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1 Introduction

All industrial manufacture and human consumption
of goods and resources produce waste. By ‘waste’ it
is meant not only the ‘useless’ by-product of organ-
ism or manufacture, but also any effluent, chemical,
compound or substance, which if discharged into the
environment may give rise to contamination prob-
lems. One of the most important problems facing
society today is how we can disposed of our waste in
ways which do not endanger human health and the
environment,

It was not until the 1970’ that environmental leg-
islations designed to protect the environment such as
the licensing of waste disposal were introduced in
Australia. Since then, the state governments in Aus-
tralia have continually sought to enhance environ-
mental protection by legislation. This is exemplified
by the Environmentally Hazardous Chemicals Act
1985 and the Environmental Offences and Penal-
ties Act 1989 enacted in New South Wales and the
Environment Protection (Amendment) Act, 1989 in
Victoria,

In line with current éxpectations on environment
protection, there is a move now in Australia to intro-
ducea regulatory framework that will impose stricter
control over the disposal of all forms of waste (Parker
and Sadlier, 1992). If this comes into being, there
will be greater emphasis on the North American
and European practice of waste containment rather
than conventional methods of waste disposal such
as the ‘dilute and disperse’ of waste leachate into the
groundwater system. As a result, if the natural under-
lying soils do not already provide sufficient barrier at
the chosen disposal sites there will be increasing use
of engineered Systems. The long term performance
of these waste facilities, often for periods of many
decades, wil] have to be carefully assessed in relation
to the effectiveness of the design of barriers. It ig de-

sirable to do this by the use of mathematical models
as experimental modelling is usually both costly and
limited in its ability to predict over long span of time,

This paper presents a background of contaminant
transport processes of a single species in a single
Phase system and show some results of a boundary
element method developed for assessing potential
long term contaminating effects of waste storage,
disposal and leakage.

2 Background of Contaminant

Transport

The analysis of contaminant transport in the porous
media in many cases involves the application of a
Suitable macroscopic mathematical mode] describ-
ing the movement of contaminants in the presence
of hydrological, physical, chemical and sometimes
biological processes. These processes include:

¢ groundwater advection

¢ hydrodynamic dispersion (incoporating molec-
ular diffusion and mechanical dispersion

® sorption
e radioactive decay and biological degradation

Before attempting an analysis of contaminant trans-
port, it is important to understand the controlling
mechanisms of these processes. Thus, a Summary is
provided below.

2.1 Groundwater Advection

Groundwater advection i8 a subsurface hydrological
process and is a major transport mechanism of con-
taminants in the porous media. Prior to modelling
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of contaminant transport, the groundwater flow con-
ditions must be known beforehand. With computers
and software packages readily available nowadays,
the information on groundwater flow can be obtained
by perfoming computer simulations, supplemented
by data from field monitoring. In contaminant trans-
port modelling, the time period in consideration usu-
ally span over a duration of several years or decades.
For this reason, short term groundwater transients are
not important in modelling the movement of contam-
inants, hence, it is not uncommon to adopt a steady-
state groundwater model.

The fundamental equations of groundwater flow
models may be formulated by considering a control
volume and applying the law of mass conservation.
For steady, incompressible, saturated groundwater
flow, this equation is given by,

V.Va=0 1)

where,
V =[0/8z,0/8y,d/02]T
Va =[Vaz,Vay,Va,]7T, the vector of
specific discharge also commonly
known as the flow rate or seepage
velocities.

If, as commonly assumed, the seepage velocities are
linearly related to the hydraulic gradients (Darcy-
type flow), then:

Va=-KVH ()

where,
H is the piezometric head
K is the hydraulic conductivity
or permeability matrix

and where V' a may now also be described as the vec-
tor of Darcy velocities. When equation (2) is com-
bined with (1), the governing equation of groundwa-
ter flow is,

V(KVH)=0 3)

This equation can be solved for given initial and

boundary conditions to obtain the piezometric head

H, the hydraulic gradients and the Darcy velocities.

