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Abstract: In this study, characteristic equations have been fitted to waste data obtained from small and large-scale 
tests on household refuse in an effort to describe the trends of the hydraulic and physical properties of municipal 
solid refuse fills. Whereas precise quantification of the waste properties may not be achieved with the formulated 
models, typical values that are useful for preliminary designs and operations of municipal refuse landfills can be 
obtained. These values would significantly enhance the understanding and the operation of solid waste facilities 
thereby minimising their pollution potentials. Owing to the necessity to formulate specific models for specific 
landfill sites due to the disparity in waste properties at various sites, the formulation process in this study is 
recommended for obtaining empirical models suitable for predicting the waste parameters often needed in the 
alternative analysis of solid refuse landfill systems. [Report and Opinion 2010;2(6):43‐52]. (ISSN:1553‐9873).  
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1. Introduction 

Any material that is unused or rejected as 
worthless or unwanted will intimately be disposed of 
to a refuse dump or an engineered landfill. The 
unabated and indiscriminately dumping of waste  in 
refuse dumps in the developing countries has been 
responsible for various water-borne diseases as 
dumping sites are commonly located in areas 
susceptible to surface water flow, the streams of 
which often serve as the only supply of drinking 
water  to the community ((Fenwick, 2006; Ejechi  
and Ejechi, 2008). Unfortunately, the affected people 
in these areas are usually very poor and therefore 
unable to afford basic medication, thereby resulting 
in deaths that can be prevented if there is adequate 
waste and water management in the respective 
countries (Fenwick, 2006). In recent years, the United 
Nations agencies and various charitable organisations 
have been involved in providing drinking water from 
deep wells and also providing basic medical needs to 
the poorest countries in the world. Many of these 
countries have also been promoting environmental 
awareness with the principal objective of educating 
its citizens of the dangers of polluted environment to 
human health and the need for sustainable 
development on Earth. In the developed countries, 
the current government policies to “reduce, reuse, and 
recycle” materials and the practice of engineered 
landfilling have significantly reduced the adverse 
effect of waste landfill on sustainable living. 
However, the pollution potential of the old landfills, 
which were operated prior to the engineering of 
landfills exist, and cannot be ignored, and may even 
jeopardise current efforts, if not dealt with using 
appropriate methods. For the overall global objective 

of sustainable development to be achieved, the origin 
and source of any environmental pollution ought to 
be identified and assessed so that adequate measures 
could be provided to prevent or limit its negative 
potential. Owing to the non-availability of 
comprehensive data on waste landfills and the 
difficulty in measuring the waste properties in situ, 
researchers often rely on modelling waste 
characteristics using models often derived from test 
data which appeared representative of the field data 
(Oni and Richards, 2004; Beaven and Powrie, 1996).  

Waste is heterogeneous in formation and 
also in its emplacement within and in landfills 
therefore making it very difficult to predict its 
behaviour unlike soil which is mainly homogenous in 
nature. Waste streams deposited to municipal refuse 
fills often comprise materials that range from tiny 
perishable (putrescible) materials to large chunks of 
glass and stones, poly sheets and planks of wood. The 
complex nature of waste makes it difficult for the 
formulation of models that can adequately describe 
the bio-chemical processes within a waste fill (El-
Fadel et al., 1997). In essence, the majority of the 
essential waste models formulated for waste have 
been for hydraulic and physical properties (Bleiker et 
al., 1995, Oni and Richards, 2004). Owing to the 
popular and public identification of waste fills with 
leachate, it is not surprising that the majority of the 
models on waste have been for the prediction of the 
volume of leachate produced from refuse landfills. 
(Holmes, 1980; Campbell, 1983; Farquhar, 1989; 
Blight et al., 1989; Bengtsson et al., 1994;  Parsons, 
1995; El Fadel et al., 1997; Oni, 2000; Oni and 
Okunade, 2009.). In this aspect, the Hydrologic 
Evaluation of Landfill Performance (HELP) 
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computer model, developed by the U.S Army 
Engineer Waterways Experiment Station for the U.S. 
Environmental Protection Agency Risk Reduction 
Engineering Laboratory had been widely used 
(Schroeder et al., 1994). The model basically uses a 
quasi-two-dimensional hydrological model with 
underlying basis of the water balance method, which 
utilises weather, soil and design data to simulate the 
water movement across, into, through and out of 
waste landfills. 

