1 mm; 80×1 mm) 

Mostly pieces of  plastic 
bags and packaging 
(60×40 mm; 50×30 mm) 

- 

7-12 mm: 
2D – 99 % 
1D – 1% 

Parts of plastic packaging 
up to 80×1 mm 

Mostly pieces of  plastic 
bags and packaging up to 
60×30 mm 

- 
Flexible plastics 

5-7 mm:  
2D – 98% 
1D – 2% 

Parts of plastic packaging 
(80×3 mm; 40×2mm) 

Mostly pieces of  plastic 
bags and packaging (50×8 
mm; 40×15 mm) 

- 

>20 mm: 
1D -50% 
2D- 50% 

Parts of nappies,  clothes 
and hygiene materials 
(max 165 mm ; min 50 
mm) 

Parts of clothes  - 

12-20 mm: 
1D – 50% 
2D – 50% 

Parts of nappies, clothes 
and hygiene materials 
(max 120 mm ; min 30 
mm) 

Parts of clothes  (50×20 
mm; 24×25 mm) 

- 

7-12 mm: 
1D – 50 % 
2D – 50% 

Parts of nappies,  clothes 
and hygiene materials ( 
max 60 mm ; min 25 mm) 

Parts of clothes (8×12 
mm; 25×25 mm) 

- 

Textiles 

5-7 mm:  
2D – 50% 
1D – 50% 

Parts of nappies,  clothes 
and hygiene materials ( 
max 80 mm ; min 28 mm) 
 

Parts of clothes (12×12  
mm) 

- 

Glass 
>20 mm: 
3D -80% 
2D – 10% 

 
- 

Parts of broken bottles  Parts of broken bottles  
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Fraction 
(material) 

Size 
fraction 1D 2D 3D 

12-20 mm: 
3D -80% 
2D – 10% 

- 
Parts of broken bottles (40 
mm × 20 mm; 15 mm × 
10 mm) 

Parts of broken bottles 
(40 mm × 25 mm × 5 
mm;15 mm × 15 mm × 
5 mm) 

7-12 mm: 
3D - 80% 
2D – 10% 

- 
Parts of broken bottles (35 
mm × 10 mm; 15 mm × 
15 mm) 

Parts of broken bottles 
(30 mm × 15 mm × 5 
mm;15 mm × 15 mm 
×5 mm) 

5-7 mm:  
3D -100% 
 

- - Parts of broken bottles 
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Figure 8. PSD for the Matrix Fraction in MBT (Miscellaneous < 5mm) 

Table 3. Rigid Plastics - mass distribution (% dry mass) of particles by dimensional type 
  %mass 

Size (mm) 0D  1D  2D  3D  Total 
20 0.00% 0.03% 0.04% 0.09% 0.16% 
12 0.00% 0.40% 1.48% 0.81% 2.69% 
7 0.00% 0.53% 1.73% 0.40% 2.67% 
5 0.00% 0.04% 0.64% 0.08% 0.75% 

<5 0.00% 0.00% 0.00% 0.00% 0.00% 
Total 0.00% 1.01% 3.89% 1.37% 6.27% 
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Table 4. Flexible Plastic - mass distribution (% dry mass) of particles by dimensional type 
 %mass 

Size (mm) 0D 1D 2D 3D Total 
20 0.00% 0.00% 0.14% 0.00% 0.14% 
12 0.00% 0.14% 2.73% 0.00% 2.87% 
7 0.00% 0.01% 1.17% 0.00% 1.18% 
5 0.00% 0.01% 0.37% 0.00% 0.38% 

<5 0.00% 0.00% 0.00% 0.00% 0.00% 
Total 0.00% 0.16% 4.41% 0.00% 4.57% 

Table 5. Description by dimensions of the materials found in MBT sample 
  Size (mm) 
Components >20 20-12 12-7 7-5 <5 
Flexible Plastic 2D 2D 2D 2D   
Rigid Plastic 3D 2D 2D 2D   
Textiles 1D 1D 1D 1D   
Glass 3D 3D 3D 3D   
Ceramics   3D 3D     
Stones   3D 3D 3D   
Metals 2D 2D 2D 2D   
Paper 2D 2D 2D 2D   
Wood   1D 1D 1D   
Bones   1D 1D 1D   
Rubber   3D 3D 3D   
Miscellaneous 3D 3D 3D 3D OD 
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Figure 9. Mass distribution for potentially reinforcing components in MBT sample (following 

Dixon and Langer, 2006) 
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Figure10. Thin-sheet conceptual model for flow through solid wastes (from Xie, 2006) 

Table 6. Particle distribution (in % total dry mass) by category and size according to the potential 
impact on fluid flow in MBT waste 

Size (mm)
Materials 
Classification Components Dim 20 12 7 5 <5 Total
Blocking Rigid Plastic 3D 0.09% 0.81% 0.40% 0.08% 0.00% 1.38%

Glass 3D 0.01% 7.70% 12.03% 3.02% 0.00% 22.77%
Ceramics 3D 0.00% 1.07% 1.23% 0.00% 0.00% 2.29%
Stones 3D 0.00% 0.81% 0.78% 0.15% 0.00% 1.73%
Rubber 3D 0.00% 0.10% 0.08% 0.01% 0.00% 0.18%

Blocking+ Flexible Plastic Extensible 2D 0.14% 2.73% 1.17% 0.37% 0.00% 4.41%
reinforcing Rigid Plastic Rigid 2D 0.04% 1.48% 1.73% 0.64% 0.00% 3.89%

