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Abstract

@

A large undisturbed sample (3.5 m3) of 22-year-old, biodegraded solid waste was set up to estimate the volume fraction partici-
pating in the transport of solutes through the waste material. Altogether, five tracer tests were performed under ponding and
sprinkling conditions, and under steady-state and transient conditions. The experimental break through curves (BTCs), which
indicated a non-equilibrium transport of the solute by early peaks and long right-hand tails, were used to parameterize log-nor-
mal solute travel time probability density functions. The expected solute travel times (i.e. the median solute travel times) were
assessed and the corresponding fraction of the experimental volumes active in the transport of solutes was estimated. The solute
transport volume fractions defined by the median solute travel times were estimated to vary between 5 and 10% of the total exper-
imental volume. Further, the magnitudes of the solute transport volume fractions defined by the modal (peak) solute travel times
were estimated to vary between 1 and 2% of the total experimental volume. In addition, possible boundary effects in terms of
rapid flow along the wall of the experimental column were investigated.

Introduction

Most of the solid waste generated world-wide is disposed
of in landfills and uncontrolled landfilling, known as open
dumping, is the world’s most common disposal method
(Meadows et al., 1997; Rushbrook, 1997). Open dumping
is characterised by low standards of environmental protec-
tion, e.g. no or ineffective liner systems, landfill gas and
leachate collection and management. Hence the leachate
from an open dump site may affect directly the ground-
water and/or the surface water.

In high-income countries, over the last 4 decades, con-
trolled landfilling (known as sanitary landfilling) has devel-
oped. The definition of sanitary landfilling requires the
isolation of the waste from the environment until the emis-
sions can be considered to be harmless. Minimising the
time over which collection and treatment of leachate and
landfill gas is required has therefore become a key issue in
developing sanitary landfill technologies and practices.

The physical structure of the solid waste material com-
posing a landfill is highly heterogeneous. Consequently,
the presence and mobility of water in landfills is highly
non-uniform and the degradation processes, which depend
on the moisture content and the transport of substances
within the landfill, are accordingly non-uniform. Since the

water flow in a landfill is highly non-uniform, the leachate
quality reflects only the parts of the landfill where water
flow occurs. Sudden changes in the physical structure of
the landfill (e.g. settlements due to biodegradation) may
change the water flow pattern and, thus, severely influence
the quality of the leachate (El-Fadel ez al., 1997, Akesson
and Nilsson, 1997).

The non-uniform water flow pattern through a landfill
makes the typical sanitary landfill operate as an unmixed
water deficient biological reactor (Bogner and Spokas,
1993), and the role of water in biodegradation and landfill
gas production has been pointed out (Klink and Ham,
1982; Ehrig, 1983; Barlaz er al, 1990; Augenstein and
Pacey, 1991; Ehrig, 1991; Bogner and Spokas, 1993; El-
Fadel et al., 1996; Christensen et al., 1996). An increase in
moisture content in a landfill enhances the anaerobic
degradation processes by facilitating the redistribution of
substrates and nutrients and the spreading of micro-
organisms between the micro-environments in the landfill,
leading to an increase in the methane production rate
(Barlaz er al., 1990; Augenstein and Pacey, 1991;
Christensen et al. 1996; El-Fadel ez al., 1996).

Due to the highly heterogeneous structure of the solid
waste material composing a landfill, parameters such as
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hydraulic conductivity and field capacity vary greatly. As
has been pointed out by Zeiss and Major (1993) and Bendz
et al. (1998), the material geometry of a landfill facilitates
the flow of water in restricted channels and voids. The
spatial variation in moisture content in landfills is large and
it varies from saturated conditions to complete dryness
(Harris, 1979). Field capacity is defined as the maximum
moisture content that a porous medium can retain against
gravity before continuous downward flow occurs. In land-
fills, leachate is often released prier to reaching the field
capacity (El-Fadel et al., 1997). Bengtsson et al. (1994)
suggested that water may be flowing in locally saturated
regions even though most of the landfill may be well below
field capacity. Zeiss and co-workers (Zeiss and Major,
1993; Zeiss and Uguccioni, 1995; Uguccioni and Zeiss,
1997; Zeiss and Uguccioni, 1997) report the practical field
capacity, defined as the moisture content at which free
drainage just starts, to be considerably lower than the val-
ues of the comventional field capacity. The existence of
rapid flow in favoured flow paths in solid waste media has
been reported in stadies on a field scale (e.g. Harris, 1979;
Ehrig, 1983; Blight ez al, 1992; Bendz et al, 1997b;
Rosqvist et al., 1997) and on a laboratory scale (e.g. Blakey,
1982; Uguccioni and Zeiss, 1997).