Assuming that the Darcy velocities are known, the

advective mass flux, f. of the contaminant species,
is given by the expression,

fe=nVe 4)
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where,

n is the porosity of the soil

fe = [fexs fey» fe,]T is the vector of
advective fluxes

V =[Ve,V,, V2]T is the vector of
the average or true groundwater
velocities given by Va/n

c¢ is the concentration of the
contaminant defined as the mass of
contaminant per unit volume of fluid

2.2 Hydrodynamic dispersion

The second transport process which needs to be con-
sidered is hydrodynamic dispersion. This is the
the spreading phenomenon occuring in contaminant
transport due to the combined effects of molecular
diffusion and mechanical dispersion.

Spreading due to molecular diffusion is predomi-
nantly the result of Brownian motion, but it may also
be driven by other forces such as osmotic forces,
thermal diffusion and electro-osmosis (Luckner and
Schestakow, 1991). In Brownian motion, a move-
ment of the contaminant is induced in the direction
of decreasing concentration in a way which is often
described by Fick’s first law. Thus, the diffusive
mass flux (fy) and concentration gradients (Ve), are
related by,

®

where the negative sign indicates that the contami-
nant is moving in the direction from higher to lower
concentration and D, is the coefficient of molecu-
lar diffusion due to Brownian motion. Howeyver, the
effects of other diffusive forces are also commonly
assumed to be governed by analogous relationships
as equation (5). Thus, for practical purposes, D, is
usually defined to represent the combined effects of
all of the molecular forces.

Mechanical dispersion on the other hand is gen-
erally caused by the heterogeneity of the permeabil-
ity and storage capacity in the porous media. This
cause the contaminant particles to scatter longitudi-
nally and transversely about the average paths re-
sulting in some particles to travel ahead and some
behind the average migration velocity. The coeffi-
cients of mechanical dispersion may be considered
to be components of a matrix D,,,. These are related
to the components of the true groundwater veloci-
ties by the dispersivity parameters. In an isotropic

fd =-D,Vec




medium, the components of the dispersivity tensor
are related to two parameters: aj, the dispersivity
in the direction of groundwater flow, known as the
longitudinal dispersivity and o, the dispersivity in a
direction perpendicular to groundwater flow, known
as the transversal dispersivity. In such soil, the coef-
ficients of mechanical dispersion can then be written
as (Bear and Buchlin, 1991),

ViVi

v )

Dpyy = arVéy + (ar — ar)
where,
k,! range over the index set (z, y, z)
0x: is Kronecker’s delta
V is now the magnitude of the flow,

ie V=/V2+V2+V2

As in the foregoing, the mass flux transported by
hydrodynamic dispersion f3, which incoporates both
molecular diffusion and mechanical dispersion, is
often assumed to be governed by Fick’s first 1aw, viz.

fn=-nDVc )

and the components of D are,

Dy = Dobgi + Dy,

2.3 Advective-dispersive transport

The combined processes of advective and dispersive
transport discussed in the foregoing subsections are
often assumed to be additive and governed by a Fick-
ian law (Gillham and Cherry, 1982), thus

f:fe+fh ®)

and so,

f=nVe—-nDVe¢ ®

The relative importance of the different transport
mechanisms has been investigated, albeit mostly in
one dimensional flow studies. Some of these have
been summarised by Pfannkuch (1963) who demon-
Strated that the predominance of either mechanical
dispersion or molecular diffusion in contaminant
transport is a function of the Peclet number of the
molecular diffusion, Pe Vd/D, where d is the
mean grain size. These data and those of other studies
help to support the notion that the effect of molecular
diffusion assumes a dominant role in hydrodynamic
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dispersion when the flow velocity is small (e.g. in
clay barriers) but proportionately less so at a higher
velocity. It thus follows that at very high velocities
(e.g. in aquifers), the effect of molecular diffusion
is negligible and hydrodyamic dispersion is likely to
be overwhelmingly by mechanical dispersion.

