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ABSTRACT

The sustenance of viable agriculture depends
strategically upon the provision of adequate subsurface
dr ai nage.

The goals of providing adequate aeration and
salinity control in irrigated |ands have been translated
into a nunber of criteria upon which drai nage systens
are designed. A brief review of these shows that nost
criteria for design can be reduced to that of an
equi val ent steady state condition.

Many theories have been devel oped for the design
of subsurface drainage systens. Sone of these theories
derive exact mathematical solutions while others use
sinplifying assunptions to derive approximate results
that can be applied to field conditions.

Most commonly used drainage theories are based on
the extensive use of the experinental |aw of Darcy which
postulates a linear relation between macroscopic velocity
and hydraulic gradient despite the acknowedged fact that
the law fails in flow situations of high Reynold s nunber.

In this study, approximte analytical solutions are
proposed for the water table profile between parall el
drains, along with drain spacing fornulae which generalize
t hose conventional | y used and based on the Darcy's |inear
law. The validity of these proposed equations is investi-
gated experinentally using a sand tank seepage flow m
under high velocity flow regines. They are found to
cl ose agreenents wth experinmental results as well as
wth simlar studies reported in the literature, and

provi de for greater econony i ndrai nage syst ens desi gn.
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CHAPTER ONE

INTRODUCTION

1.1. OBJECTIVE OF THE STUDY

In this thesis, a study is presented into the
shape of the static water table profile established by
the seepage of steady rainfall or equivalent irrigation
recharge through soil into parallel drains.

The use of non-linear constitutive laws describing
the variation of the flow veleccity with the hydraulic
gradient, in preference to the linear law which is most
commonly used (the Darcy's law) is introduced. Conse-
quently, approximate analytical solutions are proposed
for the water table profile between the drains along
with drain spacing formulae. These proposed equations
and formulae are found to be generalizations of those
conventionally used and based on the Damcy's linear law.

To investigate the validity of the proposed equations
it is intended to carry out a series of experiments on a
sand tank seepage flow model to obtain actual water table
profiles, using sieved sand (effective size 010 = 2.86 mmj.

A rainfall
simulator is used in the model, constructed from galva-
nized iron sheets and perforated with 2 mm diaweter
drills at 5 cm cross spacings. A steady uniform recharge
will be maintained using the rainfall simulator upon the
porous matrix bed. The static water table will be
measured by the use of a series of manometric glass tubes
fixed to the sides of the sand tank model.
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Comparison can then be made between the experimental
water table profiles, those from the proposed equations
and those presented by other research works.

1.2. BACKGROUND TO THE STUDY

The ever rising demand for increased food
production to cater for soaring populations has inspired
tremendous efforts aimed at increasing the food produc-
tion per hectare of agricultural lands particularly
through the development and judicious management of the
Limited water resources available. 1In the last one
and a half decades, the Federal Government has invested
thousands of millions of Naira in the development of
water resources for agriculture in the various river
basins of the country. Indeed, improvéd water management
along with other agronomic, engineering and economic
technologies is a necessary input for increased efficient
food production through water resources development.

The term 'Water Management' implies partial or total
control of the water on the land and in the soil sc as
to enhance high levels of production and reduce damages
to a minimum. In this country, emphasis has tended to
concentrate on the provisions for irrigation of agricul-
tural lands, but a no less important phase of water
management involves the drainaye of agricultural lands,
which is the orderly removal of water that is excess to
economic crop production from the plants' soil environ-
ment or, in the case of irrigated lands in arid and
semi-arid climates, the establishment and maintenance
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of proper salt balance in the soil. Without adequate
provision for drainage, excessive soil moisture accumu-
lates in the plants' soil environment, creating toxicity
conditions that seriously hamper the growth of plants
and cause deteriorative changes in the soil's physical
structure.

A review of available literature shows that millions
of hectares of agricultural lands around the world have
been put out of production through the establishment of
extensive irrigation projects without commensurate
provisions for adequate drainage of the land., Indeed,
the downfall of some early civilizations, such as that
of Mesopotamia, which thrived in the fertile valleys of
Tigris and Euphrates in the Middle East, has been attri-
buted to the damaging consequences of the problems of
water-logging salinity and alkalinity associated with poor
drainage of irrigated lands. Conversely, millions of
hectares of damaged agricultural lands have been
reclaimed by the installation of adequate drainage
facilities in the land along with other chemical
treatments (Russel, 1973).

Reports of water-logging problems in Nigerian
irrigated lands have also recently begun to emerge.

For instance, the Kano river project was established

in 1970 with the plan of putting about 62,000 hectares
of land under irrigation during the first two phases,
but with evidently no provisions for effective sub-
surface drainage. According to Nwa (1982), a ground-
water survey in the area before the project construction

3



showed that there was no water table existing within 1.5 m
of the ground surface even during the rainy season.
However, a study initiated in 1977 revealed that high
groundwater table has become a problem in the Kadawa
sector of the project within seven years of continuous
irrigation, with widespread reported crop failure as a
result.

1.2.2. Flows_In _Porous Media:

The mechanism whereby excess subsurface
water is removed from the plants soil environment
involves the physics of flow of fluids through porous
media and consequently depends heavily on the proper-
ties of the soil. In fluid mechanics, we learn that
in order to describe the motion of a fluid, we require
the kinematic, dynamic, and thermodynamic relationships
of flow, The first of these leads to a statement of
conservation of mass, the second may be derived from a
momentum balance, the third takes the form of equations
of state relating the fluid's pressure, temperature and
density.

The classical dynamical relation for Newtonian
(viscous) fluids derived in texts of hydrodynamics are
the Navier-Stokes equations, and these are the equations
applicable to groundwater flow. The Navier-Stokes
equations, however, do not lend themselves to solution
in very many situations of practical interest. For
this reason, simple empirical constitutive equations
have been developed as equivalent dynamic relations
derived mostly from experimental observations of macros-

copic velocity responses to applied hydraulic gradients.
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By far, the most widely used of these relations in the
derivations of groundwater flow equations is the experi-
mental law based on the work of Henry Darcy in 1856
which postulates a linear relationship between the macros-
copic velocity of flow and the applied hydraulic gradient.
However, while Darcy's law holds good for most flow
conditions in fine grained soils, researches over the
years have indicated the existence of upper limits cof
its validity in which viscous forces no longer predominate
and inertial forces become significant. Flows of this
nature are encountered in rock aquifers, coarse-grained
soils and rock-fill banks, unconsolidated aquifers,
especially in areas adjacent to open water bodies such
as streams or wells; and in flow in filters.

In the evaluation of the drainage requirement
of a given land, a number of criteria have been evloved
upon which to base the design of drainage systems. In
the analyses of seepage flow towards drains, the steady
state condition provides the simplest approach in
obtaining solutions to drainage flow problems. The
steady state is said to be attained when subsoil water
is drained at a stgady rate equal to that of a steady
rainfall or irrigation recharge, and the resulting water
table profile between drains becomes static with time.
Solutions and reguirements based on the steady state
conditions, such as the fluctuating or falling watwr

table conditions.



To analyse the drainage of steady precipitation
into drains, various theoretical approaches have been
developed for the determination of the position of the
water table in equilibrium with rainfall and the deri-
vation of the drain spacing formula. Some of these
solutions are exact in the sense that an exact mathema-
tical solution is found to the differential equations
and boundary conditions that are assumed applicable (e.g.

Kirkham, 1958; Engelund, 1957). Other solutions are
approximate in nature because they use simplifying
assumptions to derive simple results that can be applied
approximately to field conditions (Van Schilfgaarde,
1957; Dagan, 1964).

One of the most widely used of these simplifying
assumptions is the "Dupuit-approximation "(also known
as the Dupuit-Forchheimer theory) used in the analyses
of problems of unconfined flow systems that are shallow
relative to their aereal extents and exhibit
relatively small curvature of the free surface.

Most available solutions to drainage flow problems,
however, have been based on the assumption of applicability
of Darcy's linear flow law. Although the inadequacy of
Darcy's law at high Reynold's numbers has been widely
acknowledged, the treatments of practical situations of
seepage through soils into drains involving Non-Darcy
flow have been few,

The two most widely used forms of nonlinear velocity-
hydraulic gradient relationships are:

(i) that of Izbash as reported by Basak (1976)

6



which is of the form

v = MI® (1.1)

in which v macroscopic velocity of flow

I = applied hydraulic gradient
M = a material constant
and n, is a non-Darcy exponent which lies between

} and 1;

(ii) that developed originally by Forchheimer ijn
1901; which is of the form:

I = av + by™ (1.2)

where 1.6 sms 2
a and b above are resistivity coefficients.

While Izbash's equation is purely empirical,
Forchheimer's equation, though initially based on
experimental results alone, has been found to have
theoretical basis (Irmay, 1958; Ahmad & Sunada, 1969)

Basak (1977) presented one of the few available
solutions of drainage flow based on a nonlinear flow law.
Using the Izbash flow equation (1.1)akove, he derived an
equation for the steady state water table profile between
two parallel drains and a drain spacing formula. In this
study the proposed analytical solution shall be based on

he Forchheimer ecuation (1.2) above. utilizing the sane

flow system as that analyzed by Basak (1977),



CHAPTER TWO
LITERATURE REVIEW

2.1. DRAINAGE - GENERAL

The significance of effective drainage for
agricultural lands has been recognized for over 2,000
years. It has been known that the presence of excessive
soil moisture in a plant environment creates conditions
that seriously hamper the growth of plants.

Recorded examples in the practice of the art of
drainage, particularly in irrigated lands date back to
the times of the early Egyptian civilization in the Nile
valley, and the Roman Empire. Examples of the devasta-
ting effects of poor drainage of irrigated lands have
aléo been known for centuries. Thus for instance,
although varied causes have been cited for the downfall
of the civilization in Mesopotamia which thrived in the
valleys of the Tigris and Euphrates rivers in the Middle
East, most authorities are said to agree that the
finality was determined by problems of water-logging and
salinity associated with poor drainage of irrigated lands.

In the past century, huge irrigation projects have
been established around the world, in many cases without
adequate natural drainage, and have invariably resulted
in the wastage of millions of hectares of agricultural
land, on account of high groundwater tables and saliniza-
tion. One typical case of such projects is the Punjab
Irrigation Project of the Indus valley in Pakistan,
started in the 1$20s. According tec Mehta (1957),
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development of damages to land by water-logging and
salinity in the Punjab project had, by 1945 exceeded
20,000 hectares and was on the increase. Subsequent
studies (e.qg. Framji, 1974) reported that water-logging
continued significantly in the Punjab, reaching the
largest damage extent, with over 1.6 million hectares
affected, by 1963.

In another case study, an estimate of the extent
of water-logging and salinization of various lands in
parts of India where canal irrigation had been introduced
in the absence of any in-built drainage measures, gave
a total of over 3.1 million hectares in 1974 (Framji,
1974).

