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ABSTRACT

This research project considers the development of numerical simulation processes
of the production and management of leachate from landfill sites. The existing
landfill leachate management models are reviewed and analysed on the basis of their
applicability and effectiveness, identifying a number of important deficiencies 1n these
models. These models simplify the actual flow process in the waste matrix and

assume the same density throughout the simulation period.

Moisture flow through waste material 1s investigated through experiments, and as a
result different mathematical models were developed. These models represent the
effect of density on the hydraulic properties of waste material such as: moisture
capacities, drainage rates and saturated hydraulic conductivity. The effect of density
1s 1dentitied as the fundamental parameter governing the flow phenomena in waste
material. A large database of information obtained provides a better interpretation

of statistical analyses, 1n fitting statistical distributions to parameters and to cover the

variability of waste material.

A basic applied numerical model named NUMMOL (NUMerical MOdelling of
Leachate) 1s developed based on the water balance approach, which simulates the
leachate production, movement and distribution within landfill sites. NUMMOL
incorporates the most appropriate mathematical models representing the various

landfill hydrological processes. The moisture flow through waste layers is modelled

1l



using the models derived through experimental investigation. The model’s limitations
and assumptions are discussed with suggestions for future work that 1s necessary to

enhance further its applicability.

Sensitivity analysis and evaluation of the simulation capabilities of the NUMMOL
model are included. It was found that correct identification of the hydraulic
properties of the landfill maternial 1s very important. To investigate model usefulness
and efficiency as an environmental planning tool, the individual components of the
model are evaluated. It was tound that the model iterative scheme 1s very ettective
1n simulating leachate movement in a cell and leachate distribution within cells. The
model was applied to the landfill site 1n order to compare the effect of layers on

leachate distribution.
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LIST OF SYMBOLS

Symbol Description

a cross-sectional area of standpipe (cm®)

A the cross-sectional area of the waste sample (cm?®)

A, the plan area of a cell [L?]

A,  the cross-sectional area of the unsaturated zone [L*]

W. water available for evapotranspiration on day 1 [cm]

surface zone coefficient (normally taken as 0.1)

coefficient of variation

dh  differential head applied to the sample [L]

D depth of soil cover segment [cm]

D(0) diffusivity coefficient [L*/T] ( = -K(6)(dy/d8) )

dLL  the length of the flow path (thickness of barrier) [L]

DR. drainage out of segment on day 1 [cm]

depth of surface zone (2 to 5 cm)

evapotranspiration from soil segment on day 1 [cm]

F is the infiltration rate or inflow rate [L°/T/L?]

h pressure head [L]

h, final head difference between standpipe and overflow tank (cm)

H,  water level in the upper water tank of two reservoir model measured relative
to the base of waste sample (cm)

H, water level in the lower water tank of two reservoir model measured relative
to the base of waste sample (cm)

h the ground water level measured relative to the base [L]

h, the cell leachate level measured relative to the base [L]

leachate level 1n cell 1 [cm]

initial head difference between standpipe and overtlow tank (cm)

average hydraulic head on clay liner [cm]

hydraulic gradient

initial abstraction {cm]

input to soil segment during day 1 [cm]

coefficient of permeability [L/T]

unsaturated hydraulic conductivity [L/T}

saturated hydraulic conductivity of barrier between two cells [cm/day]

saturated hydraulic conductivity of drain layer [cm/sec]

saturated hydraulic conductivity [cm/day]

distance along liner surface in the direction of drainage [cm]

length of the sample (cm)

length of side j of cell 1 [cm]

lateral flow from root zone [m’/sec/m width]

number of the lowest unsaturated segment in soil cover

exponent depending on the type and density of waste material

number of the segment directly above the clay liner used in NUMMOL model

daily precipitation [cm]

the perimeter of a landfill cell [L]

percolation rate from landfill cover [mm/day]
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Symbol Description

infiltration rate [L/T]
volumetric discharge through the sample (cm’/sec)

lateral drainage rate [cm/sec]

daily water movement from surface to root zone [L/T]
seepage flow rate from cell i [cm’/day]

daily runott [cm]

retention parameter or catchment storage [cm]
maximum value of the retention parameter [cm]
saturation by volume 1n root zone

saturation by volume in surface zone

time (sec)

thickness of barrier between two cells {cm]

travel time through a soil layer [hr]

the volume of water transmitted through the sample in time t (cm’)
is the storage volume [L*/L%]

the total volume of the unsaturated zone [L°]
weighting factor for segment j

difference of water levels in water tanks (cm)

average thickness of water profile [cm]

thickness of water profile above barrier soil at crest [cm]
medium depth (positive downward) [L]

depth to the centre of segment j [m]

depth of the root zone [m]
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void ratio

difference of head in two manometers across the sample (cm)
is the routing interval used in the CREAMS Model ( 1 day)
thickness of segment j [m]

volumetric moisture content [vol/vol]

field capacity [vol/vol]

total porosity [vol/vol]

saturation capacity of soil cover [vol/vol]

wilting point moisture content [vol/vol}

pore-size distribution index [dimensionless]

dry density of waste material [kg/m’]

density of water equal to 1000 kg/m’

storage coefficient used in CREAMS model [dimensionless]
standard deviation

porosity

suction head [L]
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Chapter 1

INTRODUCTION AND BACKGROUND

1.1 Introduction

Landfill 1s a common and etffective method for the disposal of waste in many
parts of the World. In the United Kingdom, around 90% of controlled waste 1s
presently disposed to landfill (DoE, 1992). The disposal of waste by landfilling gives
rise to a number of environmental hazards associated with the production of landfill
gas and leachate during waste decomposition. Where the landfills are not properly

designed and managed, they may pose a severe pollution threat to the environment.

The increased awareness and understanding of the environmental problems of
waste disposal to land has led to the progressive introduction of specific legislation
aimed at the control of pollution and the limitation of adverse environmental impacts.
Regulatory authorities 1ssue licences and 1mpose appropriate conditions aimed at
minimising the environmental risks associated with landfilling of waste. Landfill
operators have a number of statutory obligations, amongst which 1s the need to
predict leachate volumes generated by a site throughout its active lite. Etfective

measures must also be taken to eliminate the associated risk ot pollution.