24 Sorption

Besides being transported by advective-dispersive
processes, the species may be removed from or added
to the fluid by a number of sorptive interactions and
reactions. When these occur, the species is regarded
as being reactive, otherwise, it is described as being
conservative.

The sorption phenomena may be broadly cat-
egorised into either adsorptive or absorptive pro-
cesses. The former is generally a surface phe-
nomenon by which the species are removed from
the fluid and attached to the surfaces of the solid ma-
trix which serve as hosts. On the other hand, if the
material which is transfered from one phase to an-
other interpenetrates the solid matrix, the process is
known as absorption.

The plot of the sorbed contaminant in the solid
phase against the concentration in the solution phase
at constant temperature is known as an isotherm. If
this relationship is known, it can be used to model
the distribution of the contaminant between the solid
and aqueous phases. The simpliest and most straight-
forward isotherm is the linear equilibrium isotherm
which assumes that mass of species sorbed from so-
lution per unit mass of solid, A, is instantaneous and
reversible and is given by,

A=Ky (10)

where K is the partioning or distribution coefficient.
This isotherm is applicable to sorption processes
involving low contaminant concentrations (Travis,
1978; Luckner and Schestakow, 1991). The parame-
ter K4 used in a linear equilibrium isotherm may be
determined from the same laboratory column tests
as those used for molecular diffusion D, (see Rowe,
Caers and Barone, 1988).

2.5 Other sources and sinks

In addition to sorption, contaminant sources or sinks
may also result from the occurrence of other pro-
cesses including injection or withdrawal of fluid



containing contaminants from the porous media, ra-
dioactive decay and biological degradation.

It is convenient to model biological degradation
and radioactive decay as a first order kinetic rule,
thus

gb = —VC 1)

gr = —rC (12)
where,
the subscripts b, r denote radioactive
decay and biodegradation respectively
v is the decay constant of an
exponential decay or degradation
with time

If the half life of the decay or degradationis T, y can
be determined from the expression,

in2
1= (13)

3 Governing Equations of Contami-
nant Transport

The movement of a single species of contaminant in
a homogeneous saturated zone of the porous media
is governed by the equation of conservation of mass
(Bear, 1979; Freeze and Cherry, 1979),

dc
at
The quantity g can be thought of as the sum of three
components, g, (due to sorption), g, (due to radioac-
tive decay) and g (due to biodegradation) i.e.,

Vf+n—+g=0 (14)

9=69.+9-+% (15)

The quantities g, and g, are given by equations (11)
and (12) respectively and the rate of sorption is found
by using the time derivative of equation (10), thus

Jdc
a = Ko
9o = phazg, (16)
where,
p is the dry density of the soil

It then follows from combining equations (10), (11),
(12), (14) and (16) that under conditions of a steady
spatially uniform advective flow field occurring in an
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isotropic, homogeneous saturated porous medium,
the equation of contaminant transport is,

n(DV).Vc—nV.Vc = (n+pKd)%+n7c a7n

where
Y =Yie T Vi

4 The Boundary Element Method

A number of methods have been used to solve
the governing equation (17), depending on the pre-
scribed initial distribution of ¢ in the domain and
the conditions on the boundaries of the domain. In
simple cases, mostly under one-dimensional situa-
tions, several analytic and semi-analytic solutions
exist. These solutions can be very rapidly imple-
mented on a hand-held calculator or a desktop com-
puter to produce quick preliminary estimates of po-
tential contamination problems.

In more complicated problems of practical interest,
however, it is usually necessary to resort to alterna-
tive, more powerful numerical methods, e.g. finite
difference and finite element methods. One other
numerical method, the boundary element method, is
lesser known than the former two, nevertheless it is
a technique which is rapidly gaining popularity. It is
also a technique which the author has developed with
his supervisor (e.g. Leo and Booker, 1992; Booker
and Leo, 1993; Leo and Booker, 1993) in the course
of his work to solve equation (17). The boundary
element method is increasingly popular because:

o the dimensionality of the problem is reduced by
one; a two dimensional problem only requires
the evaluation of line integral along the bound-
ary and as for a three dimensional problem, a
surface problem

e data input preparation and problem size ar¢
greatly reduced

e it is generally more accurate than the finite ele-
ment and finite difference methods

e it is suitable for solving problems with infinite
boundaries such as those commonly found t0
occur in geotechnical problems