Reports on studies of drainage problems in irrigated
lands in Nigeria have also been available recently. A
typical review of the history of irrigated agriculture
and the status of salinity and water-logging problems in
the irrigated lands of Northern Nigeria was presented by
Maurya and Singh(1979). Early studies carried out by,
among others, Allison, L.E. of the U.S. Salinity Labora-
tory in 1962, on the salinity status of Irrigation Schemes
of Northern Nigeria, found that in general, harmful
amounts of salinity and exchangeable sodium were not
detected from most irrigation sites. But a similar
report, on a feasibility study on South Chad Irrigation
projects by McDonald and Partners (1973) found that
although levels of salinity existing at the area were
predominantly low, about 20 - 40% of the older flood

n conkained snils with

plains in the Hadejia River Bas
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alkaline sub-surface horizons and low salinity, resulting
in the formation of alkali soils at the basement complex
plains in the lowland areas.

At the Institute of Agricultural Research of the
Ahmadu Bello University in 1978, a salinity survey of
major irrigation projects was initiated, with monitoring
at six-month intervals. As at 1979, results of samples
collected from Tungan Tudu, Hadejia, Tallum, and Thomas
irrigation projects in Kano State showed that except for
a few locations, improved drainage was required in most
areas to forestall the possible future development of
salinity and alkalinity (Maurya, 1979). In particular,
at Tungan Tudu, the report indicated the existence of
a hard pan subsoil layer at 60 cm depth, and water table
fluctuations between 50 .- 60 cm during the rainy season.

In another study, Nwa (1982) reported on the problems
of water-logging in some parts of the Kano river project,
one of the projects identified in a Federal Government
commissioned reconnaissance study of the Chad Basin
within Nigeria in 1968, lying within the Hadejia-Jama'are
River Basin and covering a projected total of 93,000
hectares to be executed in phases. By 1980, 6,000 hectares
consisting mainly of wheat, maize and vegetables were
under irrigation. The study reported that in 1966 - 67,
prior to the commencement of construction works, a study
of about 500 holes augered to an average depth of 1.5 m
showed only one hole containing groundwater table to
within 1.5 m of the surface. In another study, initiated
in 1977, in the Kadawa section of the project, it was
determined that at most locations, groundwater level lav

10



between zero to 60 cm at peak of rains and between zero to
40 cm at peak of irrigations, below the ground level.
Widespread total crop failure was reported particularly

in the lowlands of the project during the rainy season,
and surface crust formation was observed at various

sites. Thus high groundwater table Or water-logging had
become a problem in the Kadawa sector of the Kano River
project within seven years of continuous irrigation
principally because effective provision of drainage was not
incorporated in the project design and construction
initially. While improved irrigation efficiencies and
manipulation of the cropping patterns can minimize the
problems, the study concluded that the ultimate solution
lies in the establishment of an effective drainage system
for the area.

Centuries of experience of drainage problem of irri-
gated lands have pointed to the same important lesson, that
establishment of effective drainage system at fairly early
stages of projects is as important as the irrigation
facilities themselves.

2.2, THE NEED FOR DRAINAGE

According to Luthin (1957), among various sources
of drainage water which create poor drainage conditions
in irrigated lands, two factors are most prominent.
(i) Low conveyance efficiencies resulting from high
seepage losses in canals. As much as 30% of the total
water delivered for irrigation projects has been reported

lost through canal seepage, particularly unlined canals.
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(ii) Low application efficiencies resulting from
excessive application of irrigation water on the land.
Thus, in most surface irrigation methods, some percolation
of excess applied water below the plants root zone occurs,
According to various studies, this percolation is, in
fact, essential to maintain a favourable salt balance in
the soil of irrigated lands.

In a soil environment which does not possess adequate
natural (or artificial) capacity to drain off the excess
water, these conditions result in a gradual accumulation
of subsurface water and therefore a general rise in the
level of the groundwater table. Water-logging conditions
are generally said to exist when crop failure commences
as a result of high groundwater table. It is very
essential to avoid these conditions by ensuring adequate
drainage of agricultural lands. The principal effects of
poor drainage are enumerated below.

High groundwater creates soil environments
with excessively high meoisture levels; and crop productions
are harmed just as much by excessive as by deficient soil
moisture.

The adverse effect of excessive soil moisture on
crop production centres around deficient aeration (Van't
Woudt and Hagan, 1957). Aeration is the process by which
roots absorb oxygen from the atmosphere through the soil
air channels for respiration and other metabollic activi-
tier and exchange it, through diffusion, with carbon
dioxide. In water-logged soils, these channels of gaseous

12



diffusion get blocked and become inefficient for exchange
of gases, thus creating a deficiency in oxygen, or anae-
robic conditions. This shortage of oxygen causes some
species of bacteria to carry out a number of chemical
reductions, producing reduced organic and inorganic
compounds which are very toxic to root cells (Ponnamperuma,
1972). These reduced substances include nitrites, sulphites,
ferrous (Iron II) and manganous (Manganese III) compounds;
hydrogen sulphide, methane, and hydrogen gases. The
presence of these substances in toxic concentrations
weakens the plants' root system, often sufficiently to
become susceptible to pests and diseases. Thus, Grable
(1966) reports that several diseases have been identified
which are prevalent in conditions of water-logging and
nitrogen deficiency. Scalding, a damaging crop disease
which results in the burning and scorching of plant tissues,
has been reported (Van't Woudt and Hagan, 1957) to be
generally ascribed to conditions of excessive soil moisture
and high temperatures.

Anaerobic conditions also create a slowing down in
the rate of decomposition of organic matter in the soil
and thus a deficiency in the end products of nitrogen
and phosphate, which are very important-plant nutrients
(Russel, 1973). Thus, in a study of the relationship
between groundwater level and creop yield, Harris et al
(1962) reported that a rise from 100 cm to 40 cm below
the ground surface of the water table reduced the crop
yield to 633% of the original yield. This deficiency was
corrected by the zapgplication of a nitrogen fertilizer,
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thus confirming that the reduction in yield was due to
insufficient nitrogen in the plant environment. Similarly,
Nicola and Amer (1969) reported increases in the yields

of wheat, maize, and cotton, ranging between 21% and 47%
without fertilizer application due to the installation of
tile drainage in the farm land.

Anaerobic conditions are also harmful to the growth
of scme important organisms in the plants' soil environ-
ment such as those bacteria responsible for nitrogen
fixation (the reduction of nitrogen gas from the
atmosphere to ammonia in soil solution) and nitrification
(the production of nitrates for ready use by plants from
ammonia) - processes which are essential for plant
development (Van de Goor, 1972).

Numerous other problems associated with water-logged
soils have been subjects of studies. Some of these
include:

(i) Inhibited root formation and transpiration
rate of some plants due to increased concentrations of
carbondioxide in the plants' root system (Van't Woudt &
Hagan, 1957).

(ii) Poor trafficability of the soil, making it
difficult or impossible for machinery activities on the
land for tillage and non-tillage operations (Reeve &
Fausey, 1974).

{1ii) High specific heat capacity of wet soils in
comparison with drier soils, thus causing the soil of
temperate lands unable to readily warm up in tﬁe spring,
and resulting in germination delays.
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(iv) Creation of health hazard situations due to
mosquitoes and other harmful insects breeding in small
ponds in the field (Luthin, 1972).

2.2.2. salinity:

A saline soil as defined by the U.S. Salinity
Laboratory is a non-alkali soil containing soluble salts
in such guantities that they interfere with the growth
of most crop plants (Hayward & Wadleigh, 1249).

 saline soils mostly occur in regions of arid or

semi-arid climate and are frequently produced artificially
by injudicious irrigation and poor drainage. They result
from the accumulation of salts in the soil added through
the application of irrigation waters which usually
contain high salt concentrations in comparison with rain
water (Allison, 1964). Salts also result from the
geologic origin of the parent rocks of the soil. Gradually,
evaporation and consumptive use of the water by plants
raises the concentration of the salts in the residual soil
water.

The salt content of irrigation waters is commonly
specified in practice by its electrical conductivity in
m.mhos/cm. (U.S. Salinity Laboratory, 1954). The term
"salt tolerance" indicates the degree of salinity a plant
can withstand without being appreciably affected in its
growth and development, and is generally stated in terms
of the electrical conductivity of the saturation extract
of the soil in the root zone of the plants (see  Maas
& Hoffmann, 1977). Thus, if crop yields are not to
suffer from salinity, the conductivity of the soil
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saline the water, the less water can the Crop be allowed
to remove before irrigation jig reapplied. The re-
application must, more over, be in sufficient quantity
in order to wash down, or "leach" the concentrated

solution below the root zone of the crop.

be used for leaching out the residuail salts from the

Soil profile isg called leaching requirement . Naturally,

In poorly drained land, leaching would only give rise to
water-logging and increased undesirable salt movement
into the upper root zone,

According to Russel (1973} , salinity may have two

types of effects on the growth of crops.

OsSmotic pressure of the soil solution that occurs with
increase in the total soluble galt content, and which
inhibits the growth of plants, Plant growth is inhibited
because the high osmotic Pressure, like soijl moisture
tension,, decreases the amount of water that ijg physiolo-
gically available to the plant, thereby inducing modifica-
tions in plant behaviour normally associated with water
deficiency in the tissues. Thus crops in Nigh salt

content conditionsg would reguire relatively more lrrigation
water application in order to maintain an optimal growth

-~
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rate. Because salt accumulations are often greater at
seed depths than at lower levels in the soil profile,
this effect has been reported to cause widespread
germination failures (Bernstein, 1974).

The second effect is the damage that occurs to crops
due to toxic accumulation of specific salts or ions thch
are otherwise harmless in lower concentrations. Thus,
for instance, excessive sodium concentration (sodium
toxicity) in soil solution results in high pH, which
creates nutritional imbalance by impeding plants' absorp-
tion of many important nutrients such as phosphates,
iron, zinc and manganese. Chloride ion accumulation
causes damage usually in the form of leaf burn or
defoliation (Fireman, 1957). Boron, though essential
for plant growth in allowable quantities is exceedingly
toxic to most plants at concentrations greater than 0.3
parts per million. Presence of the bicarbonate ion in
high concentrations inhibits the intake of calcium and
magnesium and occasionally gives rise to ion chlorosis
(Allison, 1964). Other specifically toxic ions identified
include sulphate, calcium, magnesium and nitrates at
varying concentrations (Hayward & Wadleigh, 1949).

Because high concentrations of salts are already
present under saline conditions, the nutritional imbalances
caused by specific ion effects cannot be corrected by
adding the deficient element to the soil as such amount
would be excessive, costly and would cause further
undesirable increases in salinity (Bernstein, 1974).
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2.2.3. Alkalinity:

An alkali scil is a soil which contains
sufficient exchangeable sodium in its complex to inter-
fere with the growth of most crop plants and does not
contain appreciable quantities of soluble salts. The
development of an alkali soil is caused by the same
factors responsible for the salinization of soils.