Numerous column experiments with the aim of mea-
suring water flow or solute transport in solid waste have
been reported. In these experiments, fresh municipal solid
waste was packed into the experimental column (e.g.
Korfiatis ez al., 1984; Colin et ¢k, 1991; Lee et al., 1991).
No experiments are known to the authors in which
hydraulic experiments were carried out on an undisturbed,
solid waste sample. In recent studies, with the aim of esti-
mating the fractions of the cross sectional area through
which downward water flow occurred, flow sensor plates
were placed in experimental columns filled with fresh
municipal solid waste (Zeiss and Major, 1993; Uguccioni
and Zeiss, 1997). The fraction of the cross sectional area
through which the downward water flow occurred was
estimated to be about % of the total cross sectional area of
the experimental columns.

With a few exceptions (e.g. Rosqvist et al, 1997;
Uguccioni and Zeiss, 1997; Bendz et 4l., 1998), little effort
has been made to investigate the non-uniform flow field in
solid waste material. However, a great body of research has
been carried out emphasising non-uniform solute transport
in structured soils. Several studies have reported that the
transport of solutes in structured soils is significantly
affected by fast flow in favoured flow paths bypassing
other parts of the medium (Brusseau and Rao, 1990). To
describe this process, preferential flow is a frequently used
generic term (Luxmoore, 1991). As a consequence of pref-
erential flow, the water in the remaining parts of the
medium must flow considerably slower, or not at all. Fast
advective solute transport in the preferential flow paths is
accompanied by diffusive mass transfer of solutes between
the preferential flow domain and the domains with slow
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flow, or stagnant water. The latter domains then behave as
solute sink/source components. This phenomenon has
been termed physical or transport nonequilibrium
(Brusseau and Rao, 1990), and is believed to limit severely
the feasibility of predicting flow and transport processes in
porous media. To model solute transport in soils which are
in a state of transport non-equilibrium, two-domain or
multi-domain concepts are often employed (Gerke and van
Genuchten, 1993).

As shown in reviews by Bendz et al. (1997a) and El-
Fadel ez al. (1997), the prevailing approach for modelling
water flow and solute transport in solid waste media relies
on the assumption of an homogenous, porous medium
(e.g. Ahmed er al., 1992; Demetracopoulus ez al., 1986;
Korfiatis, 1984; Lee et al., 1991; Straub and Lynch, 1982;
Vincent et al., 1991). However, due to the heterogeneous
nature of the solid waste medium, this assumption may be
questioned. According to Ehrig (1983) and Uguccioni and
Zeiss (1997), rapid flow in favoured flow paths is believed
to be the reason why existing models are not in agreement
with actual field observations. In recent work (Uguccioni
and Zeiss, 1997; Bendz et al., 1998), the non-uniform flow
has been taken into consideration. Uguccioni and Zeiss
(1997) compared a one-dimensional water balance model
with a two-domain fractured-porous media flow model.
Bendz ez al. (1998) presented a water flow model taking
channel flow into consideration, based on data from the
experiments described in this paper.

Successful prediction of leachate quantity and quality is
a highly complex and difficult task, and understanding of
the spatial and temporal distribution of moisture is not
complete (El-Fadel et al., 1997). Zeiss and co-workers
(Zeiss and Major, 1993; Zeiss and Uguccioni, 1995;
Uguccioni and Zeiss, 1997; Zeiss and Uguccioni, 1997)
have pointed out the need to revise and develop existing
models to predict the leachate formation better.