Developments 1n landfill technology have tended to proceed on two tracks,
with one concentrating on minimizing the potential for external contamination and

the other on stabilizing the contents of an enclosure. The contaminants are released

from waste to surrounding areas by physical processes and may pose a severe
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pollution threat to the ground and surface water. Whether leachate is to be collected
and treated or is allowed to discharge to the surrounding soil and water, it 1s essential
to have estimates of leachate flow and strength and the variation of these with time
as the site develops, and also post-closure. While these estimates are essential to
proper landfill design and management, their preparation is a difficult and uncertain

process.

A hydrogeological study 1s an essential part of any proposal to undertake a
landfill operation. In a hydrogeological study identification of the metrological
variables, precipitation and evaporation, together with an assessment of specitic
hydrogeological conditions, e.g. factors affecting land surface infiltration and runoft
are made. This 1s important 1in order to make a quantitative assessment ot the volume
of water entering the waste body over a period of time, and to determine the potential
for leachate occurrence, based on waste properties and site conditions. Hydrology
has an important role to play during the existence and on long term stabilisation 1n
the landfill, since water is the principal agent in the biological, physical and chemical

processes that take place.

The quantity of leachate generated depends on the water balance of the area
in which the landfill 1s located and on the operational policy (Fleming, 1992). The
primary sources of water for leachate formation are:

¢  precipitation onto the operating landfill
¢ 1infiltration through the cover of the completed landfill

¢ groundwater which may flow laterally from the geological formation



surrounding the landfill

¢ surface runoff into the landfill from exterior areas.

Liquid waste, if added, contributes to the leachate generation, and to a lesser extent,

water contained within the solid waste deposited in the landfill.

The problem of predicting leachate quantities discharged from landfills has
been addressed by several investigators. Several laboratory and field models have
been constructed in the past to study the relationship between water inputs and
leachate production 1n landfills. The dominant hydrologic considerations include
precipitation of any form, surface storage, interception, surface evaporation, runoftf,
snowmelt, infiltration, vegetation, rooting depth, plant transpiration, soil evaporation,

soll moisture storage, soil moisture potential, unsaturated flow, and vertical and

lateral saturated flow.

A number of leachate management models (Buchanan and Khan, 1995) have
been developed in recent years. These models allow ditferent engineering schemes
to be evaluated and are essential tools tor the design and operational management of
modern landfills. These are of varying sophistication, ranging from relatively simple
water balance models, to complex numerical schemes using finite difference, finite
element and boundary integral approaches. Most models include a default data base

which 1s often used due to a lack of accurate field data.

Water budget methods have been used to predict leachate quantities

discharged from landfills. However, determining the water balance is not a simple
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task. The interrelationships between climate, vegetation and soil characteristics, and
their effects on runoff, evapotranspiration and vertical drainage, are complex. The
formulation of a practical model requires some simplifications of these relationships.
Therefore, to ensure adequate designs that are practical and economical, it 1s essential
to have reliable accurate design tools and models available to estimate the water-

balance components and to predict liquid movement into, through, and out of landfills

having a variety of designs.

The theory of tlow through porous media has been used in the development
of different sophisticated models describing the movement of leachate through waste
materials and through hydrological formations. Different complex numerical schemes
have been utilized to solve the governing Richard’s equation (Richards, 1931) with
appropriate boundary conditions. It 1s not necessarily the case that these models will
always be the most appropriate. However, these models are rarely used 1n practice

because of numerical complications and a scarcity of data.

Available data on landfill leachate production are very limited, especially for
periods of record that extend significantly beyond the initial water-balance
equilibration period, which may last up to several years. Available data on other
important facets of the water-balance, such as runoff, evaporation, rainfall, soil
moisture, leachate ponding depths, percolation rates, and detailed soil characteristics,
are even more himited. Nevertheless, the level of field verification of the existing
models and the resulting level of understanding of the important processes involved

in leachate production and migration are highly dependent on obtaining such



information.

These data limitations affect the verification study in two ways. First, the lack
of descriptive landfill information requires the frequent use of default values in the
existing models; these introduce uncertainty into the verification. Second, the lack
of out-tlow measurements for all water-balance components limits the number of
model outflow predictions that can be verified. These limitations restrict the ability
of a study to isolate and test mathematical characterizations of specific physical
processes, such as moisture storage and routing, evapotranspiration demand and its

distribution through the soil profile, unsaturated vertical tlow, and details of the

lateral drainage/vertical percolation partitioning.

Generally landfill wastes are highly heterogeneous, anisotropic, and very
porous and have a different composition to typical soils. The degree ot compaction,
age and degree of decomposition, gas content and temperature all influence the
hydraulic characteristics of refuse. The moisture transport due to the spatial
variability of solid waste hydraulic properties, 1.e., hydraulic conductivity and

porosity, plays an essential role 1n landfill hydrology.

The application of these computer models 1n practice requires modelling
parameters to be identified, defining the waste’s ability to retain and convey water.
These i1nclude; drainage, saturated hydraulic conductivity and moisture capacities of

waste. At present, these parameters cannot be estimated with any confidence, due

to the current, limited understanding of the behaviour of water 1n waste.
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A factor which is thought to be highly significant in this respect is the in-situ
density of the waste. There is thus a need to undertake research which will allow
appropriate model parameters to be estimated from a knowledge of waste type and

placement conditions.

The primary objective of this research project is to investigate the significance
of placement density on the hydraulic characteristics of waste. The results of this
research will lead to the development of mathematical models describing the
relationship between density and those parameters describing the retention and
movement of water in waste. These basic individual models will aid in the
development of an applied numerical model for simulating the leachate production
and movement within landfill sites. This will facilitate the routine assessment of
leachate distribution and occurrence in landfill sites as an aid to effective pollution
control and environmental improvement. The research will have significant benefits
in planning, assessment, design and management of landfill sites, providing an
objective basis for undertaking and evaluating environmental impact assessments and

for implementation of improved pollution control strategies.

1.2 Present Status of the Research

The water balance method 1s a simple standard procedure to compute leachate
flow from a landfill. The amount of water percolating into the waste 1s obtained by
subtracting surface runoff, change in soil moisture of the cover soil and
evapotranspiration from the total precipitation. In this method, moisture movement

through the refuse 1s not considered. This method was first used in the
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Environmental Protection Agency (EPA) model developed by Fenn et al. (1975). The
EPA model was used in a number of studies to estimate generation rates for landfills
in Cincinnati, Ohio; Orlando, Florida; and Los Angeles, California. Later models
developed by Dass et al. (1977), Perrier and Gibson (1980), and Gee (1981) were
also based on the water balance techniques. None of the aforementioned models
includes leachate flow in the unsaturated zone and computation of leachate mound-

head generated due to leachate accumulation at the bottom of a landfill.