In order to enhance stabilisation methods 
such as leachate recycling in waste fills, 
investigations have also been undertaken on the 
modelling leachate solute transport in waste fills 
using physical and stochastic models (Rosqvist and 
Bendz, 1999; Rosqvist and Destouni 2000; Beaven 
and Hudson, 2003; Beaven et al., 2005; Rosqvist et 
al., 2005, Oni, 2009; Oni, 2010a; Oni, 2010b; Oni, 
2010c; Oni, 2010d; Oni, 2010e). In all the cases, 
traditional soil models have been employed using the 
waste data obtained from tests in mainly large cells 
and pilot landfills. In general, the modelled and the 
measured data of waste have been found to be 
reasonably synonymous. Owing to the complex 
nature of waste, models that can exactly simulate 
field conditions have been not been formulated, and 

probably may never exist, therefore waste models 
have been commonly validated based on reasonable 
fitting often based on the characteristic trends of the 
pertinent waste properties. It is very important to 
recognise that the traditional soil models which have 
been typically used for waste properties have been 
initially formulated as empirical models derived from 
fitting trend equations to the measured soil data. The 
successful validation of such trend equations on 
different types of soils consequently resulted in 
world-wide acceptance and general formulation of 
these traditional models. 

Owing to the heterogeneity of waste, it is 
unlikely to formulate universal characteristic models 
that can be used to simulate the properties of waste. 
Instead, formulated models on waste will be 
applicable only to the general waste type of the waste 
fill from which the test data utilised for the derivation 
is obtained from. In this study, trend equations have 
been fitted to the data obtained from hydro-physical 
tests on similar municipal solid refuse in small and 
large cells. The use of data from varied scales of tests 
was undertaken to enhance the modelling process 
through curve fitting over a wide spectrum of the the 
respective waste property. 

  
2. Methodology 
2.1 Data  

The data used for the formulation of the 
trend equations were obtained from tests undertaken 
on municipal solid refuse in small scale cells (Oni, 
2000) and large scale cells (Beaven, 2000; Beaven 
and Powrie, 1995; Beaven and Powrie, 1996). The 
test procedure for these tests have been well defined 
by various authors and therefore summarised herein. 

The small test cell, shown in Figure 1 
comprises a 12 mm thick Perspex cylinder, 240 mm 
internal diameter and 230 mm height, which was 
sealed with Perspex plate and firmly secured in a 
hollow wooden base plate fastened to a wooden 
support frame. The waste in the cell was compressed 
by a perforated 240 mm-diameter Perspex platen (8 
mm-hole diameter), connected by steel rod to an 
upper wooden base platform on which various loads 
were applied. To enhance uniform water inflow, a 50 
mm deep layer of 10mm washed gravel was located 
on the base plate. Other components such as 
galvanised steel screens, polystyrene cubes, Pyrex 
standpipes, flow ports, and a manifold of distributing 
plastic tubes were fixed appropriately to enhance 
accurate measurements of the properties of the waste 
fill in the cell. The fresh waste materials used in the 
tests were obtained from the working face of an 
active cell at White’s Pit landfill, Magna Road, 
Wimborne, Dorset. The composition of the waste 

materials is summarised in Table 1. Owing to the 
small size of the cells, the waste particles were 
reduced to a particle size of 20 x 5 mm, which was 
deemed compatible with the size of the test cell. This 
complies with the report by Wall and Zeiss (1995) 
that waste samples used for conducting behavioural 
tests should be less than 20% of the diameter of the 
test cell in order to achieve pragmatic results. To 
replicate various landfill practices, three different 
types of waste samples were used in the tests. They 
are: (1) Sample 1, which comprises waste materials 
only; (2) Sample 2, which comprises waste materials 
with interbedded layer of a cover material whose 
thickness was 7.5% of the entire waste fill; and (3) 
Sample 3, which comprises waste materials with 
interbedded layer of a cover material whose thickness 
was 10% of the entire waste fill. The cover soil was 
obtained from the sand residue of the mineral 
excavation of the site and was classified as lightly 
clayey/silty gravely sand, with a density of 1850 
kg/m3 and saturated hydraulic conductivity of 6.35 x 
10-7 m/s (Oni, 2000). The various hydro-physical 
tests were undertaken using the experimental 
methods commonly used in the measurement of soil 
and waste properties. 