In this study, a 3.5 m3, undisturbed, 20-year-old, solid
waste sample was installed to investigate parameters influ-
encing water flow (e.g. porosity, field capacity and
hydraulic conductivity) and to measure the distribution of
the solute travel time. Altogether, five tracer tests were
performed, two under constant water head and steady-
state conditions. Three tracer tests were performed under
sprinkling conditions, two under steady-state and one
under transient conditions. The data were analysed using
the transfer function approach which provides a simple
theory for estimating the behaviour of solute movement
through a porous medium, addressing the distribution of
travel times through the porous medium as the principal
entity of the solute transport process (Jury, 1982). In the
present study, break through curves originating from the
tracer tests performed under sprinkling conditions were
used to parameterize the solute travel time probability
density functions. The expected solute travel times (i.e.
the median solute travel times) were assessed and the cor-
responding fraction of the experimental volumes active in
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the transport of solutes (the solute transport volume frac-
tions), was estimated. Processes governing the solute travel
times for non-reactive tracers, e.g. slow water flow in the
matrix and diffusional mass exchange between flow
domains, were discussed. Estimated parameters influenc-
ing the water flow are discussed and compared with values
reported in the literature. The estimation of the solute
transport volume fraction is regarded as the main objective
of this study.

Material and methods
THE SOLID WASTE MATERIAL

The experimental landfill from which the large-scale sam-
ple was taken was built in 1973 in an area with a high
groundwater table. Since the late 1970s, when the deposit
area was closed and abandoned, the landfill has, due to sea-
sonal fluctuations, periodically been below the groundwa-
ter. The landfill has an area of 300 m? and an original
depth of 1.8 m, it had a plastic liner at its base and was
covered with a soil layer. In 1995, when the sample was
taken, the depth was 1.2 m, excluding the soil cover. The
waste material consisted of shredded household waste,
originally mixed with 35 weight percentage sludge, and it
was compacted to a wet density of 0.91 at a water content

of 0.53 (Persson and Rylander, 1977). This equals a dry
density of 0.38 (Table 1). In Flyhammar ez al. (1998) the
waste characteristics of the sample were investigated. It
was found that the amount of paper had decreased by
more than 40 percent and the easily degradable materials
were almost completely degraded. The largest fractions,
sheets, threads and irregular structures from materials
such as plastic, textiles, leather, rubber, metal and wood,
were found to range in size from 0.2 to 10 cm, the cellu-
lose fibres ranged from 0.2 to 1 cm and the sizes of the fine
residuals were less than 0.2 cm (Table 1). The increase in
the dry density, compared to the original value, is attrib-
uted to settlement due to biodegradation.

SAMPLING PROCEDURE

The experimental column was a steel cylinder 2.0 m high
and 1.93 m in diameter, and it acted both as a sampling
device and as an experimental column. The depth of the
sample was 1.2 m and the diameter 1.93 m. Thus, the
diameter of the sample was almost 20 times larger than the
largest fractions of the waste, and the depth of the sample
was more than 10 times larger. The sample was therefore
regarded as being sufficiently large to cover the hetero-
geneities in the solid waste medium.

Table 1. Comparison of waste characteristics (partly after Flyhammar ez al., 1998)

1973 1993
Depth (m) 1.8 1.2
Wet density (103kg m3) 0.91 1.0
Dry density (103kg m3) 0.38 0.59
Water content (m? m™3) 0.53 0.41

Waste fractions

Dry substances (tonnes)

Dry substances (tonnes)

Metal

Plastic, textile/rubber/leather
Paper

Inert

Animal

Vegetable

Residual

Sludge

TOTAL

13.7 11.6

134 15.3

66.5 (59.91) 40.3 (25.5Y)
12.9 10.7

34 0.8

19.3 2.8

6.2 (< 10 mm) 19.4 (< 2 mm)
4.5 —

144.6 101.1

! yolatile solids (VS) = (dry weight—ash weight)
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