Recent mathematical models consider moisture-flow through the landfill 1n
both steady and unsteady state tlow conditions, and estimate leachate tlow vertically
and laterally in a landfill. Schroeder et al. (1984) developed the Hydrologic
Evaluation of Landfill Pertormance (HELP) model, tor estimating leachate tlow from
waste disposal sites. The model 1s quasi two-dimensional, computing the vertical and
lateral components of flow in each layer of the landfill protile. However, these

processes are not modelled simultaneously.

The Strathclyde Land Management System (SLAMS) developed by Dickson
(1987) and subsequently modified by Buchanan (1990), 1s a computer-based
modelling system for simulating waste deposition and surface hydrology processes,
allowing the accumulation of moisture within active landfill sites to be predicted.
The SLAMS model uses a cellular geometry and provides information on the spatial

and temporal variation of moisture through the landfill.

Application of tflow models to simulate and estimate unsteady, unsaturated
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flow in a solid waste landfill is still at an early stage. The governing equation used
to characterize the leachate accretion on the leachate mound in the unsaturated zone
is a second order partial differential equation. There are few analytical solutions for
the unsaturated moisture-flow equation due to the nonlinearity and heterogeneities
involved 1n the properties (for example hydraulic conductivity and diffusivity) of the
landfill wastes. Exact analytical solutions can be obtained by making simplifying
assumptions regarding soil moisture characteristics and the flow domain. Some ot
the analytical solutions are described 1in Philip (1968, 1971), Braester (1973), Batu

(1982), Broadbridge and White (1988), and Barry and Sander (1991).

Since the irregularities 1n the domain and the complexities 1n the moisture-
flow equation limit the representation of the real tlow field by analytical models,
many researchers have attempted to develop numerical models. Abbott et al. (1986)
described the numerical solution of one-dimensional unsaturated moisture-tflow
equation by direct explicit schemes for which a stability criteria has to be satisfied
to compute the moisture content. A time-varying, one dimensional leachate flow
model was developed by Korfiatis (1984) using the finite-difterence numerical
technique. Demetracopoulos et al. (1986) described the implicit finite-difference
scheme for the one-dimensional unsteady state moisture-flow equation which is
solved to obtain the leachate accretion on the leachate mound. The implicit finite-
difference expression for the moisture-tlow equation was solved by the successive
application of the Gaussian elimination method. Korfiatis et al. (1984) performed an
experimental investigation with a small solid waste column which was used to

calibrate and verify the unsteady one-dimensional leachate flow model. The measured



and predicted results were reasonably close to each other (Korfiatis et al., 1984).

Recently Ahmed et al. (1992) developed a numerical model that computes the
time variation of leachate flow in landfills using Richard’s two-dimensional moisture-
transport equation, along with the boundary conditions, and which is solved using an
implicit finite difference scheme in the vertical plane. Their model 1s basically an
extension of Korfiatis’s model (Korfiatis, 1984) from one to two-dimensions. More
recently Ahmed et al. (1993) applied a boundary integral solution to the unsaturated
moisture flow equation. Their method 1s capable of generating moisture fluxes in the
unsaturated flow domain of a landfill. The fluxes obtained are compared with the

analytical solution and show close agreement.

Those leachate management models using Richard’s equation require a large
number of parameters which are seldom available 1n practice. In addition, several ot
these parameters influence the models in a highly nonlinear manner, and results can
be very sensitive to parameter changes. It 1s extremely difficult to assess these

parameters at unsampled locations. Theretore, the application of these models to real

life cases is presently limited.

1.3 Problem Identification

The problem of predicting leachate quantities discharged from landfills has
been addressed by several investigators. Most of them have used the traditional

hydrologic approach, commonly employed in surface water analysis. Various
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volumetric leachate flow models have been developed in different parts of the world
to cope with the circumstances and practices used for landfilling in those areas. As
practices of landfill technology differ in many aspects, the general applicability of
these models to a wide range of situations 1s often not possible. This restricts the
development of a generalized model which 1s universally accepted and applicable to

all situations.

As the use of computer models in the design of landfills continues to increase,
the question arises whether these models are accurate predictors of actual field
conditions. The degree to which computer models are able to predict field conditions
1s affected not only by the model itself, but also by the assumptions and design input
of the user. For this reason, it i1s important to investigate the sensitivity of key input
parameters and their potential effects on the model’s output in addition to the model’s
overall predictive ability. This study is undertaken to investigate such key parameters

and their effects on leachate simulation.

This research 1s directed towards the development of simulation technology
for production and management of leachate. A better understanding of the different
mechanisms operative 1n landfill systems is required in order to construct more
efficient and reliable simulation models. In addition, the effect of compaction on
these processes will be investigated by experimentation. In particular, modelling
efforts will be concerned with deterministic types, rather than complex approaches

which are both unwieldily and impractical.
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1.4 Objectives of the Study

This research aims to develop a better understanding of moisture tlow

processes in waste materials. The methodology, based on experimental investigation,

is mainly focused on the effect of density on waste properties. This study 1s directed

at fulfilling the following main objectives:

¢

Review of existing landfill leachate management models in order to identify

their limitations, deficiencies and usefulness.

Determine the effect of compaction on the horizontal and vertical hydraulic
conductivity of waste material and develop mathematical models for
describing the effect of compaction on the horizontal and vertical hydraulic

conductivity of waste.

Develop a practical and more accurate numerical model for simulating
leachate production and movement within landfill sites, by incorporating the
developed experimental models. Further, the model should be highly visual

and simple to apply to aid viability.

Perform a sensitivity analysis to examine the response of new developed

model (called NUMMOL) to changes in the values of various simulation

parameters.
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¢  Establish guidelines and procedures for evaluating different modelling

parameters used in models for the design and evaluation of landfill sites.

¢ Apply the developed model to the actual design of a landfill site to verify the

model’s operation at field scale.

1.5 Brief Description of the Study

The research undertaken to fulfil the above mentioned objectives 1s divided

into three major parts.

Literature Review

Different landfill hydrological processes and mathematical models describing
those processes have been reviewed. The aim of this is to provide information which
might assist 1n identifying and selecting a suitable model. In addition to this, a
review and description of different leachate management models have also been made
to identify deficiencies of existing models. Particular consideration was given to the
relative importance of a models applicability to the real situation and its input
parameters that control or strongly intfluence the leachate movement and distribution

within landfill sites. Review of literature is organised as:

Chapter 2 reviews various hydrological processes.
Chapter 3 describes landfill management practices commonly used in landfilling.