Of course, like all other methods, the boundary le’f‘
ment method is not without its drawbacks, the maift




problem being that it can can be extremely cum-
bersome to use when dealing with a domain which
is highly heterogeneous. It will not be the task in
this paper to describe the theory relating to the de-
velopment of the boundary element method due to
a lack of space and since interested readers can al-
ways refer to the quoted papers which have been
published. Instead, some illustrative examples of
how the boundary element method can be employed
to analyse contamination problems will be presented.

Contaminant Concentration at 5000 years
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Figure 1: Scenario 1
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Figure 3: Scenario 3

4.0.1 Illustrative Example 1

In the following, contours of constant concentration
of a conservative species at 5000 years are obtained
as aresult of contaminating effects from a 20m x Sm
rectangular repository with an initial concentration
of 1000 mg/1. The dispersion coefficient is assumed
to be 0.01 m?/a in both the z and y directions in the
plane. The magnitude of the groundwater flow is
0.01m/a in either the z or the y directions. The 3
different scenarios which have been examined are:

e arepository embedded in an 8 m clay layer with
z-direction advection, zero flux boundary con-
dition at the ground surface and at the 8 m in-
terface (i.e. the underlying layer is assumed to
be much more impermeable).

e repository buried at 2 m in a homogeneous half-
space with z-direction advection and zero con-
centration boundary condition at the ground sur-
face.

e repository buried at 2 m in a homogeneous half-
space with z-direction advection and zero con-
centration boundary condition at the ground sur-
face.

Figures 1,2, and 3 are useful pictorial presentations
of the extent of contaminant migration under differ-
ent boundary conditions. These simulation studies
help to establish the influence of boundary effects on
the concentration contours.



4.0.2 Illustrative Example 2

As another example, consider a hypothetical sanitary
landfill assumed to be founded in a generally clayey
stratum of 8 m deep further underlain by a 2 m deep
confined aquifer. Beneath the aquifer is a deep layer
of largely impermeable soil. The landfill is long,
embedded in the stratum of clay and has dimensions
b = 50 m and d = 4 m. The sideslopes of the landfill
are 3H:1V. -

Contaminant Concentration at 10 years,
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Figure 4: Contamination from landfill
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Figure 5: Contamination from landfill
The migration of leachate from the landfill into the

natural groundwater regime is a major environmental
concern requiring careful analysis. For the purpose
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of illustration, contamination contours are presented
for times at 10, 50 years. The ground surface and
the boundaries at infinity are specified as having zero
concentration throughout the period of simulation.
For simplicity, it has been assumed that a total head
difference of about 2.5 m exist between the base of
the landfill and the top of the aquifer, the hydraulic
conductivity of the soil in the aquitard or the clay
liner is of the order of 10~7 cm /s, thus yielding
a Darcy velocity of about 0.05 m/a. This value of
Darcy velocity will be assumed to occur uniformly
throughout the aquitard. In more difficult situations,
the steady state groundwater flow field may be de-
termined using the program FESEP developed by
Booker and Balaam (1983).

If no engineered liner is used, the natural aquitard
is the only ‘barrier’ that stands between the landfill
and the aquifer. Thus only 4 m separates the base of
the landfill from the top of the aquifer, though this
is of sufficient thickness to prevent contamination of
the aquifer within 10 years (Fig. 4). However, within
50 years (Fig. 5) the contaminant plume (concentra-
tion contour of 100 mg/1) will have penetrated into
the aquifer, violating the regulatory requirements of
many regulatory bodies. Based on this scenario, the
simulation results indicate that the design is not ac-
ceptable thus pointing to a need for introducing some
form of liner barriers as an impediment to contami-
nant transport.

5 Conclusion

This paper has presented the processes of contam-
inant transport and the results of some numerical
simulaticons.
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