As soluble salts from irrigation water become more
concentrated in solution, the solubility limit of certain
salts, notably the alkaline earth (calcium and magnesium)
carbonates and sulphates are exceeded, causing them to
precipitate out of solution, with a corresponding increase
in the relative proportion of sodium in the soil solution.
ca®" and xg7+ ions are the dominant cations normallly found
in soils of arid reéions. However, due to the dynamic
equilibrium between soluble and adsorbed ions, sodium
replaces some of the calcium and magnesium originally
present in the exchange complex of the scil. This
"alkalization" process leads eventually to the formation
of alkali or sodic soils (Allison, 1964).

one long term effect of alkalization resulting from
the precipitation of alkaline earth carbonates and
sulphates is the formation of layers of large accumulations
of gypsum Or ~arbonate minerals at shallow depths below
the surface,formuing a hard pan barrier that is essentially
impermeable except fur cracks and other discontinuities.

The characteristics of clay soils (shrinkaye,
swelling, structural stability, etc.), are influenced by
the strength of attraction between the clay particles,
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which is largely deﬁérmined by the exchangeable caticns
composition., Thus, the bivalent cations of calcium and
magnesium are more strongly attracted to clay particles
than is the monovalent sodium ion, and allow these
particles ro flocculate into stable larger particles

which can result in bettgr structured agricultural soils,.

In sodic soils, however, as the soil solution becomes wore dilute

due to leaching, then following the Guoy-Chapmann diffuse
double layer theory for exchangeable cations which describes
the thickness of the mantle of bound water in which the
exchangeable ions are distributed around the clay particles,
there is an increase in the thickness of the diffuse

double layer of exchangeable sodium on the clay particle
surface. The clay mineral consequently undergoes swelling
and inter-particle repulsive forces develop, eventually
becoming sufficient to rupture the Van-der-waals forces

of attraction between individual particles. The clay
particles thus deflocculate and block the pores through
which water percolates thus rendering the soil imper-
meable,

This loss of soil structure, known as "dispersion" is
‘responsible for the tendency of soils high in adsorbed so-
dium to become plastic and sticky when wet, and impede
water movement, as reported by Firemann (1957). Dispersed
soils are not conducive to vigorouslplant growth because
of the fellowing prqperties which they possess:

(i) The poor structural status of the scil lowers
the nutrient and water availability to plants even in
canditions of abundant water supply.
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(ii) The soils' capacity for gaseous interchange
is lowered leading to oxygen deficiency in the plant
environment,

(iii) On drying. the soil forms large, dense, hard
clods or "crusts" on the surface, separated by few deep
cracks. These dense clods impede infiltration and can
prevent seedling emergence.

(iv) In the absence of interparticle forces of
attraction, individual particles become free units and
may often get "translocated", or washed down to the sub-
soil where they form an impervious layer, further
impeding the downward movement of applied water.

2.3. EVALUATING DRAINAGE REQUIREMENTS FOR DIFFERENT

CONDITIONS

In order to establish an effective artificial
drainage system for an agricultural land a number of
methods exist (see Reviews by Schwab et al, 1966; Donnan &
Schwab, 1974). These include open ditch. surface field,
subsurface or tile, and interceptor drains, as well as
pumped tube wells. Generally, the usual practice for a
given piece of land is to install the drains running
parallel to each other at specified spacings apart.

Under such arrangement, maximum water table heights would
occur half way between the drains. In this section, a
number of different conditions for evaluating the drainage
requirement of a given field, are examined and a suitable
one is proposed.

For any selected method of drainage, the drainage
requirement of a given field is the desired capacity of
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the field to drain a given precipitation such as to
ensure adequate control of the groundwater level (Bourver,
1974) . Where such requirement is not satisfied by the
natural drainage intensity then there is a need for the
design of a drainage system. Drainage requirements are
evaluated for a number of conditions,

2.3.1. Steady State Condition:

The steady state is said to exist when a
certain uniform and steady rate of precipitation
establishes a water table profile, known as the ‘equili-
brium" or 'static' water table, that deces not rise or
fall with time. This implies that the subsoil water is
drained at a rate equal to the steady rate of application,.

The idea of steady state in drainage is to control
the maximum height the water table would rise between
the drains given the soil characteristics, depth of drain
and the application rate. These parameters are connected
together by the various drainage design equations deve-
loped by a number of anthnrg,as discussed in Section 2,5.

Drainage provisions based on the steady state
condition thus assume approximately uniform and steady
precipitation patterns such as low intensity long duraticn
rainfall events Or continuous irrigation applications.
Thus the design.requirement can be described by a certain
combination of application rate and the desired maximum
water table level.

The desirable maximum water table level to be applied
in design varies with the types of conditions. For
instance, lequminous plants are said to perform well with
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groundwater depths of about 50 cm below the surface.
Plants such as grasses or clovers grown for their
vegetative parts, and vegetables are said to produce
favourably with water tables at 30 - 50 cm below the
surface (Van't Doudt & Hagan, 1957). Harris et al (1962)
in their experiments indicated a range of 60 - 100 cm
depths for maize, sweet corn, and vegetables. Van De
Gour (1972) reports that in Netherlands, the highest
average yields of grassland are found when groundwater
table depths are between 60 - 80 cm for fine-textured
soils and 40 - 60 cm for sandy soils. Generally, for
humid climates minimum permissible water table depths of
40 cm for grassland and 50 cm for arable land are assumed.

The value of application rate to be assumed is a
mean value of variable rainfall rates taken as steady
precipitation. Bouwer (1974) reports that an upper
limit of 7 mm/day is commonly used in the Netherlands
based on the observation that on well drained fields,
the drainage rate seldom exceeded 7 mm/day, while water
table seldom rose closer than 50 cm to the field surface.
For typical Nigerian conditions, a higher value would
be expected. Actual values should, however, be properly
chosen keeping in view the nature of rainfall and soil
conditions.

In irrigated agriculture, salinity control require-
ment is to prevent high groundwater levels during
leaching exercises. The leaching requirement, i.e. the
proportion of the applied irrigation water to be used
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for leaching, is also the ratio of the salt concentration
in the irrigation water to the crop salt tolerance. The
required minimum groundwater depth is generally greater
than for humid climates so as to avecid salt accumulation
in the root zone through upward movement of salt ladden
water by capillary action. A range of depths between

120 and 190 cm midway between drains has been indicated
by various authors depending on the soil texture. The
drainage coefficient range is 0.5 - 2.5 mm/day (Bouwer,

1974).

Trafficability control is also often used as a basis
for drainage design on the steady state condition. Traf-
ficability depends on the traction or shearing resistance
of the topsoil, which in turn depends on the soil water
content. The maximum value of the soil water content
required to give a certain shearing resistance of the
topsoil can be determined through the Coulomb equation

(Terzaghi and Peck, 1967):

s C + (P =-U) tan 4
W

in whieh 5 . (oral pressure on the soil

s = shearing strength of soil

U = pore water pressure

= angle of shearing resistance, a property

of the soil mpaterial; and

= cohesion of soil material.

:
!

Fhus, the moisture level that givss a required shearing
résistance can be determined, from which the required
water table depth can be selected to provide the right
moisture content using established experimental relation-

213



ships between water table depths and mbisture contents
(Reave and Fausey, 1974). The drain spacing is then
computed such as to obtain the selected water table depth.

2.3.2. Falling Water Table Condition:

In ¢climates with precipitation patterns of
high intensity short duration events the water table
would usually undergo a rapid rise, reaching the ground
surface during torrential rainfall events. Thus the main
idea of the falling water table in drainage of such lands
is that the water table should drop from the field surface
to a required safe depth within a given safe period of
time. The design requirements in such cases can therefore
be described by a certain combination of a minimum fallen
depth and a safe time period.

The safe time period is determined from studies on
tolerance of crops to temporary high water tables which
varies with crop type, stage of growth, weather conditioné
and soil characteristics (e.q. capillary fringe, drainable
porosity}. Wesseling and Van Wijk {1957} indicated that
in most cases, growth is not seriously affected if a 50 cm
drop of the water table is achieved within 48 hours.

Prainage design based on the fluctuating water
table condition considers the overall fluctuation pattern
of the groundwater table throughout a season. Drainage
requirement is such as to prevent an undesireable pattern
of water tabls fluctuation. For the drainage requirement
to be evaluated, a rational assessment of two factors is
reguired,
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(i) A prediction of the pattern of water table
fluctuation (water table hydrograph) for a given pattern
of rainfall or irrigation recharge.

(ii) The effect of a given water table hydrograph
on the crop yield.

Early solutions to the problem of unsteady (transient)
flow to predict water table changes, were provided by
Glover of the USBR (Van Schilfgaarde, 1957) who derived
equations relating the spacing of tile drains to the rate
of drop of the water table at given heights above the drain.

Maasland (1959) considered the problem of water
table fluctuations in response to repeated recharges,

He presented an analysis of the effect on water table of
intermittent constant recharge (recharge applied inter-
mittently at constant rate) and of intermittent instanta-
neous recharge (recharge applied instantaneously at
regular intervals). Maasland (1964) also considered a
similar problem involving repeated irrigation recharges.

Van Schilfgaarde (1965) presented a method which
takes into account the probability distribution of preci-
pitation events for a certain drainage system to determine
the pattern of water table fluctuations (water table
hydrograph). The results of his method are expressed in
terms of water table frequency diagrams showing lengths
of period per year or season that a certain water table
position is exceeded in relation to the drain spacing.

The approach was parallel to the use of recurrence inter-
vals in hydrologic analyses.
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To enable design of drainage systems based upon
an anticipated long term sequence of recharge and drainage,
especially for irrigated areas, where, with regular irriga-
tion, recharge events are regarded as periodic in temporal
distribution, the concept of dynamic equilibrium was
evolved (McWhorter, 1977). In this concept, drain spacing
is selected such that the depth of water table is the same
at the end of an irrigation season as at the beginning,
and the resulting dynamic equilibrium position is at a
safe depth.

Glover (1978) in his work on transient groundwater
hydraulics, has presented an extensive review of various
methods of analyses of water table depths in the transient
state.

The effect of a water table fluctuation pattern on
crop yields has also been a subject of a number of studies.
For instance, Sieben, as reported by Van de Gour (1972}
found a relation between yield reduction of wheat and
frequency of high groundwater surface in the North-East
poclder of the Netherlands. He introduced the SEW-value
{sum of excess water tables levels above a specified
depth) which is cbtained by summing all daily values,
in cm, by which the groundwater levels (midway between
drains) exceed a reference level. .

It was found that the SEW-wvalue, as é parameter for
groundwater regime in the upper layer of the soil showed,
above a certain minimum, negative relations with crop
vields. Thus, for instance, optimum crop yields were found

to be obtained if the sum of excess water table levels
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minimum groundwater depth = 30 cm were assumed. Adjust-
ments could also be made to the steady state criterion
to cater for changes in drainable porosity, which is the
volume of water that can be drained from a unit volume
of soil.