Chapter 4 reviews leachate management models using different approaches.
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Experimental Work

Different physical properties of waste material are investigated with respect
to the density of waste. Those properties include moisture capacities and drainage
rates. The effect of compaction on both vertical and horizontal saturated hydraulic
conductivities was thoroughly i1nvestigated through a series of laboratory
investigations. A large database of information from those investigations has been
obtained, allowing tor interpretation and statistical analysis, and to some extent cover
the variability of waste material. Statistical characteristics of the data have also been
summarized. "Goodness of fit" analyses have been performed on each set of data to
determine a distributional form that can be used to describe the spatial variability of

hydraulic conductivity. Experimental investigation 1s organised as:

Chapter 5 outlines the result of a survey of existing hydraulic characteristics of

waste material.

Chapter 6 describes the instrumentation used for determining the horizontal and
vertical saturated hydraulic conductivities of waste material and

statistical analysis of the results obtained from experimentation.

Model Development
A new applied simulation model called NUMMOL (NUMerical MOdelling
of Leachate) is developed, which simulates the leachate production, movement and

distribution within landfill sites. A sensitivity analysis has been performed to
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examine the model behaviour to changing in the input parameters. This information
can provide insight on the importance and interaction of specific design variables on

the water balance and assist in evaluating the suitability of methodologies used in the

NUMMOL model.

The model 1s applied to the landfill sites at Mid Auchencarroch, which are
under development. Two different scenarios were compared by considering the
leachate simulation results. This was performed to illustrate the effectiveness of the
model 1n providing comparative information regarding the real field situation. This
preliminary application of the model and its simulation results are encouraging. The
model’s importance 1s vital and its availability will be of great use to the concerned
departments. The model’s theory and development are covered in the following

chapters.

Chapter 7  describes the theory and procedures of the new developed model.
Chapter 8  presents sensitivity analyses of the developed model and a case study
undertaken to show the applicability of the model.

Chapter 9  summarizes the conclusions and recommendations of the study.
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Chapter 2

LANDFILL HYDROLOGICAL PROCESSES

The objective of this chapter is to analyse the available hydrological models
mainly concerned with land surface hydrology. This introduction reviews the
mathematical techniques available to represent different landfill hydrological
processes, that is, infiltration, runoff, subsurface flow and percolation. This will
enable us to select an appropriate model where possible or to choose individual
processes which will aid in the development of a new model for the movement and

distribution of leachate production i1n a landfill site.

Prior to the discussion it 1s worthwhile to state the factors which will be

considered in the selection of individual model.
e Is the model approach practical and physically relevant ?
e Are the model results accurate and computationally etficient ?

 Is the model is simple to use and compatible with other components

e Are the model data requirements suitable and easily available ?

2.1 Hydrological Processes

Hydrology deals with surface water and ground water, their interdependence,
and their interaction with earth materials. The study of hydrology includes all aspects
of the hydrological cycle, including atmospheric phenomena such as precipitation and

evapotranspiration. The hydrological cycle 1s a term used to describe the distribution
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and movement of water on earth. Its dynamic operation and the interactive processes
that control it frame the entire theoretical study of hydrology. Furthermore, the fact
that it constitutes a highly refined cycling system in a delicate state of equilibrium
should be taken into account in all aspects of applied hydrology. The cycle includes
a large number of interrelated and interacting processes which are dependent on each
other and vary both in time and space. An understanding of the various processes
evident within the hydrological cycle 1s fundamental to many engineering studies.

The main processes are: evaporation, transpiration, precipitation, infiltration, runoft,

percolation, groundwater tlow.

Engineering hydrology 1s primarily concerned with land phase processes, 1.e.
with surface and subsurface processes, and, in particular, with aspects relating to
infiltration and to the prediction of runott. Four basic hydrological concerns can be

1dentified 1n relation to engineering problems:

Occurrence the amount of water existing in a particular system.
Distribution the spatial distribution of this water.

Movement the transfer of water from one location to another.
Quality the nature and degree of contamination.

A hydrological study, whether of global or regional scale, will generally
attempt to assess the quantity and quality of water occurring and the variation of

hydrological parameters 1n time and space.
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2.2 General Overview of Hydrological Processes

In undertaking a hydrological investigation, 1t 1S necessary to evaluate the rate
at which water is supplied to the site under consideration and to consider the
subsequent movement of this water over and through the land surface. Major

processes to be considered are:

Precipitation:
Precipitation occurs when a body of moist air 1s cooled to dew point; that 1is,
the temperature at which condensation occurs. It is a primary input to most

hydrological models.

Evapotranspiration
Evapotranspiration 1s a combined name of evaporation (loss of water from soil
and water surfaces) and transpiration (loss of water from a soil system due to
uptake of water by plants and vegetation). This parameter 1s easily available

from Metrological Oftice.

Infiltration
The process whereby precipitation falling on the land surtace permeates into
underlying soil formations. The rate at which infiltration takes place is
dependent on the available supply of moisture (precipitation less actual
evapotranspiration) and on the potential of underlying soils to take-up

moisture.
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Runoff

The precipitation available after satisfying evapotranspiration demands and
infiltration is termed the effective precipitation; this is the water available to

generate runotff.

Subsurface flow

The lateral and vertical movement of water within the soil and waste systems

1S termed subsurface flow.

The need to predict the relative amounts of infiltration and runoff for given
rainfall events has resulted in the development of a number of hydrological models.
In general these models attempts to define the various hydrological storage systems
and transter mechanisms as a set of mathematical equations. The majority of these
models are of the deterministic type, whereby the response of a given system to a
known set of inputs can be estimated. The first stage in developing such a model is
the conceptualisation of all physical processes and their interaction, as a simplified

model.

Mathematical models can be developed to describe- all of the hydrological
processes included in a hydrological cycle. However, consideration here is solely
given to the development of models which can be used to predict the landfill

hydrological processes. The relevant hydrological processes i.e., infiltration, runoff,

sub-surface lateral flow etc. are discussed below.
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2.3 Infiltration Models

Infiltration 1s the process of water penetrating from the ground surface into
the soil. Many factors influence the infiltration rate, including the condition of the
soil surface and its vegetative cover, the properties of the soil, such as its porosity

and hydraulic conductivity and the current moisture content of the soil.