The large-scale cell (Pitsea cell) is a 
compression cell which comprises a steel cylinder, 
2m in diameter and 3m in height, into which refuse 
was placed for various types of tests. The cell was 
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placed on load cells, which allowed continuous 
measurement of the weight of the waste fill in the 
cell. The base of the cylinder was sealed by a lower 
platen seated on an “O” ring to create a watertight 
seal, and the upper platen was connected to, and 
moved by two 200mm diameter hydraulic operated 
pistons. The maximum load application was 1900kN.  
Water was supplied to the cell via two 450l tanks and 
the water flows throughout the tests were measured 

with electromagnetic flow meters. The waste 
materials were obtained from the tipping face of a 
municipal landfill in the proximity of Pisea, Essex, 
UK (Beaven, 2000; Beaven and Powrie, 1995; 
Beaven and Powrie, 1996). The composition of the 
waste materials is shown in Figure 1. As in the small 
scale tests, the hydro-physical tests were undertaken 
using the typical experimental methods for the 
measurement of waste properties.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: The small compression cell unit used for the hydro-physical tests on municipal solid refuse (Oni, 2000) 
 

 
 
Figure 2: The large-scale Pisea compression cell unit used for the hydro-physical tests on municipal solid refuse 

(Beaven, 2000; Hudson, 2010) 
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Table 1: The composition of waste samples used in the test (Oni, 2000; Beaven, 2000) 

  Percent of dry mass (%)   
Waste 

components  
Waste 1 

(No cover 
soil) 

Waste 2 
(7.5% cover 

soil) 

Waste 3 
(10% cover 

soil) 

Beaven 
(No cover ) 

Dry unit mass 
(kg/m3) 

Paper 24.09 24.47 22.8 
Cardboard 4.82 5.98 5.57 

35.1 0.4a 

Thick plastic 4.6 3.57 3.33 5.7 1.1a 
Thin plastic 7.12 5.54 5.16 4.4 1.0 a 

Textile 2.21 1.71 1.6 2.6 0.3 a 
Glass 5.33 4.14 3.86 5.5 2.9 a 

Ferrous 
Metals 

5.66 3.42 3.19 7.0 6.0 a 

Non Ferrous 
metals 

1.85 1.44 1.34 1.5 6.0b 

Combustible 7.94 6.17 5.75 
Wood 0.69 0.54 0.5 

9.1 

Green/garden 18.46 10.83 10.09 
Food waste 8.55 2.91 2.72 

22.0 

1.0 b 

Misc. non 
combustible 

0.96 7.33 6.83 1.0 1.8a 

Fines<10mm 7.71 21.95 27.27 6.2 1.8b 
Total 100 100 100 100 - 

 
 
2.2 Formulation of Characteristic Models  

Formulation of empirical models to soil and 
waste characteristics such as settlement of fills is 
often done by fitting curves and equation to the 
measured temporal spot heights (Buisman, 1936; 
Sowers, 1973; Charles and Burland, 1982; Wall and 
Zeiss, 1995). In this study, the formulation of 
characteristic models for typical hydro-physical 
properties of municipal solid refuse has been done in 
three stages as follows: 

 Stage 1: Plot the measured data of waste 
properties for both large and small scale 
tests  

 Stage 2: Fit curves that depict the trend of 
data. The curves have been chosen so that 
the same trend reasonably fit the data for 
both the large scale and small scale tests. 

 Stage 3: Formulate equations for the fitted 
curve, showing the goodness of fit using the 
R2- value of the data plot. R2 is the square of 
the correlation between the response values 
and the predicted response values. 
 