2.4. POROUS MEDIA FLOW THEORY

To enable the rational assessment of the drainage
problem, theoretical approaches have been devised which
employ mathematical treatments of the theory of fluid flow
in porous media. These theoretical treatments are made
possible by introducing simplifying assumptions, many of
which are not strictly true for actual field conditions,

In spite of these simplifications, however, drainage theories
have been found useful in enhancing quantitative judgement
through understanding of the principles, and give fairly
accurate predictions of the water table conditions provided
proper judgement is used in deciding whether the assumptions
made in the theoretical derivations correspond to the

actual situations encountered in the field.

The study of flow of fluids through porous
media is a special subject in hydrodynamics. The theory
of hydrodynamical analyses has evolved three important
relations that are necessary in order to fully describe
the motion of a fluid (Lamb, 1932). Firstly, we require
a kinematic relation, relating the flow velocity components
at various points in space with density. This relation is
expressed through statements of mass conservation, and
results in the continuity egquations. Secondly, we require
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2 dvnamic relation relating momentum with energy of fluid
flow at various points of the flow domain. These are
expressed through equations of momentum balance, employing

Newton's second law of motion for continuous media. By
combinirg the equation:z for momantum balance and a mass
conservation equation, for a small space-element through
which fluid moves, using spatial coordinates, the classical
dynamic relation used for fluids subject to Newton's law
of viscosity are obtained, known as the Navier-Stokes
equations.

In vector notation, the Navier-Stokes equations for

drainage flow under grafity can be written as

DV _ o plvo 1 u,. u

DE g (E)-P ¢ 5 (0)70.V +(p)v.vv o w v (ZdT)
where

g% is the total time derivative of the flow velocity

V, with 3 components u. v, w, in the x, y, 2z
directions, respectively, and

Du Dv 5 Dw
Dt

ot ' Dt

The vector notations are expressod as
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and
p = fluid density
p = fluid pressure
= time
U = coefficient of viscosity.

Thirdly, we require a thermodynamic relation which takes
the form of equations of state, describing the variation
of the fluid's physical properties such as pressure,
temperatuée, and density. For incompressible flow which
groundwater flow is normally assumed to be, this takes

the form, p = constant. In order to solve the Navier-

Stokes equations subject to the conditions of continuity
and incompressibility, we require, in addition, to
identify the external boundaries of the flow domain

and the appropriate boundary conditions. At a fixed
boundary for instance, the fluid's velocity component
perpendicular to the surface must be zero. For flow
through a porous medium, identification of the external
boundaries of the flow domain would involve the speci-
fication of the exact geometry of each pore space. In

a medium consisting of natural soil or rock, this is
practically impossible except, perhaps, in a statistical
sense.

To facilitate practical analyses of flow problems in
porous media therefore, simpler equivalent "constitutive
equations" are normally used. These are empirical dynamical
relations, mostly derived from experimental observations of
velocity responses to applied hydraulic gradients.
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By far the most widely used of these dynamical
relations in the derivation of groun@water flow equations
is the experimental law based on the?work of Hency Darcy,

a Franchn hydraulic Engineer, in 1856. This law was deduced
from the results of a large number of experiments on the
filtration of water using sand filters. Figure 2.1
shows a schematic diagram of Darcy's experiment,

Fig. 2.1: Schematic diagram of Darcy's Experiuent.
= e e
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Darcy's law postulates a linear relationship between

the discharge across a unit area and the hydraulic P

gradient Ay/Ax; and can be expressed as:

- —_ éx _I . . :. . 4
D vV o= k i . — o (2.2} :
in which
V = macroscopic velocity

A
‘.
:

discharge per unit cross sectional area

1]

and %§ = the hydraulic gradient I causing flow
and k is a material constant normally referred to as the
hydraulic conductivity.

Attempts have been made by numerous authors to derive
Darcy's law, or more generally the motion equations iﬁ
porous media from the principles underlying the theory ;f_.[
hydrodynamics. Most of these involve conceptual model © |
approaches to peorous media and contain assumptions of | 5_1
negligible inertial forces in.comparison with viscous .
.forces in the flow system. Detailed reviews of these héve
been presented by Bear (1%72), and Scheidegger (1960). o

 2.4.3. Nonlinear Flow_Theories:

While Darcy's linear law hoids good for most
soil conditions containing low velocity flow regimes and
in fine grained soils (Todd, 1959}, researches oﬁer the
years (e.g. Anandaktrlshnan and vVaradarajulu, 1963; Arbh-
abhirama and Dinoy, 1973;Volker, 1975) have indicated the
existence of upper as well as lower limits of applicabilityJ
of the linear law. S Lo _ . (o
; The Reynold's number Re, given by |
Re =22 . (203
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has been used by numerous authors in defining the various
flow regimes in porous media. In the equation (2.3),
p = density of the fluid

v

macroscopic velocity of flow; and

B = visceosity of rluid,
D is some characteristic length dimension of the porous
medium. Numerous authors (e.g. Muskat, 1937; Todd, 1959)
have used the mean particle size as the applicable charac-
teristic length. Others (e.g. Polubarinova - Kochina,
1962) have used the effective grains size 010= i.e. the
grain size that exceeds the diameter of 10% of the
mgterial by weight. Yet others (e.g. Arbhabhirama and
Dinoy, 1973) have suggested the square root of permeabi-
lity as the representative length dimension. According
to Bear (1972), in practically all cases, Darcy's law
remains valid as long as the Reynold's number, basnd
on average grain diameter, does not exceed some value
between 1 and 10.

Most early explanations as to why Darcy's law ceases
to apply at higher flow regimes have employed the analogy

with flow through strai'giht or tortuous tubes. Thus, the

failure of Darcy's line  law was scen as signifying the
start of turbulen.. in flow through granular media in the
same way that the farlneee of che Hagen-Poisclle pipe-flow
law signifies L W “ La.bulence in pipes. However,
in an experiment doong 2.3 ca sice gravel and a hot-wire
anemometey arrangemen’' tor e suremeants of velocity and
tnrbalence fluetuati o Wraght (16%) found that although
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at Re = 2, the flow was substantially free from turbulence
until Re exceeded a minimum of 90, reaching as high as
120. Schneebelli (1955) and others have also found the
critical Re for onset of turbulence to be at least 60.

In other words, non-Darcy laminar f£low occurs in the
Reynold's number range from a minimum of 1 - 10 to a
maximum of 60 - 120.

Forchheimer,in 1901, in his original experimental
study suggested that at high flow velocities, pressure
is exercised by the seeping water upon the grains of
the medium, making them m%fe tightly pressed against
each other, thus affecting the flow passages and the
amount of flow through them (Leliavsky, 1965).

Various authors have jidentified a number of regimes
of flow through porous media on the basis of the velocity
gradien. relationship in those zones. Tn a typical
review, Basal (1977) noted five possible zones of flow
reglics for any type of soil. These are:

(i) The no-flow zonco:

which occurs only in media of high colloid
content such as dense clays. Surface forces

ar+ st ong enauagh to counteract the applici

hydranlic gradient up to a value known as
theeoho? ! or initial gradient, Irmay (in Bear
et al, 198) pontion, that £ clay & 1= the
initial gradicnt may exceed 30, He atiributes
thig phven o onGn o the rheological Newtonian

Day 1 augs 012 Wt



(ii)

(iii)
(iv)
(v)
Basax
range of
SO ) typs
f!alg'rlr
T
E)v_l Vet )
I ! L 10

The non-Darcy prelinear zone:

in which interaction between strong nege ive

charges on clay particles and the dipolar water
molecules causes the velocitv-gradient response
to be non-linear.

The Darcian laminar regime:

The zone of linear seecpage law; in which the
effects of surfaces forces are not felt and

the influence of inertial forces are negligibly
small compared to viscous forces.

The non-Darcian post-linear-laminar zone:

Also known as the transition or steady inertial
is still

regime. Flow laminar but a gradual

incrcase in inertial forces makes the flow

deviate from Darcian linearity.

Non-Darcy po linear turbulent zone:

where the applied hydraulic gradient is substan-

tially dissipated in overcoming inertial forces

Ts |

and the rale of velocity gain hence becomes
much less than the increase in hydraulic gradient.
(1977) however noctos that the existence and
b ol the aboe pention~l zonvs vary Ty with
s. The first two 2o L Iy t excl 7
AV &
| ey po ] in 1 rozoane |} Ly F
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to open water bodies sﬁch as streams or.wells,.ahd in é.
flow in filters. ”
Various flow equations have been proposed to describe
the variation of flow velocities with applied hydraulic
gradients in this region. Reviews of several of these i
equations are available in texts (e.g. Scheidegger, 1960;
Bear, 1972}, Most of these equations can be grouped undef
two broad forms, which are the most widely used non- ‘

Parcy flow equations:

1. The Izbash flow equation, which is of the Fform :

| v =nt™ 2.4
in which , . : :ﬁ
| V = macroscopic velocity s . - _ﬁ
I = hydraulic gradient : . ? B ;
N M = material constant with same dimension as:?
;: hydraulic conductivity, and : J S
'; n = a non-~-Darcy exponent varying between % and 1.
.;I{QLH The Forchheimer equation, which reads _ - | %
~ . I = av + bV? - (2.5)
: " in which |

. I, V are as defined aboveland a, 5Iare constéﬁts
determined by the properties of the fluid and
"' G medium, ' . _ B‘
;'- "a" is referred to as the coefficient of linear i%
Irésistivity and has a dimension inverse to that of hydraulic
conductivity and b is called the coefficient of gquadratic
resistivity. The coefficients a and b are theoretically
dependent on the Reynold's number but may normally be
assumed constant over a.ranée of Reynold's numbers (Volker,

1975y, | 2 o %
36 ‘ S . o
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Typical values of a and b under different experimental
conditions have been reported by numerous authors for
different materials (Ahmed and Sunada, 1969; Arbhabhirama
and Dinoy, 1973; Volker, 1975; Basak, 1976). A dimension-
less nonlinear parameter defined as C = b/a?
characterises the non-linearity in the flow relation.

The higher the nonlinearity in the flow relation, the higher
will be the parameter C. For sand, the value of C is
reported to lie between 0.01 to 0,1. For more coarse media
and higher flow regimes, C assumes greater values. For
instance for gravel it has been reported to be nearly
always more than 2.0 (Basak, 1976).