Metals Rigid 2D 0.00% 0.09% 0.11% 0.04% 0.00% 0.24%
Neutral+ Textiles Extensible 1D 0.07% 0.89% 0.22% 0.15% 0.00% 1.33%
Reinforcing Rigid Plastic Rigid 1D 0.03% 0.40% 0.53% 0.04% 0.00% 1.00%

Flexible Plastic Extensible 1D 0.00% 0.14% 0.01% 0.01% 0.00% 0.16%
Wood 1D 0.00% 0.49% 0.74% 0.34% 0.00% 1.57%
Bones 1D 0.00% 0.12% 0.12% 0.00% 0.00% 0.25%

Semiblocking+ Paper 2D 0.01% 0.16% 0.22% 0.04% 0.00% 0.43%
reinforcing Textiles 2D 0.00% 0.10% 0.12% 0.03% 0.00% 0.25%
Matrix Miscellaneous 0D 0.39% 8.01% 8.80% 11.74% 29.15% 58.10%
Total 0.80% 24.28% 27.89% 17.63% 29.15% 100.00%  

Only materials of 1D and 2D are considered potentially reinforcing; thus 3D particles of 
materials such as glass, ceramics and stones are excluded from this category.  

Crushable particles are absent, having been eliminated by the processing of the waste. Some 
of the matrix particles may be compressible and others not, but given that the matrix is 
composed of fine particles whose material cannot be distinguished it has not been considered 
fruitful at this stage in the research to attempt to subdivide the matrix material into compressible 
and incompressible components. (Dixon and Langer, 2006 had to assume that 50% of the fine 
particles were compressible and 50% were not).  

However, the reinforcing particles have been categorised as either “rigid” (metals and hard 
plastics) or “extensible” (flexible plastics, textiles, paper and card), Table 6. 
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Figure 11. PSD of MBT components as Matrix, Reinforcing, and Flow blocking/impeding 

5.2. Flow behaviour: permeability and blocking 

In addition to their reinforcing effect, 2D particles embedded within the waste can increase the 
flow path due to the formation of structure. The larger the sheets and the greater their number, 
the lower the bulk hydraulic conductivity (permeability).  

This is illustrated in the conceptual model developed by Xie (2006): Figure. Large, bulky 
particles (3D in the Kölsch, 1995 terminology) will also impede flow, as they can be considered 
as large impermeable or reduced-permeability lumps within the general matrix structure. The 
dimension of a blocking particle must be significantly greater than that of a typical particle – 
perhaps by a factor of at least 3-5. Thus the MBT material described in this paper can be viewed 
in terms of its flow characteristics as 2-D or 3-D blocking (or semi-blocking) particles (typical 
particle size > 3 mm) in a matrix of fines (D50 ~ 1 mm). 1D particles are assumed to be neutral as 
far as fluid flow is concerned. Particles of a given material and size are classified in terms of 
their impact on fluid flow in Table 6, which gives the distribution in each category as a 
proportion of the total dry mass. In total, potentially blocking components comprise 36.9% of the 
sample by dry mass, 9% from which could be potentially reinforcing elements. The oveall 
percentage of reinforcing particles is 12.9% and matrix material takes 58.1%. The relative size 
needed for a particle of a given dimensionality to be considered as blocking is currently being 
investigated by means a laboratory study using controlled synthetic wastes.  

A cumulative PSD, indicating the distribution by particle size of matrix material, potentially 
reinforcing elements and potentially flow blocking or impeding (semi-blocking) elements is 
presented in Figure 1.  This is in essence a simplification of the categorisation scheme proposed 
by Dixon and Langer (2006), in which the types of component that processing has removed from 
MBT waste have been eliminated.The distinction between compressible and incompressible 
particles has for the time being been neglected: research into its importance for an MBT and its 
quantification is currently in progress. 
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6. CONCLUSIONS 

Mechanical biological treatment (MBT) of municipal solid waste (MSW) reduces the particle 
size and eliminated certain components – in particular, large and crushable elements from the 
material. Much of the MBT residue is too small to be able to distinguish, visually, the parent 
material and whether the particle is likely to be compressible or incompressible. However, it is 
possible to identify visually the dimensionality (shape) of the larger particles, and to make at 
least a preliminary assessment of whether these could act as reinforcing elements (sticks, strings 
or sheets, increasing the shear strength of the material) or elements that block or impede flow 
(sheets or large, bulky/rotund particles).  

Particles in the latter category made from impermeable materials such as plastic and metal 
will block flow, while particles made from less impermeable materials such as textiles and 
perhaps paper or card may merely impede it. 

In terms of the dimensionality of the particle proposed by Kölsch (1995), 0D particles form a 
matrix of particles smaller than a minimum significant dimension (in the case of the MBT 
investigated in this study, the D50 of the matrix material was about 1 mm). 1D and 2D particles 
are potentially reinforcing (and either rigid or extensible), while 2D and 3D particles are 
potentially flow-blocking or flow-impeding.  

The minimum size of 1D, 2D and 3D reinforcing and blocking/impeding particles is under 
investigation, but has been taken as 3 times the D50 size of the matrix as a working hypothesis in 
this paper.  
These observations have been used to develop a simplified version of the classification system 
relating particle shape to mechanical properties of the waste proposed by Dixon and Langer 
(2006). The simplified classification is suited to MBT, and does not need to consider particles 
removed from raw MSW by processing. These include large and crushable particles. The 
importance of being able to distinguish between compressible and incompressible matrix 
particles is currently under investigation, along with a way of making this distinction by 
observation or simple experiment.   
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