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a b s t r a c t

Leachate pollution/recirculation and landfill gas emission are the major environmental concerns in
municipal solid waste (MSW) landfills. A good understanding and prediction of MSW unsaturated prop-
erties are critical for the design of piping systems and the control of these problems within landfills. This
paper reviews the recent studies of unsaturated properties of MSW, including experimental methods,
theoretical models and corresponding model parameters. For experimental methods, the sample size is
a common and significant limitation and large test apparatuses (e.g., >80 cm in diameter) are generally
required and valuable. The theoretical models for MSW also have some limitations due to the changes
in waste composition and particle size distribution caused by biodegradation. Thus, the available data
of intrinsic permeabilities, water retention curves, relative permeabilities and anisotropy of MSW were
summarized to investigate the influences of porosity, waste composition and particle size distribution.
A series of estimation methods were subsequently proposed to determine the parameters of water reten-
tion curve like hLm, hLr, nv and a. The other parameters such as the pore connectivity term (l) and the
degree of anisotropy (k) were significantly lacking data, thus only their relationships with porosity were
proposed. The results show that it is possible to define the second order effects caused by variations in
porosity, waste composition and particle size distribution. However, the estimation methods still need
more experimental data for improvement, especially their dependence on waste composition and particle
size distribution.

� 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Leachate pollution/recirculation and landfill gas emission are
the major environmental concerns in municipal solid waste
(MSW) landfills. The control of these problems is related to the
understanding of liquid and gas flows within landfills. Numerous
researchers (Chen, 2014; Feng et al., 2015; Hettiarachchi et al.,
2009; Jain et al., 2010; Reddy et al., 2014; White et al., 2014) have
established analytical and numerical models to design the leachate
collection/recirculation and gas collection systems. In these mod-
els, MSW was generally assumed as a continuum medium consist-
ing of a solid phase and two fluid phases: leachate and landfill gas.
The migration equations can then be formulated using a represen-
tative elementary volume (REV) as the smallest homogeneous
model unit (Kindlein et al., 2006). However, because of the multi-
disciplinary nature of this problem, there is no unique REV value
for MSWs (Staub et al., 2013). The unsaturated flow theory for soils
is widely applied to study the migration of leachate and landfill
gas. However, this kind of application is sometimes inappropriate
due to the difference between MSWs and soils (Hossain et al.,
2009). Therefore, it is very essential to have a better understanding
of unsaturated flow theory, especially flow parameters of MSW.

MSW consists of everyday items such as kitchen waste, yard
trimmings, plastics, metals, glass, paper/cardboard, textiles, wood
and miscellaneous materials (EPA, 2010; Stoltz et al., 2012). The
miscellaneous materials mainly include inert elements like soil
particles and fine components that may be other components like
paper, textiles or organic matrix. As a result, the size of MSW par-
ticles spans a wide range from about 0.1 mm to >100 mm (Hudson,
2007; Powrie et al., 2008; Reddy et al., 2011). The maximum parti-
cle size can reach 120 mm for aged MSW samples and a much
higher value for fresh ones (Hudson, 2007). As for sands, soil parti-
cles are generally smaller than 2.0 mm, beyond which particles are

defined as gravels (Gee and Or, 2002). Moreover, different from
generally incompressible soil particles, MSW particles are much
thinner and flatter (Hossain et al., 2009) and are regarded as com-
pressible (Beaven et al., 2011). The organic matter in wastes can
also be biodegraded. The biodegradation reduces solid components
and produces large amounts of gas and leachate. The waste compo-
sition and particle size distribution will then change significantly.
Thus, the mechanisms in MSWs are more complex than those
described by traditional soil mechanical theory (Chen et al., 2006).

The water phase of MSW can be classified into four sub phases:
capillary water, gravitational water, hygroscopic water and cell
plasma water (Jayakody et al., 2014). The hygroscopic water refers
to the water molecules adsorbed by solid particles from the air by
means of surface forces. The cell plasma water can be gradually
released to the pore space during biodegradation (Liu et al.,
2014). Before the release, it was often assumed to be stagnant.
The unsaturated properties of porous media are significantly
affected by the water content, combined with effective stress,
organic matter and particle size distribution (Kutilek, 2004;
Richard et al., 2001; Vereecken, 1995; Walczak et al., 2006). These
properties of MSW, including water retention and permeability
characteristics, have been studied experimentally by some
researchers (Breitmeyer and Benson, 2011; Breitmeyer and
Benson, 2014; Kazimoglu, 2007; Stoltz et al., 2010, 2012; Wei
et al., 2007a, 2007b; Wu et al., 2012a; Xu et al., 2014b). The results
can be regressed using theoretical models developed by some
researchers such as Brooks and Corey (1966) and van Genuchten
(1980). However, model parameters exhibit considerable variabil-
ity with MSW properties such as porosity and waste composition,
making it difficult to establish a quantitative evaluation system.
White et al. (2015) proposed functional relationships between
the van Genuchten parameters and saturated moisture content,
and concluded that this second order effect would have no

Nomenclature

Se effective liquid saturation [1]
SL liquid saturation [1]
hG, hL volumetric gas and moisture contents [1]
hLs, hLr saturated and residual volumetric moisture contents

[1]
hLm maximum volumetric moisture content [1]
l pore connectivity term [1]
a, nv, m coefficients in the van Genuchten relationship

[M�1 L T2, 1, 1]
pc capillary pressure [M L�1 T�2]
PG, PL pore-gas and pore-liquid pressures [M L�1 T�2]
KG, KL gas and liquid permeabilities [L2]
n, e porosity and void ratio [1]
v specific volume (v = 1 + e) [1]
/, w coefficient in the a-v relationship [M�1 L T2, 1]
KGV, KGH vertical and horizontal gas permeabilities [L2]
KLV, KLH vertical and horizontal liquid permeabilities [L2]
KLsat, KL(hL) saturated and unsaturated liquid permeabilities [L2]
ki intrinsic permeability [L2]
ki
G, kiL ki by permeability tests for gas and liquid, respectively

[L2]
k0 intrinsic permeability coefficient [L2]

krG, krL relative gas and liquid permeabilities [1]
s tortuosity of porous media [1]
As specific surface of porous media [L�1]
d10 effective particle size, corresponding to 10% passing on

the particle size distribution curve [L]
D, H, L, W diameter, height, length or width of samples [L]
dmax maximum particle size [L]
d30, d60 particle sizes corresponding to 30%, 60% passing on the

particle size distribution curve, respectively [L, L]
CU, CC coefficients of uniformity and curvature [1, 1]
oPG/oz gas pressure gradient in the z direction [M L�2 T�2]
lG dynamic viscosity for gas [M L�1 T�1]
qG Darcy flux [L T�1]
A, B Forchheimer coefficients [M L�3 T�1, M L�4]
b, c fitting parameters [L2, 1]
Ai

w, Ai
d percentages of each component i by wet basis and dry

basis [%, %]
wi gravimetric moisture content for each component i [1]
he air-entry pressure [M L�1 T�2]
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