The Izbash equation, though purely empirical in
origin, has been used by a number of authors because it
can represent the three most common zones, i.e. the pre-
linear laminar (n > 1, I < 1), the linear Darcian (n = 1)
and the post linear laminar (n < 1, I > 1), The Forchheimer
equation on the other hand was, like Darcy's law originally
derived from exverimental results of flow in high velocity
regimes by Forchheimer in 1901,

Furthermore, the Forchheimer eguation has been shown
to have theoretical basis. Starting from the Navier-
Stokes equations for incompressible fluids, Ahmed and
Sunada (1969) employed a porous medium model of a homogé-
neous and isotropic nature composed of a spatial network of
interconnected channels. They then averaged the Navier-
Stokes equation over a representative control volume for
a one-dimensional macroscopic flow without neglecting the
inertial terms. Using the Gauss theorem they obtained an
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equation similar to the Forchheimer equation. Irmay
(1958) using a similar approach obtained a similar
equation but with an additional time dependent term.
Irmay's equation which was also the same as that proposed

by Polubarinova = Kochina (1932) was of the form;

av

3t (2.6)

I =av + bv? + C

where C is a constant term and the other terms as defined in
equation (2.5). The latter author, however, showed that
except for the very onset of motion (lasting a fraction

of a second) this additional term tends very rapidly to
Zero. "
Volker (1975) presented a numcrical solution
employing the finite difference method to problems
involving unconfined nenlinear flow using the Forchheimer
head loss egualion and showed that solutions based on

the Forchheimer relation agreed bo*ter with experimental

data than solutions based on Darcy's law especially at
large flow rates. Thus, for instance, in an experimental
work using gravel (effective size 4.8 mm) in a tank with a

central pumping well, a value of K (hydraulic conductivity)

was deleioaned for a flow with a discharge of 0.011 m? /sec.
dhen thi  val nf K was usel Y3 predict discharge a
discrep. ney was obtained of aver 507 between the measured
and calcuwlat«d vaine . The correspewling discrepancy was
only 5% wh 4 Liw For~hho i r ~qguatinn was employed in the

calculaciur,
’L4.3, kv o rimental pertcranination of FPlow Coefficients:

ihe prancipa! tyoe of apparatus for th



laboratory determination of flow coefficients of a soil
sample is the permeameter. To perform a test with the
permeameter a hydraulic gradient is established within
the sample and water flows through the soil. For soils
wich high periecabilicy suchh as coarse sand or gravel,

the constant head permeameter is used (Terzaghi & Peck,
1967) in which the hydraulic head is kept constant aad
the discharge measured, from which the discharge (macros-
copic) velocity is calculated. 1In contrast, the falling
head permeameter used for soils of low permeabilities
consists of a vertical column (glass tube) along which
wateiizglallowed to fall, causing flow through the soil
sample, and the rate of fall is measured.

The method of collecting data is the same for non-
Darcian flow as for the Darcian flow. The hydraulic
gradieants and the corresponding scepsge velocities are
measured under differont vaiue - of cunsiant head., The
hydraulic gradient is then ploticd against seepage
velocity, preferably on logrithmic scales. If the data

plot on a straight line with an inclination of 45° the

flow would L~ Darcian. If the anyle is different from

45° the flon = 01d b fully tve! lent., (a = 0). If

the dai g doee poe faly on one siong) stiaiaght line, th:

flow woule | Liarnsitiomal o 2 w0 b2 0. (G11Y, T9487).
Gill (1971 usod 3 leos' sy Ares mes hod of analybis

4
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of a and b are calculated such that the sum of the
squares of actual deviations of the data points from
the calculated curve is minimum. By this approach the

expressions for a and b were given thus:

N oo N )
_ k" nglf"“ In)- L,vn’ n§1“’“ In)

a (2.7)
1 :
ng1vn ng1vn (rﬁ'-!‘lvnl}z
N .2 2 - N e
b = §Elgzv_ng{yﬁ ’1“1__9513v__@ifv“_?") (2.8)
N,4 N, _ N 2 ‘
né Vn' L.Vn (né!\rn )

in which "n and In are the various experimental values
(N in number) of velocities #ad hydraulic gradients
obtained respectively. Using these expressions, and the
permeamater data oblained by Anandakrishnan and Varadara-
julu (1963) the valucrs of a and b were evaluated for flow
in a constant head pe:ucameter through coarse sand
(effevtive size 3.0 nmn) which was identified to be in
the transitional regime, as: a = 16.92 s/w and b = 21.54
(s/cm) <.
2.5. SOLUTIONS FOR LINEAR SEEPAGE FLOW

In this section, some typical solutions of
seepagce flow througlh soils which are comr only encountered
in literature ave preser tod and discussed. These
solutions re=ilt fr Lhe wathsgalical tyos nents of the
theory of seepage f ow ti ongh porous media, and, for the
case of seepage throwgh sof! dinto drains, are developed

for the purpose aof «dnteraiainag the shape and position of



the static water table between drains and hence the
required spacings between drains under given conditions.
Many of these solutions are based on the assumptions of
linear seepage law, the Darcy's law. Certain recent
studies, however, have focussed on the implications of
non-Darcian seepage (e.g. Gill, 1976; Basak, 1977) and
will be treated in the next section.

The solutions for seepage flow can generally be

classified into two broad groups, viz:

(i) Those that seek mathematically exact solutions
to the differential equations and geometrical
restraints that are assumed applicable;

(ii) those that wuse simplifying assumptions to
derive results that apply approximately to
field conditions,

Some typical instances of both classes of solutions

and their theoretical bases are presented in the

following sub-sections,

——————— ] — o T T ———

The hodograph solutions result from a special
application of the theory of comformal mapping which
utilizes properties of analytic complex variables. The
basic advantage of the hodograph method of solution
arises in unconfined flow problems in which the saturated
flow region is bounded along the upper side by the free
surface, the shape and situation of which are not, as

a rule, known before hand.
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In the method, the free groundwater surface,
referred to as the z-plane is mapped unto a hodograph
plane, the w-plane, where w is a selected analytic
function of z. The corresponding boundary condition on
the w-plane {(the hodograph plane) becomes simplified and
well defined, reducing to a circle segment of known
parameters in the case of steady precipitation. The
procedure then determines the function relating the z-
plane to the w-plane map. In this way,the floating (unknown)
boundary conditions of the initial problem become fixed
boundary conditions after a hodograph transformation is
made.

Among the early uses of the hodograph theory was
the work by Muskat (1937). Similarly, Polubarinova -
Kochina (1962) used it extensively to analyse, among
others, seepage from ditches, and confined flow under
impervious dams. Engelund (1957) also used it for the
analysis of drainage of homogeneous soils. The hodograph
method provides exact mathematical solutions, but its use
as applied to drainage flow problems leads to extremely
complex analysis.

2.5.2. Infinite Series_Solutions:

The infinite series solutions have been
presented by numerous authors, prominent among whom was
Kirkham (1958) who provided an exact mathematical solution
for seepage of steady and uniform rainfall into a homo-
geneous soil drained by parallel tiles or ditches. 1In
his analysis, Kirkham (1958) employed a rectangular model

of flow (see Figure 2.2) bounded by ABCE as shown, and the
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FIG. 2.2: Analysis of flow to drains using potential theory. (Kirkham , 1958)




centre line DB was effectively converted into an
impervious vertical boundary.

Kirkham based his solutions on_ the physical assump-
tion that the head loss along the arched region EDCE is
negligible compared with that for the remainder of the
flow region. This has the implication that the stream-
lines of flow can be assumed to be equally spaced along
EC and also to be strictly vertical above the line EC.
He then sought to find expressions for the stream
function ¥ and potential function ¢ for the water

seeping into drains, which satisfy the laplace equations

k4
of flow, viz:
3y 3ty
:}'T{j‘ + 3_};!- =0 (2.9 )
32 ¢ 3?2 _ .
xr T 0 (2.10)

and the relevant boundary conditions. From these,
expressions were sought for the height of the water table
along the arch shaped water tuble profile.

The boundary conditions for the stream function ¥
were formulated along the following observations:

j From E to C the stream fu.uction ¥ rises

lincovly fron 2ero at E to & maximum value
¢ at o

2. The e st e sbreaniine i CHAN; entering the
st wmidws, b woer the dilches and leaving it
at the boitow of tve divv b, P, The stream
funrLyon i~ thoerelon 2suotant along CB, BA,
Al and! is e 1l to



3. Fran F to E, the stream function ¢ decreases I
linearly from the wvalue wo at ¥ to zero at H.

i) i By inspection, expressions for ¢ and ¢ which =7
satisfied these boundary conditions along with the laplace
eyuations ware uri. : in the forw of infinite Fourio:
series, for a number of different types of drainage outlets.
From the expression of the potential functien, formulae for
the hydraulic head were deduced. Kirkham's final expres-
sion for the maximum level of water tahle midway between
the drains was written as

h

2sR (EE a .
k '2s' 2s

7 F

) L (2.11)
¥

= maximum level of water table above the drain axes,

m -

in which

s semi~spacing of the drains

u

4 the drain spacing, S

R = rate of steady precipitation

K hydraulic conductivity of the soil

2r

j‘s“} anr

D-], given by the expression

Fk is a function of | (25

F, = %[ln el 21 ~(cos = F - ans mx) {cot h Egh - 1)]-H{2.1
in which
h = depth of imperviovs laver helow the axes of the
tile draina (or below water level in ditch drains).
Tne resulbing sguation i= alse applicable for ditch
draiva o sys: mx (kockham ¢¢ al, 1t97%4) if the width of
the dit«b bhrtto. 18 subsktitutsd for 2r, and the depih of

the jwg~rvious laver Lolow tte dite water level for h.

43




If, however, the hydraulic head loss along the
arched region EDCE is significant, then m is no longer
negligible compared to h. To correct for this possible
deviation from his original assumption, Kirkham in a
subsequent study (Kirkham, 1961) proposed a correction
factor of (1-R/k)”', to be applied to m obtained in the
equation (2.12), in order to obtain the expected upper
limit of m under such conditions.

For ease of determination of the function Fk' charts
were subsequently prepared by Toksoz and Kirkham (1961),
based on the earlier works of Kirkham, relating Fk with
the various values of (%%l and {EE).

The mathematically exact drainage equations, due to
their complexity are only used occasionally, in evaluating
the validity of simpler, more approximate methods. As
noted by Van Schilfgaarde (1970) approximate solutions
are frequently preferred as long as their limitations are
clearly understood. Some of these approximate solutions
are presented below:

One peculiar difficulty in the analyses of
drainage in unconfined flow systems is the presence of
an upper boundary, the free surface, along which pressure
is constant, the shape of which is nonlinear and unknown
prior to analysis. In addition the exit of the free
surface normally occurs at a slightly higher level than

the water level in the ditch thus creating a surface of

seepage along the exit face which itself is another
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boundary (Muskat, 1937). It then becomes extremely
difficult and tedious to find analytical solutions
comforming to the above boundary conditions.

About the only method by means of which an exact
dnalytical solution can be derived for these conditions
is the hodograph method (Bear, 1972). Employing the
hodograph method in the analysis of drainage flow
problems, however, leads to extremely complex analyses.
This therefore necessitates the use of simplifying
assumptions which lead to approximate solutions. The
results from these approximations are widely accepted
as good enough for practical field conditions where,
after all, the various differential equations and
boundary conditions which are applied, the assumptions
of homogeneity, isotropy, uniformity of recharge, etc.,
are all in themselves approximate in nature.