3. Results and Discussion 
 

The plots of the data of various hydro-
physical properties of the municipal solid refuse 

described above are shown in Figures 3 – 8. All the 
plots have been depicted such that the visual 
comprehension of the behavioural trend of the 
pertinent waste parameters is simple and clear. The 
similarity in the waste composition of the small scale 
and large scale tests (Table 1) enables the two 
datasets to be combined and plotted as a single but 
larger dataset. A semi-log plot of saturated hydraulic 
conductivity against the dry density (Figure 3) shows 
a linear relationship; with the correlation value (R2) 
for the plots of small scale and large scale tests more 
than 0.92. The use of the dry density as determinant 
parameter is often desired as it is easier to measure 
than the majority of waste parameters. The R2 for the 
single plot for all the data is slightly more than 0.91, 
indicating that the unified trend equation (Table 2) 
that relates dry density to the saturated hydraulic 
conductivity of the municipal solid refuse is 
reasonable. This trend equation is a characteristic or 
empirical model that can be used to predict saturated 
hydraulic conductivity values for known or 
determined values of the dry density for any 
municipal solid refuse that is similar in composition 
to the waste materials used in tests summarised in 
this study.  
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Figure 3: The plots and characteristic trends of saturated hydraulic conductivity versus dry density for the municipal 
solid refuse 
 
 
 
 
 

 
 
Figure 4: The plots and characteristic trends of drainable porosity versus dry density for the municipal solid refuse 
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Figure 5: The plots and characteristic trends of saturated hydraulic conductivity versus porosity for the municipal 
solid refuse 
 

 
 
Figure 6: The plots and characteristic trends of saturated hydraulic conductivity versus vertical stress for the 
municipal solid refuse 
 

 
 

y = 190.57x0.228

R² = 0.9662

y = 239.61x0.2182

R² = 0.9744

y = 254.31x0.2219

R² = 0.9709

y = 158.7x0.2314

R² = 0.9705

y = 244.42x0.1569

R² = 0.7986

0

200

400

600

800

1,000

1,200

1 10 100 1000

D
ry

 D
en

si
ty

 (k
g/

m
3 )

 

Vertical Stress (kPa) 

Waste only 
Including 7.5% cover soil
Including 10% cover soil
Beaven and Powrie:waste-only
All

 
Figure 7: The plots and characteristic trends of vertical stress versus dry density for the municipal solid refuse 
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Figure 8: The plots and characteristic trends of drainable porosity versus vertical stress for the municipal solid refuse 
 
Table 2: Derived characteristic models using the waste data for various hydro-physical tests 
 

Small scale tests Large scale tests Figure 

  
Waste only Waste + 7.5% soil Waste + 10% soil Pitsea (Beaven 

&Powrie) 

Combined 

 
Equation 

 
HC= 9.0712e-0.031DD 

 
HC = 2.3264e-0.022DD 

 
HC = 0.2454e-0.015DD 

 
HC = 0.0312e-0.018DD 

 
HC = 2.8079e-0.024DD 

1 

Correlation R² = 0.9277 R² = 0.9836 R² = 0.9909 
 

R² = 0.9748 R² = 0.9124 

Equation DP = 234.98e-0.008DD DP = 230.72e-0.007DD DP = 218.45e-0.006DD DP = 196.55e-0.007DD DP= 222.14e-0.007DD 2 
Correlation R² = 0.991 R² = 0.9921 R² = 0.9927 

 
R² = 0.9816 R² = 0.8874 

Equation HC= 3E-08DP3.4557 HC = 4E-08DP3.2007 HC = 3E-07DP2.4716 HC = 6E-08DP2.4336 HC= 3E-08DP3.3395 3 
Correlation R² = 0.9169 R² = 0.9716 R² = 0.9801 

 
R² = 0.9436 R² = 0.9447 

Equation HC = 0.034σ-1.876 HC = 0.0138σ-1.529 HC = 0.0055σ-1.139 HC = 0.2046σ-2.203 HC = 0.0182σ-1.727 4 
Correlation R² = 0.9765 R² = 0.9675 