The 1nfiltration rate f, expressed in cm per hr, 1s the rate at which water enters
the soil at the surface. If water 1s ponded on the surface, the infiltration occurs at the
potential infiltration rate. If the rainfall intensity at the surface is less than the
potential infiltration rate then the actual infiltration rate will also be less than the
potential rate. The cumulative infiltration F 1s the accumulated depth of water

infiltrated during a given period and 1s equal to the integral of the infiltration rate

over the period,

F() = [ f(x)ds (2.1)
0

where T is a dummy variable of time in the integration. Conversely, the infiltration

rate is the time derivative of the cumulative infiltration:

f(t) = _d_F(t_) (2.2)

dt

The fundamental law governing the movement of fluids through porous

medium is credited to Darcy (1856), commonly expressed as:



Q - (2.3)
where
Q = flow rate [L° /T]
K = coefficient of permeability [L/T]
A = surface area [L?]
dh = differential head applied to the sample [L]
L = length ot the flow path [L]

Equation 2.3 can be further reduced to:

O-KAi (2.4)

where 1 = (dh/L) 1s the hydraulic gradient.

Equation 2.4 1s the familiar form of Darcy’s law. The model structure ot
Darcy’s law 1s expressed as a linear relationship between Q and 1, intercepting the
origin with a slope of KA. This structure 1s unique, that 1s, for any values of K, A,
1, dh, and L the model predicts a straight line with a (0,0) intercept. Physically this
model translates into the flux of water being directly proportional to the hydraulic
gradient, with K being the empirical proportionality constant. Obviously, if no

gradient exists then flow will not occur.

A number of infiltration equations have been developed in the past. They are
generally classed in two broad categories, those which are empirical 1n nature or
require fitted parameters or both, and those which are derived from the theory of flow

in porous media and utilize measured parameters. Equations in the first category
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have often 1nvolved simplified concepts which permit the infiltration rate to be
expressed algebraically as a function of time and empirical constants or soil

parameters. Models in the second category are developed from approximate solutions

of Richard’s equation.

2.3.1 Solutions of Richard’s equation

Richard’s equation (1931) for one-dimensional flow of water in porous media

1S a combination of Darcy’s law with the continuity equation as:

%t@ - “56; D(e)% - az;(ze) (2.5)
where:
0 = volumetric moisture content [vol/vol]
K(0) = unsaturated hydraulic conductivity [L/T]
D(0B) = diffusivity coefficient [L*/T] ( = -K(8)(dy/98) )
Yy = suction head [L]
Z = medium depth (positive downward) [L]

The infiltration rate is given by d6/dt for the uppermost soil layer.

Richard’s equation is a nonlinear second order partial differential equation.
Up to now, this equation has been the most common basic mathematical expression
for unsaturated flow phenomena in porous media. This equation describes unsteady
flow in a one-dimensional anisotropic and nonhomogeneous soil matrix by means of

a partial differential equation. For the modelling of water dynamics in the
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unsaturated zone, one has to solve this equation with the help of suitable algorithms.
The models can be grouped into analytical and numerical approaches, with the latter
being far more popular. Analytical solutions are often more difficult to obtain

because the coeftficients of Richard’s equation are functions of the dependent

variables.

2.3.2 The Philip Equation

Philip (1957, 1969) solved Richard’s equation under less restrictive conditions
by assuming that K and D can vary with the moisture content 6. Philip employed

14

the Boltzman transformation B(8) = z t™ to convert (Equation 2.5) into an ordinary

differential equation 1n B, and solved this equation to yield an infinite series for

cumulative infiltration F(t), which 1s approximated by

Fit)y = St” + At (2.6)
Where S is a parameter called sorptivity, which is a function of moisture content (9)
and the soil suction potential (), and A 1s called transmissivity. Both S and A

depend on soil properties and initial moisture content. Differentiating the above

equation with respect to t yields infiltration rate f(t) as:

R = LSt™ + 4 (2.7)

2

As t approaches oo, {(t) tends to A. The two terms 1n Philip’s equation represent the

effects of soil suction head and gravity head, respectively. The two parameters ’S’

and 'A’ are estimated from K-0 and y-0 relationships.
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2.3.3 Green-Ampt Method

A conceptual model utilizing Darcy’s law was proposed by Green and Ampt

(1911) as:
Y AO
= K + 1 (2.8)
0 = K (£ ]
F(1)
Ft) = Kt + ¢AB In|1 (2.9)
® = Kt + ( o Ae)

Given K, t, v, and A8, a value of F 1s calculated by successive substitution
from Equation 2.9, which i1s then substituted into Equation 2.8 to determine the

corresponding potential infiltration rate f.

The formulation was intended for sandy soils or those with uniform pore

space, but its use now extends outwith these bounds. The method can be used when

sufficiently detailed rainfall data 1s available.

2.3.4 The Horton Equation

One of the earliest infiltration equations was developed by Horton (1933), who

observed that infiltration begins at some rate f, and exponentially decreases until it

reaches a constant rate f_:

) =1, + (G, - fye* 210)

where k is a decay constant having dimensions [1/T].
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The Horton model is strictly only valid for cases where the available supply
of moisture exceeds the infiltration capacity of the soil system. Eagleson (1970) has
shown that Horton’s equation can be derived from Richard’s equation (Eq. 2.5) by

assuming that K and D are constants independent of the moisture content of the soil.

Lee and Musiake (1992) modified the Hortonian model to work with naturally
occurring variable-pattern hyetographs. The structure of the model 1s hypothesized
based on a physical appreciation of the Hortonian infiltration process, which is then
refined through repeated testing to simulate the overland flow data associated with
the process. Model adequacy in simulating reality was checked by comparing its
simulations with observed, tensiometer-measures, hydraulic potential profiles 1n the
field. The model performance seems to be reasonably good up to the 20-min

interval. Beyond this time interval, the model performance deteriorates.

2.3.5 The SCS method
The Soil Conservation Service (USDA, 1972) developed a method for

computing abstractions from storm rainfall. The runoff depth 1s calculated by the

EXPression:
R AY
p oo E L)y (2.11)
P+S§ -1

where:

R = daily runoff [cm]

P = daily precipitation [cm]

I — initial abstraction [cm]
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S = retention parameter or catchment storage [cm]

In most cases, initial abstraction 1s estimated as a function of catchment

storage, typically taken to be 10% of catchment storage, so the SCS equation

becomes.

p . (P-0158) (2.12)
P+ 098

The storage index S is transtormed to the more intuitively pleasing coefficient

curve number (CN) 1n the definition

s = 254 199 _ 9 (2.13)
“CN

Curve numbers are dimensionless, and can vary from O (no runoff) to 100(all
rainfall becomes runoff). Curve numbers have been tabulated by the Soil
Conservation Service on the basis of soil type and land use. Typical values of CN

for various soil types and land-uses are given in Table 2.1.