The chief and most widely used of such approximations
in the treatment of problems of unconfined flow are the
Dupuit approximations. These were first used by Dupuit
in 1865 resulting from an observation that in most ground-
water flows, the slope of the free surface is very small.
The Dupuit approximations have been extensively used by
numerous authors and have come to be known as the Dupuit-
Forchheimer (D=-F) theory.

The two basic assumptions in the Dupuit approximation
are:
| [ For small inclinations of the free surface of a flow

system, the streamlines can be taken as horizontal
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everywhere in a vertical section.

2, Flow velocity along any vertical section is constant,
i.e. independent of the depth, but is proportional
to the slope of the free water table.

The D-F theory was also referred to as the
"Hydraulic theory" by Polubarinova - Kochina (1962)
because the approximation effectively converts the
analysis into that of hydraulic flow - defined by analogy
with flow in open channels as a mainly 1-dimensional free
surface flow. In the hydraulic flow, transversal flow
components are considered negligible and streamlines
are hence almost parallel to each other. Polubarinova -
Kochina used the theory in the analysis of, among others,
free surface with infiltration or evaporation.

Muskat (1937) has shown that remarkably accurate
results are obtained when the D-F theory is used to
determine the flux of seepage, i.e. macroscopic velocity,
but that the shape of the free surface, the flow net,
and the velocity distribution are generally greatly in
error as determined by comparison with more exact theore-
tical solutions. 1In this regard, he therefore rejected
the theory in its entirely and credited the success of
the flux determination to fortuitous coincidence.

Numerous authors have noted how strict application
of the Dupuit conditions lead to erronous implications.
Kirkham (1967) examined the paradoxes inherent in the
theory. Referring to Figqure 2.3 which shows a model of
rainfall draining through soil into drainage ditches, he
noted that if the assumptions in the D-F theory are applied
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FIG2.3: Seepage flow towards drains from D-F theory
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then streamlines become horizontal everywhere. Two

difficulties consequently result, viz:

1. Part of the discharge, e.g. at points P,Q, outlets
into the soil rather than the ditches.

v 3 If the model condicions are strictly applied than
the source of the drainage water becomes the vertical
plan VV rather than the horizontal plane

on the ground surface.
Furthermore, the model based on the D-F theory does
not provide for the surface of seepage which should exist
at the exit face of the flow above the water level in the
ditch. :
To explain these paradoxcs, Kirkham (1967) proposad

a fictitious "slab-: 21" or "D-I'" model of a soil that

contains a large nunber of vertical, parallel, infinitely

permeable, equally spaced, infinitessimally thin sloLs
cut into the soil down to the impervious barrier. He
showed that using this model the D-F theory gives correct
flux as well as streamlines. However, not all practical

soil conditions can be approximated to the fictitious

D-T seil. For actual field conditions Kirkham, among

irbihe couc ] s5fious, nolkel thatl .
1] ihe D-F thew y SJIVL S s ly’ curcgect streamlines.,
{11y For gicat valar-= of h, i.e. duep Lo irpervious
parcivy, o Y Lnoovs yives slightly lower
Walt Latibe h il , T.r, drain spacings must
be slighaidy Yesz then spacings given by the D-T

¢ Py 0 OF | 1 ,.8h fvear watey *ahle



{iii) The D-F theory fails completely (gives infinite
spacing) when the impervious layer is at
infinite depth.

(iv) Equipotential lines in the D-F theory are

vertical for conditions of drainage flow.

(v} The D-F theory results in a non-orthogonal flow

net.

Kirkham (1958) had, however, shown that theoretical
analyses based on a more exact mathematical method free
of the D~F theory assumptions reduce, under special
conditions of very small free surface inclinations to the
results of the D-F theory, and that accordingly, the D-F
theory is justified for these conditions. Similarly,
Charnii, as reported by Polubarinova - Kochina (1962),
avoided the use of the Dupuit-approximations and
established the necessary boundary conditions for seepage
through an embankment including existence of a surface of
seepage. Charnii's result for discharge was identical to
that obtained from the D-F theory.

Various other authors (Scheidegger, 1960; Bear, 1972;
Glover, 1978) have acknowledged the value of the D-F theory
as a helpful tool in the solution of most field problems
of unconfined flow. The general consensus so far as the
D-F theory is concerned is that its application should be
restricted to flow systems that are shallow relative to
their aereal extent and that exhibit relatively small
curvature of the free surface.

Analyses of steady state seepage towards drains based
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on the D-F theory have been carried out by various authors.
Most notable among these is the analysis by Hooghoudt, a
Dutch Drainage Engineer, in 1940. Hooghoudt's analysis

(see Van Schilfgaarde, 1957; Luthin, 1973) is based on the

condition of Figure 7.1, showing a hoocgeneous soil of
known hydraulic conductivity k with an impermeable
horizontal barrier underlying it. Apart from the D-F
theory assumptions, Hooghoudt made the following further
assumptions:

1. Darcy's law is valid for flow through the soil.

unifornm
2. Soil is homogeneous and of/hydraulic conductivity
¢
K;
3 The drains are parallel and evenly spaced at

aisiances S .’!pal‘t.

From the Figure 2.4, it ds evident that a plane at

the cciirae 1lirn i the twoe drains is a diversion plane
for tle flow sys. R R S & ~r f2otal flow occurs.
All the w.ler € Leri~; the ¢« -iY to the riqght of this plane
flows into the i vt 4 D ozimilarly all the water
on the left govn ta tic Jet:. droin. FKifectively, therefore,
the centre linc can be represontel as In impervious
boundary for colh T tTw te  sw Vried T halves.
Fi T Py O Lowi, < ranlity of per unit
length o e s j R izw i acronss 8 vertical
planc B ioostaed a0 dislanme x Tron b
¢ L‘; <) 2.1%
If Vv T pe 5 L e Db for dmen peessibhl
pr b fa ! I
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which from Darcy's law and the D-F assumptions, becomes
x dy
q v.k. %% (2.15)

Combining equations (2.13) and (2.15)

(5 - %R = ky. %§

and rearranging

(% - X)Rdx = kydy (2.16) ~

Integration of equation (2.16) gives

) x? _ s #
R.-—ix-R-z——— ki—-"'c (2.12)

Applying the boundary condition
| y = h at x = 0
gives finally the equation
RSx - Rx? = k(y? - h?) (2.18)
which is the equation of an ellipse. The same equation
was also derived by Aronovici and Donnan (1946).
Similarly, applving the second boundary condition,

y = Hat x = 8/2; gives the equation:

ls

s? = e (H? = h?) (2.19)

o)

Equation (2.19) is the drain spacing formula for S. H is
the maximum water table height occurring midway between
drains. A similar expression was also obtained by
Kirkham (1958) for the case when % > o,

It is customary for the equation (2.19) to be
rearranged as follows:

: - 4k -
] R (H + h) (H h)

recognising that H - h = m and H + h = 2h + m; the
expression becomes
s? = %5(2h + m)m, or §? = ﬂ%ﬁtzh +m)  (2.20)
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The drain spacing formula is used in a form similar
to equation (2.20) in drainage design using the drainage
coefficient method (Bouwer, 1974).

It has been noted by a number of authors (Van
Schilfgaarde, 1957) that the application of the ellipse
equation to tile rather than open ditch drains introduces
little or no error especially if drains are installed near
the impervious layer. Often the back filled trenches
retain a higher permeability than the undisturbed material

so that tile drains act essentially as open ditches.

Hooghoudt developed a correction solution for
cases when the drain is not on the impervious layer or
when the depth h in Figure 2.4 is great.

When the drain lies above the impervious layer, flow
occurs into the drain from below the drain axis which is
radial in nature similar to the radial flow into a well.
This flow is neglected by the D-F theory.

The pressure head potential ¢ of a point about a

well axis in a homogeneous medium is written (Todd, 1959)

as:
b = f%E in £
and hence for a semi-circular flow region below the drain
axis,
¢ = ;QE in »
where
0 = uniform flow into drain per unit length of drain
r = distance of point from the drain axis; and
k = hydraulic conductivity:
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and for N parallel tiles:

_ 0 In r
$ = e 2 n (2.21)

It is thus 2Jossible to determine in this way the potential
f.,‘ll.i:l‘:‘.-.‘—d‘. 25 Be'ts i R = sl i 24 . oy .'.‘JT_I..L :Ti il L:l—:
drain surface and B midway between two drains. (See

Figure 2.5) as:

A% = 3p = ¥
= ..__.g... -
L. ¥ 1n ey, - ¥ 1n oy (2.22)
in which r, . and r,. are the distances from points A and B

respectively to the various tiles (N in number).

Hooghoudt used this approach to consider the case
of uniform rainfall removed by parallel drains. Uniform
rainfall was represented as an indefinite number M of line
somces in the planc thruvgh the drain axis spaced evenly
rart, each of equal strength Q/i. The expression for the
potential difference between the drain surface and the
centre line betweoen drains was determined in the form of

equation (2.22), which was subsequently reduced to the

form:
0 s - 1 o e |
A = =¥ - - = 2.23
L =% [lnlr ) D.454] PREE . 23)
(4]

where A was a consturng whose valne for vasious drainage
condit ions vas tabuwlialed b y He .,_[f_., il .

Howe v Py Aassin st o i oreia’ flow towards drains
as illusccal above, fall progresssvely in aerror with

decr-asing n, anl foar Lhee gxlr oo ecase whon t} '‘rain lies

T |;nl‘. 'PI.‘.J.:.. o ‘i . -1 bl ¢ L ;TII"q:" : l =~ ¢
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In other words, both the D-F theory éséumption of
horizontal flow and the radial flow assumption fail
completely at two opposite extremes (of small h and large
h) and neither of the two yields satisfactory results
for intermediate depths. Hooghoudt sought a correction
solution by combining the two assumptions. He assumed
that the flow in the region near the midpoint between
drains is horizontal, and that in the region near the
drain is radial and the two reglons are separated by a

n.vértical plane YY at a distance x1 selected such that the
”Ipotential difference A¢ between the upper and the 1owér
points of the plane (Y1 and Y, in Fig. 2.5) is a minimum,
i.e. causing the prlane to be nearly an equipotential, as |
it should be for the D=F assumptions to apply. This turned

out to be the plane X, = Q%Z | :  .L

Iw:bé£eéﬁining”théPﬁotential differéhces thféﬁgh the
fQopregions using the relevant equations and summing
together the difference in potential between the drain
surface and the centre line. the result was written in terms of an
infinite series and then simplified in terms of two

constants B and C as follows:

Ve e

Ad =~E (B + C) L (2.24)

~ However, instead of working withbequations (2.21) -

(2.54) above, Hooghoudt considered it more practical to

have a formula similar to the ellipse eguation (2.20).