 
R² = 0.9436 R² = 0.9588 R² = 0.969 

Equation DD = 190.57 σ 0.228 DD = 239.61 σ 0.2182 DD = 254.31 σ 0.2219 DD = 158.7 σ 0.2314 DD = 244.42 σ 0.1569 5 
Correlation R² = 0.9662 R² = 0.9744 R² = 0.9709 

 
R² = 0.9705 R² = 0.7986 

Equation DP = 51.454 σ -0.505  y = 51.468 σ -0.449  y = 54.001 σ -0.495 6 
Correlation R² = 0.9216  R² = 0.9129  R² = 0.9405 

Note: HC = saturated hydraulic conductivity; DD = Dry density; DP = Drainable Porosity; σ = Vertical stress 

 
Similarly, the drainable porosity is plotted 

against the dry density in Figure 4. The drainable 
porosity is the void space of the saturated waste that 
can be drained under gravity. It is often expressed as 
the percentage of the ratio of this void space to the 
total volume of the waste. The semi-log plot shows 
the correlation value (R2) for the different plots of the 
various tests to be greater than 0.98. The correlation 
value (R2) for the common plot of the various data is 
however approximately 0.9, which is still reasonable 
based on heterogeneity of waste and the different 
scale of the test cells. The trend equation derived 
from this plot (Table 2) can thus be reasonably used 
to predict the drainable porosity from the determined 
values of the dry density.  

The saturated hydraulic conductivity is 
plotted against the drainable porosity in Figure 5. The 
semi-log plot shows that the curves fit well the 
various datasets. The correlation value (R2) is more 
than 0.91 for the various datasets and the common 
plot of data (Table 2). This further illustrates the 
correlation of the datasets of the different scale of the 
tests and a high degree of confidence in using the 
derived characteristic equations from the plots. 

The relationship of the above waste 
parameters with the vertical stress in the waste owing 
to the applied vertical load (overburden) is depicted 
in Figures 6-8. A log-log plot of the saturated 
hydraulic conductivity against the vertical stress is 
shown in Figure 6. The fitting linear plot show that 
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the correlation value (R2) is greater than 0.94 for all 
the datasets.  In fact, the correlation value (R2) for the 
common plot of the combined data is approximately 
0.97. The semi-log plot of the dry density against the 
vertical stress is depicted in Figure 7.  Although the 
correlation value (R2) for individual data sets is high 
– greater than 0.96, the correlation value for the 
common plot of the combined dataset is relatively 
less than this value. Nevertheless, the corresponding 
characteristic equation (Table 2) could also be used 
for waste parameter predictions, considering the 
complexity of the nature of waste. The semi-log plot 
of the drainable porosity against the vertical stress 
(Figure 8) shows a well correlated curve for all the 
datasets. The variability in the dataset for the waste 
including 7.5% cover soil and 10% cover is so small 
that the same trend curve virtually passes through 
their data set. As in other plots, the correlation of the 
datasets is high, thereby making the ensuing 
characteristic equations to be valid and adequate in 
predicting any waste parameter  whose determinant 
waste parameter is known or determined.   
 
4. Conclusion 

Basic characteristic models can be derived 
from the trend equations of the fitted curves to the 
plot of a comprehensive test data of a municipal solid 
refuse. The high correlation values of the fitted 
curves as observed in this study indicates that the 
derived models can be used to reasonably predict the 
waste parameter whose determinant parameter is 
known or determined. 

The findings in this study for a municipal 
solid refuse fill whose composition is analogous to 
that summarised in Table 1 is as follows: 

 An exponential relationship exists between 
saturated hydraulic conductivity and dry 
density 

 An exponential relationship exists between 
drainable porosity and dry density 

 A power relationship exists between 
saturated hydraulic conductivity and 
drainable porosity 

 A power relationship exists between 
saturated hydraulic conductivity and vertical 
stress 

 A power relationship exists between dry 
density and vertical stress 

 A power relationship exists between 
drainable porosity and vertical stress 
 
The derived models in this study is not 

universally applicable to all municipal solid refuse 
fills, however the procedure used to derive the 

models can be applied to any waste data having wide 
range of values.  
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