The calculation by SCS method 1s much more sensitive to the CN chosen than
it 1s to the rainfall depths (Hawkins, 1993). That is, error analysis and sensitivity
calculus show that errors in CN have a much more serious effect on the runoff

calculation than do similar levels of error in the storm rainfall P.
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Table 2.1. Typical values of CN for use with the SCS Model (USDA, 1972).

Soil Type
[Land Use
A | B | ¢ | >

I I N N
T N N N
T N N I
e N N N

Soil types A Deep, well drained sands and gravels
B Moderately well drained, medium texture soil
C Fine soils with infiltration impeding layer
D Clay, soils with permanently high water table,

soils overlying rocks

The above values of CN are for normal antecedent soil moisture conditions
(AMC II). For particularly wet or dry soils, the resulting value of S should be
modified by applying a multiplication factor of 2.38 (in the case of dry soils)

or 0.435 (in the case of wet soils).
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2.3.6 Lumped Parameter Model for Infiltration

The model proposed by Pingoud (1982) 1s an approximate lumped type model
which uses the conservation equation to derive an analytical formula for the flow rate
from one storage to another. The soil 1s divided 1nto layers having certain physical
soil constants. Each layer is considered to be a storage for moisture. The flow rate

from one layer to the next is assumed to be proportional to the gradient in moisture

content between layers.

The soil 1s divided into N layers each with a thickness Az. Each layer 1s
considered to be a moisture storage with an eftective volumetric moisture content 6,

and the corresponding values of the diffusivity and the hydraulic conductivity are

D(6.) and K(9,), respectively.

The mass conservation equation of the storage 1 1s given by:

a9, _ i ~ Vi) (2.14)
dt Az,

where v. and v._, are the inflow and outtlow rates of the storage and 1 1s number ot

layer from 1 to N.

The flow rate v, from the storage 1-1 1s approximated by the equation:

0, - 9,

Vl. = =15 [D(e') + D(BH)] m-)-
i -1

+ Vo[K(B) + K(®, )] (2.15)

where:



K = hydraulic conductivity for specified 0 [L/T]

D = diffusivity for specified 6 [L*/T]

The flow rate into the first soil storage layer is estimated by setting Az, to

zero and 0., as O, where this i1s estimated by:

0, = ¢[1 - exp(-P A)]

where:
() = 1s the effective soil porosity at the surface
h = 1s the ponding height at the surface [L]
3 = 1S a large positive constant.

The tlow rate vy, from the lowest storage 1s determined by gravity alone and

1s equal to K(0y).

The model was tested by Pingoud (1982) and later was subjected to sensitivity
analyses (Pingoud, 1984). He expected the model to be utilized as part of a larger
rainfall-runoff type of model and has expressed confidence 1n the results displayed

from the production and sensitivity tests.



2.4 Flow through the Vegetative Zone

It is commonly assumed that the flow of water through a soil 1s vertical when
the soil is unsaturated and two dimensional when the soil 1s saturated (Kirkby, 1985).
This 1s a convenient assumption for the study purposes since it fits well with the
concept of an impermeable barrier, such as two layer landfill caps, specifically
designed to encourage saturation and lateral tlow in the caps. The variation of soil
moisture throughout a soil profile 1s gradual, and the distinction between saturated
and unsaturated zones 1s not always clear; thus, 1t 1s essential to model this to assess

levels of percolation, lateral flow and the effect on infiltration.

The different techniques employed to estimate the moisture storage in the soil
cover, determination of percolation water from unsaturated zone and lateral

subsurface or return flow are classed as:

* Storage Routing Technique
- LLumped Parameter Model (LPM) approach

' Storage-Discharge Models

Ditterent models have been developed using the above mentioned techniques
and are considered here for potential use as part of this study. A brief description

of those models 1s described 1n the next subsection.
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2.4.1 Storage Routing Technique

2.4.1.3 CREAMS Model

The CREAMS (Chemicals, Runoft and Erosion from Agricultural management
Systems) model (Knisel, 1980) was developed in the U.S. principally over concern
about the effects of non-point source pollution. Its primary role therefore is to assess
non-point source pollution under various land management practices. The role of
hydrology was recognised as being the primary motivator in non-point source
pollution so that the principal hydrology model was developed using an up to date
understanding of soil water physics (option-2) (Smith and Williams, 1980). A cruder
hydrology option, based on the SCS curve number technique (USDA, 1972), can also
be used when only daily data 1s available (option-1). The model 1s well documented

and most of the inputs to the model can be measured, or estimated, for a desired

location.

The hydrologic components consist of two versions. The first, option 1, uses
daily rainfall to predict runoff volume and peak discharge rates. The second, option
2, uses breakpoint precipitation data for individual events, and also produces runoff
volumes and peak discharge rates as output. Both options also predict daily plant
transpiration, potential transpiration, average soil moisture, and percolation. A flow
chart of the hydrology section of the CREAMS model is shown in Figure 2.1. The

percolation components of the model for both options are briefly presented here.
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Figure 2.1. Generalized Flow Chart of CREAMS Model Hydrology option I

(Knisel, 1980).
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Percolation (Option-1

The CREAMS model uses a soil storage routing technique to predict flow
through the root zone. When the SCS curve number method is used, the root zone
is divided into seven layers or storages for routing. Root-zone depth is usually
estimated to be three feet, although it may vary with various crops and soils. The

routing equation 18

V V
Q=0F+?St for (F+i;]>6f (2.17)
where
q = percolation rate from root zone [L/T]
F = is the infiltration rate or inflow rate [L°/T/L?)
V., = is the storage volume [L*/L%]
C = 1s the storage coefficient [dimensionless]
At = 1s the routing interval ( 1 day)

If inflow plus storage does not exceed field capacity (6;), percolation 1s not
predicted to occur. The storage coefficient 1s a function of the travel time through

the storage expressed by the equation:

g = 281 (2.18)
2t + At

where t 1s the travel time through a storage, which 1s estimated with the equation:

/ (2.19)

where 0 is soil water storage, and K| 1s the saturated conductivity of the soil.