To account for the extra resistance caused by the radial
flow near the drains, he introduced a reduction of the depth
h to a smaller equivalent depth d and eguation (2.20) then

reads:
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2 . 4km
® R

(2d + m) (2.25)

In design based on steady state, R is taken as the

drainage coefficient,

Mha sl ites Af A Aoamaces TR 3 [ Lisn omncttm o
A7 . 1T =,

and drain radius 8 (or width of drainage ditch 2rol.
Various values of d for different values of h, §, L have
been presented in extensive tables originally due to
Hooghoudt in 1940. To further simplify the determination
of d, graphical and/or analytical methods have been
presented (Moody, 1966).

Wesseling (1964) has compared the Hooghoudt solution
with that of Toksoz and Kirkham (1961) and found that for
practical field conditions, the two never differed by
more than 5%.

2.5.5. Dagan's_Solution:

Dagan (1964) in 4. analyvsis of flow to
different types of drains located at finite deplhs
combined two methods of approximate solution, viz:

Ts The D-I' theciy ass.umptions, which he applied
in the regyion ncar the centre line between
drain. The drawlown in this region was thus
calculatT usatig the ellipse equation,

4 Lincay jealion of Lhe non=lincar flow differential
equation (2,.26) which is applicable to the free
surface of the grouniwater table, by neglecting
the quadratic terms aus nst the remaining ones.

Th~ non=linear eqguit 1on 15

A . G4 .
- (") = (R + E}-_ + Kb , (2. ‘b,
X ay ’



The quadratic terms neglected are:
96y2 (39,, 9
(ax] ’ (ay) and R(ay)
where ¢ is the velocity potential.
The equation (2.26) was consequently transformed

into:

3% _
iV R (2.27)

This approximation is valid for small water table drops.
Its solution was used in the calculation of the drawdown
in the region near the drains.

Dagan then used the combination of the results of the
two methods, for both isotropic and anisotropic soils, in a
manner similar to the combination of radial and horizontal

flows used by Hoochoudt. His solution was of the general

form:

g (-291 - 2ah) = K (1 - n?) (2.28)

in which a is a parameter which differs from case to case
and is dependent on the depth h. Values of a for various
conditions were prepared by Dagan.

Dagan's solution generallizes the ellipse equation
(a = 0) and unlike other solutions, can be adapted, by
selecting appropriate values of a, to different cases
including non-isotropic soil conditions and drains
located below the free surface,

2.6. SOLUTIONS FOR NON-LINEAR FLOWS

Because of results of various research data
over the years indicating that laminar flows do exist
in numerous soil conditions which do not obey Darcy's
law, it now seems to be very desireable to have solutions
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af_bfoblems of percolation throuéh porous media inéorpora-
ting velocity gradient relationships representing the
Non-Darcy flow zones. Sudh solutions are, however,
relatively few in available literature, A characteristic
samprle of some solutions based on non=linear infiltration

or seepage flows is presented helow.

S ~ Gill (1976) presented an analysis of one-
dimensional vertical infiltration using the Forchheiméﬁn,;f
non-linear velocity - gradient relaticnship. (equation
2.5 ). He considered infiltration under constant head
as well as falling head of water through a homogeneous

" isotropic medium with constant hydraulic resistivity.

Under constant head HO, the hydraulilc gradient
(dh/dy} at any location Yo of the infiltrated front of water

(see Fig. 2.6) can be written as:

i oan Pt 'R
dy . YO

in which hk = ¢capillary head, which also remains constant.

k | - (2.29)

-E.; The infiltration velocity V is given as

o
dt

where m = porosity of the medium.

. vEm, (2.30)
Gill combined the above expressions with the
Forclhheimer head loss eguation as:

S R éh, _ av + bv? .

to obtain the equation:

dy dy H + h + y_
o) 2 Oyz2 . _O k o .
am(aE~) + bm (EE—) N (2.31
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The derived solutions for non-linear flow, i.e.
equations (2.32) and (2.33) showed that lesser time is
required for infiltration to equal depths through a
material characteristic of non-Darcy flow (e.g. gravel)
than for macerials cnaracteristic of Darcian f£low.
Similar trends were established for infiltration under
falling head conditions.

2.6.2. Seepage Through Embankments:

Basak (1976) presented a steady state
analytical solution for unccnfined flow through embank-
ments. He used the Forchheimer non-linear velocity-
gradient relationship. The embankment analysed has
vertical faces with a horizontal impervious boundary and
has dimensions as shown in Figure 2.7.

Combining the continuity equation

v = g/h,
and the Forchhei mer equation
dh
dx
and applying the D-F assumptions, Basak arrived at the

= av + bv?

egquation:

o i o 8 C(g*l’ (2.35)
in which
V = mae S R PR P4y
q = disclarge por unit widlto A0 o =okmen)
X X1

y = h/H ard lle_/!l Y



C is a dinun nless non-lincar pavaancter which
gives a mrasure of non-lineaviiy of flov

Inserting the boundary conditions:

(1)

X

0; h, HC and y v

(2.36 )
X = Tl: ‘\1. H an ! '_r' =
the soluticgn to tie cyuation (2.35) gawv.
1-y7)
H,( @] (1+4Cqg,) ,
1 = = - C(1- +C? In - &7 ] 2.37
T (yg)*Cq Iny,_+ca,) ‘ }

For Darcian flow, (C = 0) the corresponding equation

becomes parabolic, i.e.

F <
,‘HY-YO
X L{ 3q. ) (2.38)
The derived solution, i.e. eguation (2.37) showed

that for the same steady discharye the free surface is
higher for non-Darcian flow compared to Darcian flow,
and that the non-linear flow solution always predicts
lower (and more accurate) discharge for the same drawdown
than the corresponding d¥scharge predicted on the basis
of Darcian flow. TFurthermore, for non-linecar flow
conditions, the variation of discharge with Ys is no
longer parabolic as in the linear flow case. Basak
compared the results of his analytical sclution with a
numerical solution to the same problem, using the finite
elements approach used by Volker (1969). There was found
to be a close agreemnent between tne two solutions.

Basak (1977) presented an analysis of a ditch
drainage system with steady precipitation, based on a non-
linear seepage law. He used the Izbash non-linear flow
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equation (i.e. vryguation 2.4 )

vV = Htgiin
The continuity e nofrom Pig., 2.4 was weittben
down as:
1 {s/2 = =)
= V.y
using the D-F assunption, the following cyuabion was
derived:
Y(%,z{ﬁéé}“”(%,“ - X) (2.39)
in which
Y = % P X o= 3?3

Inserting the boundary conditions

At y h; x=20

At y = H ; x = §/2
The solution to the equation (2.39) gave the
equations for water table profile and drainage spacing

respectively as follows:

VNV e I B VIR A g ) VMY, 2,30
S _(2(1=-1/n)/(1+1/n), 4M,1/[n(1+1/n) ]
H R
i =12 N W1 (2.41)
where Y = h
o " H

Thus, it is seen that for Darcy flow (n = 1, M = X)
the equation (2.41) reduces to the ellipse equation for
drain spacing, i.e.

S/H = (gﬂ)’u -(—g-).’l*



Tﬁe solution derived by Basak showed that:
- For non-barcy flow, the shape of the water table
between the two ditches no longer remains elliptic,
- In the transitional zone (n < 1) the water table
lies above the water table based on Darcian flow
.assumption. ' C !
- For post linear flow.regimes (n < 1) drainage
'ﬁ ' spacing would always be greater than that predicted
. by the equation based on Darcian flow assumption,

2.7. SEEPAGE FLOW MCDELS AND ANALOGUES

The use of models and analogues in the study of
groundwater flow has been widely practised, as a technique
in which the behaviour of fluid flow in a porous medium
is reproduced on a different and more convenient scale
or form.

Two systems are said to be analogous to each
other if there is a one-to-one correspondence bhetween
each element in the two systems as well as between the
excitation and response functions of these elements and
the system as a whele (Boer and Van der Molen, 1972).
An analogue and a prototype normally belonq to entirely
different physical systems. The analogy is based on the
3_ similarities between the laws which apply to the two '
éystems. Analogues typically used for seepage flow.
studies include:
(i} Visceous flow analogues: which are based on the
similarity between Darcy's law governing '

saturated seepage flow and the eguation
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governiag the 1w of iscous liguids in the
nac row =oaee belucen "wo parallel smooth platcs

(Gnitjens, 1974).

(it) Electric analuy cated n the similarity
belweaon Darcy's o rar 1w for flow in porous
media and ohim's 1ow, which postulates a liacar
relationship belw. :n the eloclric current and

the voltage gradient.

(iii) Membrane analogues: based on the similarity
between Darcy's linear seepage law and the
lincar stress~-strain relationships in an
electric merbrane (Bear, 1972).

2.7.2. Sand _Tank Models:
Models are physical analogues which involve

the same physical phenomcna as those in the prototype.
In a model, every prototype el -ment is reproduced,
different only in scale.

®  The reduced scale models used in groundwater flow
studies are known as sand tank or sand box models. The
sand tank models, are replications of field conditions,
consisting usually of a rigid container filled with a
porous medium such as sand, with the geometry of the
container corresponding to that of the prototype flow
domain., For one-dimensional flow studies such as vertiI:-=_
infiltration, sand columns are most commonly used,
consisting of a vertical cylindrical pipe packed with s:z-%,
The most common shape for two-dimensional flow models is
rectangular.

Sometimes symmetry properties of the
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to verify theoretical strcamlines, using tracer dyes,
of flow of water from an artesian basin into horizontal
equally spaced circular drains,

Sand tank models are also very valuable in studies
of flow situations jiavolving high velucities, where
energy losses due Lo promluence of inertial Lfoveces and
turbulence create non-NDarcy flow conditions. Sirce all
other drainage analogues depend for their analogy with

groundwater f£low on linear response laws similar to Darcy's

law they.cbviously cannot be used to simulate nonQﬁégé;mm

flow conditions., Thus, Luthin and Haig (1971) performed
sandbox model cexperiments to study conditions in the

immediate vicinity of a drain tube where high velocities

of flow cause turbulence losses in energy that could not
_otherwise be predicted. Similarly, Volker (1975) used

'sand box model for the study of two dimensional as well

as axisymmetric flows invelving non-Darcy flow regimes,

Sand box models can be used for the study of a

variety of other cases involving, among others, steady ahd
unsteady state flows, aniscotropic media, inhomogeneous

media, hydrodynamic dispersion {(miscible displacement) 3

and leaky formations (Bear, 1972).

2,8. SUMMARY-....%

The preceding discussions in this chapter have =-i=-

:pointed out the wide possibility of the existence of

laminar flows in po;ous media which do not obey Darcy's :yv's3
law. 8Sc far as flows through coarse sand under medium to L
high gradient goes, published experimental results for the tﬁ?
last few decades have indicated : that the flow is initially :*7 .

i d e
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linear up to a Reynold's number around unity and then
enters into the post-linear regime. It therefore seems
necessary to have solutions of subsurface drainage flow
problems incorporating a velocity-gradient response
that is non-linear. Such treatments have been compa-
ratively lacking in the literature.