33

Percolation tion-2

Option 2 of the CREAMS model uses an analogy to Darcy’s law to simulate
vertical water movement in the soil profile. Two principles are used, firstly that flow
will occur downwards from a layer with a higher degree of saturation; secondly, that
beneath the root zone there is free drainage and that the root zone will consistently
drain to field capacity. This second principle prevents saturation occurring

throughout the profile, and consequently prevents the occurrence of saturation

restricted infiltration.

When the breakpoint infiltration model is used for runotf calculations, the soil
water movement and percolation calculation involves only two storage elements, a
surface soil zone, and a root soil zone. The surface soil zone 1s subject to soil
evaporation from the evapotranspiration model, plus a portion of the plant root
extraction. It 1s the region of the soil which determines 1nitial conditions to which
the infiltration model is sensitive. The lower zone 1s subject to root extraction during
the growing season. A root growth model is used in this option which simulates

relative root depth proportional to relative leaf area index.

Water moves from the upper soil zone to the root zone as a function of the

positive difference in saturation between the two zones as:

g, = C,S;(S,-S)bD, for S ,>8 (2.20)
where

daily water movement from surface to root zone

4

C = coefficient (normally taken as 0.1)
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S, = saturation by volume in surface zone
S, = saturation by volume 1n root zone

o = porosity

D, = depth of surface zone (2 to 5 cm)

The depth of water given by the above equation i1s deducted from the surface
zone and added to the root zone. A check 1s then made to see if the root zone
exceeds field capacity, in which case the excess 1s presumed to drain and become
percolation. The soil moisture in these zones 1s also depleted by evaporation or

transpiration both of which are evaluated prior to any percolation calculations.

2.4.1.2 ILWAS Model

The ILWAS model (EPRI, 1983) provides an approximate physical solution
for lateral flow and percolation from temporary saturated zones. The main
assumption for the percolation is that the sublayer 1s always saturated. Thus when
the root zone exceeds field capacity, and percolation i1s occurring, the flow 1s
governed by the saturated conductivity of the underlying sublayer. For the lateral
flow calculation 1t 1s assumed that the tlow of saturated soil water is parallel to the
ground surface and that it one dimensional. The model using the following two

equations for percolation and lateral subsurface flow.
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0 -0
P, =K 1( / ) (2.21)
J* 16 -6
S f
(2.22)
where,
P, = percolation into layer below root zone [m/sec]

saturated hydraulic conductivity of layer below root zone [m/sec]

be
|

L, = lateral flow from root zone {m’/sec/m width]

S = slope ot etftective saturated level, assumed to be parallel to the ground
slope.

Z, = depth of the root zone [m]

0 = current moisture content of root zone [vol/le]

0, = field capacity of soil in root zone [vol/vol]

0, = saturation capacity of root zone [vol/vol]

This conceptualisation of lateral flow 1s based on the assumption that a
temporary saturated zone i1s formed and the equivalent depth of this zone is linearly

related to the moisture content.

2.4.1.3 SWRRB Model

The SWRRB (Simulator for Water Resources in Rural Basins) model was
developed for simulating hydrologic and related processes 1n rural basins by Williams
et al. (1985). It is used to predict the etfect of management decisions on water and

sediment yields with reasonable accuracy for ungaged rural basins. The major
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processes included in the model are surface runoff, percolation, return flow,
evapotranspiration, pond and reservoir storage and sedimentation. The model was
developed by modifying the CREAMS model (Knisel, 1980). Only two hydrological
processes of the model 1.e., percolation and return flow are discussed here.
Percolation

The percolation component of SWRRB uses a storage routing technique to
predict flow through each soil layer in the root zone. Percolation i1s computed using

the equation

P = 60[1 - exp (%‘t” (2.23)
in which
P = percolation rate in mm/day;
0, = soil water content at the beginning of the day in mm,;
At = travel interval (24 h); and
TT = travel time through a soil layer 1n hr.

The travel tuime, TT, 1s computed for each soil layer with the linear storage

equation
TT = M (2.24)
' K1)
in which
K@) = hydraulic conductivity in mm/hr; and
(1) = field capacity water content for layer 1 in mm.

The hydraulic conductivity 1s varied from the saturated conductivity value at

saturation to near zero at field capacity.
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KG) = K,() (:s((ii)))ﬂ’ (2.25)
in which
0.(1) = soil porosity 1n mm;
K@) = saturated conductivity for layer 1 in mm/hr; and
B, = a parameter that causes K(1) to approach zero as 06(i) approaches 6..

If the layer immediately below the layer being considered is saturated, no flow

can occur regardless of the results from Equation 2.24. The effect of lower layer

water content 1s expressed as:

P (i) = PG \ 1 - 695((5;; 11)) (2.26)
in which
P.(1) = percolation rate for layer 1 in mm/day corrected for layer 1+1 water
content; and
P(1) = percolation computed with Equation 2.24.

Return Flow

Return flow 1s calculated simultaneously with percolation. Each water input
1S given the opportunity to percolate first, and, then the remainder 1s subjected to the
lateral flow function. Thus, lateral flow can occur when the storage in any layer

exceeds field capacity after percolation. The lateral flow function for layer i is

expressed in the equation
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Q=@ - Bf) [1 - exp (—;—Té-t) (2.27)
L]
in which
Q = lateral flow rate for soil layer 1 in mm/day; and
TT, = lateral flow travel 1n day.

The lateral flow travel time 1s used to partition flow between percolation and

lateral flow. High values of (TT,) (~1,000 days) give little or no lateral flow, and

low values (1-10 days) give high lateral flow rates in relation to percolation.

2.4.2 Lumped Parameter Model
The lumped parameter model (LPM) assumes that the entire unsaturated zone
can be lumped together as one homogeneous unit and that the recharge (r) to the

saturated zone 1s a function of volume of water stored in the unsaturated zone, 1.e.

y = K(eu) (2.28)
where
0, = the average volumetric water content 1n the unsaturated zone; and
K0, = the unsaturated hydraulic conductivity at water content 6, [L/T].
The water content, 0, 1s simulated using mass balance:
| A At(g - r)
euz = eul + ._.l.‘_..—q...___
Vu
where

V. = the total volume of the unsaturated zone [L°];
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q = the infiltration rate [L/T];
A, = the cross-sectional area of the unsaturated zone [L?]; and
At = time increment between subscripts 1 and 2.

The LPM thus assumes a gravity flow with the moisture regime of the
unsaturated zone revised at the end of every pulse of a given rainfall event. No
provisions can be made for nonuniform initial water contents or the heterogeneous
soil conditions. This model was used by Sloan and Moore (1984) in conjunction
with saturated flow models in their studies on storm-flows on sloping watersheds, and
by Reddi and Wu (1991) and Danda and Reddi (1992) 1n their sensitivity analysis of

recharge due to rainfall.

2.4.3 Storage-Discharge Models

The two simple storage-discharge models developed by Sloan et al. (1983) are
based on a water balance. The models uses the mass balance equation with the entire
hill slope being the controlled volume. The idealized hill slope segment has an
impermeable boundary or bed, of slope & and length L, and a soil profile Qf constant
thickness, D, as shown in Figure 2.2. The mass balance equation can be expressed
in mixed finite difference form as

- il - (ql—;qz) (2.30)

where S 1s the drainable volume of water stored 1n the saturated zone per unit width,
t 1s time, q 1s the discharge from the hill slope per unit width, 1 1s the rate of water
input to the saturated zone from the unsaturated zone per unit area, and subscripts 1

and 2 refer to the beginning and end of the time period, respectively.



40

The kinematic storage model assumes that the water table has a constant slope
between the upslope and downslope boundaries of the sloping soil layer, as shown

in Figure. 2.2a. The hydraulic gradient 1s assumed to be equal to the slope of the

impermeable bed (the kinematic assumption). The drainable volume of water stored

in the saturated zone of the hill slope 1s

(2.32)

where H_ is the saturated thickness normal to the hill slope at the outlet and 0, 1s the
drainable porosity of the soil. At the outlet, assuming free discharge, q = H_ v,
where v = K| sin o, which combined with equation 1 and 2 allows the hydraulic head

at the outlet at the end of each time increment, dt, to be expressed explicitly as

), = Dol (B0 - vAD * 2R1A (2.33)
LO, + v At

When the saturated zone rises so that the water table intersects the soil surface,

Equations 2.32 and 2.33 must be modified, so that

. DO,(L + L)
2

S (2.34)

q =il + Dv (2.35)

where L. 1s the saturated slope length.

The Boussinesq storage model assumes that the water table has a constant
slope (as shown in Figure 2.2b) and that the hydraulic gradient 1s equal to this slope
(Boussinesq assumption), so that v = K_ sin 3, where B is the angle of the water table

to the horizontal. At the outlet, q = Dv = DK sin 8. The drainable volume of water
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stored in the saturated zone of the hill slope 1s

S = — € tan(a - f) < D/L
2tan(o - B) (2.36)
s-.-.Led(D--’z:tan(a-B) tan (a - B) > DL

(a) the Kinematic Storage Model (b) the Boussinesq Storage Model

Figure 2.2. Conceptual Representation of the Hill slope Segment.

2.5 Drainage Models

2.5.1 Solutions of Richard’s equation

Richard’s equation (Equation 2.5) can be utilized for tlow through an
unsaturated zone. The equation may be solved by a number of numerical methods
using small increments of depth and time. Once moisture contents at the grid points
are determined, then drainage rates or moisture fluxes can easily be calculated. The
volume of drainage is given by flux density from the bottom soil layer. The flux
density of water is the volume of water flowing past a certain point in the porous
media per unit cross-sectional area (normal to the flow direction) of media per unit

time. It is positive in the direction of the z-axis. For simplicity, flux is often used
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instead of flux density to describe the same phenomena. The moisture flux (q)

equation was formulated from Darcy’s law as

g = K(®) - D(®) %‘i (2.37)
4

The hydraulic properties of an unsaturated porous media are characterized by
a water retention curve and the hydraulic conductivity (K) as a function of volumetric
water content (0) or soil-water pressure head (). Whereas the water retention curve
can be determined quite easily in the laboratory or 1n the field, hydraulic conductivity
measurements can be more cumbersome and costly, especially when in-situ

conductivity values are needed.

2.5.2 Baver’s Model

The mathematical description of the water movement in the transmission zone
1s simplified by using the assumption that the gravity forces dominate over the matric
forces, making the hydraulic gradient close to unity. With these assumptions, water

loss from a column of length L, together with Darcy’s equation reduces to (Baver et

al., 1972):
L -‘f-g = -K(8,) | (2.33)
where
L = length of soil column [L];
6 = average moisture content in soil column [vol/vol];
B, = moisture content at bottom of column [vol/vol]; and

K(0) unsaturated conductivity as a function of moisture content [L/T].
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For soils near field capacity, with downward movement of moisture, no great

variation in volumetric moisture content, 6, is to be expected, and 6, = 6 = 6, thus:

L2 - _k@®) (2.39)
1

2.5.3 Boussinesq Lateral Drainage Models

Uncontined lateral drainage from porous media is modelled by the Boussinesq
equation (Darcy’s law coupled with the continuity equation), employing the Dupuit-
Forcheimer (D-F) assumptions (Skaggs, 1982). The D-F assumptions are that, for
gravity tlow to a shallow sink, the flow is parallel to the liner and that the velocity
1S 1n proportion to the slope ot the water table surface and independent of depth of
flow. These assumptions imply the head loss due to tlow normal to the liner i1s
negligible, which 1s valid for drain layers with high hydraulic conductivity and for
shallow depths of flow, depths much shorter than the length of the drainage path.
The Boussinesq equation may be written as follows (See Figure 2.3 for definition

sketch) for steady state assumption:

"g'z' (h—lsina)%?-:: —Ki;) (2.40)
where
h = elevation of phreatic surtace above liner at edge of drain [cm]
K, = saturated hydraulic conductivity of drain layer [cm/sec]
[ = distance along liner surface in the direction of drainage [cm]

o = inclination angle of liner surface
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Figure 2.3. Lateral Drainage Definition Sketch.

net recharge (impingement minus leakage) [cm/sec]

Equation 2.40 was linearized by Skaggs (1982) to the following form:

2Ky (y, + a L)
L2

(2.41)

where

O

= lateral drainage rate [cm/sec]
= thickness of water profile above barrier soil at crest [cm]

average thickness of water profile [cm]

Although Skaggs (1982) used an elliptical profile in the linearization of

Equation 2.41, the shape of the profile deviates from the ellipse as y, L, and o vary.

For small drain rates or shallow saturated depths, such that g,,” < 0.4(sin” o)

or y <0.2tan oo (y = average depth of saturation above the entire liner),
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¥

— qD * N
= — or < 0.4 sin? «
¢ 2 (sina) (cosa) for 4p
(2.42)
or
gp = 2 (sina) (cosa) y’ for y* < 0.2 tana

For large drainage rates, such that g,” » 0.4(sin°a) or<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>