Accordingly, the next chapter presents an analysis
of steady state seepage flow into drains incorporating
a non-linear flow equation. Subsequent chapters will
present results from sand tank model experiments

investigating the validity of the analysis.

66



CHAPTER THREE

ANALYSIS OF STEADY NONLINEAR SEEPAGE INTO DRAINS

3.1. INTRODUCTION AND ASSUMPTIONS

In this chapter, approximate theoretical

formulae are derived for the height eof all points of
the arch-shaped water-table established by steady non-
Darcian seepage through a homogeneous soil into parallel
ditch drains. The soil is underlain by an impervious
layer at the bottom of the ditch, and the depth of the
ditch is shallow in comparison with the horizontal
spacing between the drains. The drains are eqgually
deep with equal water levels in them. Figure 2.4
shows a definition sketch of the problem.

In the figure, parallel ditch drains in the soil
remove ground water at a steady rate equal to that of
a steady precipitation. The ditches have water in them
up to the level A where the water table AB intercepts
them. A surface of seepage at A is neglected. The
slope of the ground water table is zero at the centre-
line, about which the flow system is symmetrical.
Consequently, the velocity component perpendicular to
the centre line is zero, and the centre line becomes
analogous to a vertical impervious boundry. The following
further assumptions are made:

(1) The non-Darcy flow regime follows the Forchheimer

head loss equation, i.e.
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1
2 . 4

I = av + by T ¢ ™ . -1 3. 1)
where v = microscupic velocity, and the coefficients
of flow resistivily a and b remain constant,

(2) The water table has small curvature, the
distance BC is very small in relation tc AC and hence
the D-F assumptions are approximately true.

(3) The porous medium is homogeneous and isotropic
and the precipitation rate, R m/s is stcady and uniform.

These assumptions have been most frequently used
for analyses of Darcian seepage to drains and found to
yield valid results for practical purpcses. It is
believed that they will hold good for non-Darcy flows

as well.
The x-axis as shown in Figure 2.4 shall be the

reference level for hydraulic head.

3.2. CONTINUITY OF FLOW

With reference to the Figure 2.4 and from the

continuity of flow, the quantity of flow g per unit
length of ditch moving horizontally across a vertical
plane DE located at a distance x from the origin is:

g = R(8/2 = X) ==—ee——somresemeco——= (3.2)
Similarly, for incompressible porous media,

F = W) e o v e S (3.3)
where y = the vertical distance ED.

Combining the above two equations (3.2) and (3.3)

gives

Substituting equation (3.3a) into equation (3.1) gives

aR(S/2 - x) + bR? (/2 - x)? _ dy
Yy y* dx
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thus yielding the homogeneous equation

2
—%%=P§T+o§, ------------------- (3.4)
in which
X = (S5/2 = X) =———mmmmmmm e (3.4a)
and hence dx = - dX and P and Q are the dimensionless

coefficients of gquadratic and linear resistivity
respectively, i.e.

P = bR?

Q = aR
The equation (3.4) is nonlinear but due to its homo-
geneous nature, its solutifon can be sought analytically.

If we put u = y/X; or y = uX, =======- (3.5a)

gy - B e
i.e, ax u + X ax’ (3.5b)

then equation (3.4) becomes

SN a2 o8
dax u? u
dy _ =(P + Qu) _ __ e

Combining eguations {3.5b)and (3.6) gives

-{P + Qu) _ _ dun
g ma= X g0 o 03

Rearranging the above equation gives

- 3
£ 3:‘1 YR} .y g%, _______________ (3.7b)
or
u’du _ dX
- S B Sl (3.7el

The integral on the LHS of eguation (3.7c¢c) can be

evaluated by resolving into partial fractions. For this
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the conditions.
Thus we can now resolve the LHS o the equation
(3.7¢c) into partial {ractions as followvs:

. w'du - udu
(0 + Qu + u¥) “(Q + u’)

A du r B du_

= [ — u—iv”f.

u + ivQ 2
= f . wdw e (3.9a)

(u + ivQ) (u - ivQ)
The constants A and B are determined from

u = Afu - i/Q)+ B(u + ivVQ), =~=-=—-—ee-== (3.9b)
giving K+ B g oo omme (3.9¢)
and - AiVQ + Bi/Q = 0, =====-mmmmeemmmee—=={3,94)

equation (3.94d) => A = B
and therefore from equation (3.9c)
A=) and B = |

Substituting these values into (3.9a) and reverting

back to equation (3.7¢) gives o
L - (3.9€)
(u + ivVQ) (u - ivQ)

Integration gives
} log(u + ivQ)+ 3} log(u - iVQ)= - log X + C1
Rearranging the above expression gives successively
the following:
(w + @) = c,/x
u? + Q = Cy/x?
u’x? + Qx?* = By SRS AR (3.9€£)
C1, CZ' c3, are all various constants assuming different

values.
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Substituting the expression u = y/X of equation
(3.5a); equation (3.9f) becomes

y* + QX? = By F57 SRS o (3.99q)

Equation (3.9g) is an cguation of an ellipse, and
since X = (§/2 - x), tron it represcents an ellipse with
an axis of summetry at x = §/2, i.e. the centre line,
According to Van Schilfgaarde (1970), it was first
derived, albeit in a somewhat different manner by
Colding in 1872 and later, apparently independently by
a number of other workers including Hooghoudt in 1937.

Returning to eguation (3.9g) and substituting
back the expression (3.4a) we obtain

yl + Q(s/2 - x)* = C3; ------- e e e (3.10a)

To obtain C3 we substitute the boundary condition

. . €3 =h? +Q(5/2)°
and hence (3.10a) becores

y? + Q(8/2 - x)? = h? + Q(8/2)?, ===---- (3.10b)
Rearranging, we obtain

y* - h* = Q(sx - x*), === rm——————- (3.10c)
Inserting the second boundary condition;

y = H at x = §/2
and simplifying, the cxpression for drainage spacing
is obtabined as:

§* = (H! = h?), -=--—cmcmemseeaoee ——==e=(3.11)

In Darcy flow literature the above expression is
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encountered as

o« 8B g < Y, e o Sansannid, 118)
where k = hydranlic condnect ivity

= }/a
Equations (3.10¢) and (3.11) are also wrillen as:

l};—)’ -1 =0Q.(8/h) (x/h)~- Q (x/h)?, - -=(3.104)

()7 = 2p/m)E - 1), —-mme- " (3.11b)

Ol Ol

(g.)z = = [1 - (h/H)?], ————mmm—mmmmm (3.11¢)

3.4. TRANSITIONAL NON-DARCY FLOW

For transitional non-Darcy flow regimes,
a#o0o; and b # o and hence P # o.
Recall from (3.4b) that P = bR? in which R =
precipitation or drainage rate in metre depth per second.
Typical values of R(m/sec) are normally extremely
small. For instance, a 5 cm rainfall storm of 1 hour

duration gives

5/100
3,600
Reported values of b range from the high range of about

R = 1:39 % 10-5 m/sec.

7450 (s/m)? for sandy material to the lower ranges
eground 10 - 20 (s.m)? for gravel material (Basak, 1976;
Arbhabhirama and Dinoy, 1973). Values of a on the

other hand range between about 700 s/m for sand to belc':
10 (s/m) for coarse gravel. Values of P = bR? would
therefore normally be very small in relation to the

values of Q and the distance measures of x and y.
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It would therefore be possible to determine a first
order approximation of the roots of the polynomial f (u)
in equation (3.7d). We base the approximation on the
three roots of f(u) for the case P = 0 (see (3.9)) which
were 0, *+ iYQ.

When P # 0, but is small, it induces small changes
in the values of the roots as they existed for P = 0.
They would now become

a, B +ivQ
where a and B are also small, perhaps of the order of

P (or Q). Thus we assume

u1 L |
Uy = B 4 /@ ), mmmemmmmmmmmmeeeeeee (3.12)
uy =8 = ivQ

If these roots are to satisfy the equations (3.8a)

and (3.8b), then:

(a) u, *u, +u, = 0, i.e.

(b) u,uug = P, i.e.
a(B + i/Q) (B - iV/Q) = P
=> a(B8® + Q) =P
Neglecting higher orders (of a, 8), this gives
@aQ = P => a= P/Q
and therefore

B = =a/2

~-P/2Q.
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(c) Substituting into the third condition of
egquation (3.8b) in order to check; LHS of eguation 3.8b
(iii) is

1121.13 + 1.111.13 + u1u2
(8 + 1VQ) (B = iVQ)+ a(B = 1i/Q)+ a(8 + iV()

(B2 + Q)+(af = iaVQ)+(as + iavQ)

u

= Q + *iu/6+icn’6

= Q
i1.e. heglecting g, af.

Thus, the third condition of (3.8b) is also
satisfied. Therefore the three roots of f(u) in (3.7d)

have been determined as:

gy = P/Q
Gy ® = BI04 BAF ¥ wemmmmecemmnc (3,13)
u, = -~ P/2Q - ivQ

Thus we can now resolve the LHS of equation (3.7¢) for
this case into partial fractions as follows:

7 u?du . I A du
-
R (u + §6)+ ivQ

. 7 B du v s CduP __________ (3.14)

P
(u + 55) ivQ (u-—-@)

Expanding ahd rearranging,
. P ja - 2
u Al(u + 35)= i/Q}(u - )
+ Bl(u + 350+ 1@ u - Q)
+Cl(u + 520+ 1/QH (u + 2=)- /@)
2Q 20
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u? = Al{u - %’-1 (u + -‘2’—Q>— i(u - g)/é‘}

P P P
+ Bl (u - 6){u + 7§)+ i(u - 5)/6}

P_
2Q
The constants A, B, C, are determined, by comparison

+ C{(u + ¥ & Ok,

of coefficients of similar powers of u,in the following

equations:

(1) A+ B+ C =1, =————mmm—mmmeeee (3.15)

-P _ = -p ~ P
(ii) A(Ea i/Q) + 3(35 + i/Q)+ C g " 0
=> gal-A—B+2C)+ 1 L D p—— (3.16)
-p? P -p? P = p?
(iii) Aliar + i 5/6;+ B(zg— - i 6/o)+ ctﬁﬁr + Q)

=> %(—2A—2B+C)+CQ+ i aPl’ﬁ(A—B)=O,—-——(3_17)

For both equations (3.16) and (3.17), equating the
coefficients of i gives
A = B.
Further, multiplying (3.16) by P/Q and adding the

result to equation (3.17) gives

p!

zar(-4A-4B+SC)+CQ () i i o v i e {3.18)
Putting A = B, from (3.18) gives,

%%r(-BB+SCJ+ Rl e R (3.19)

and from (3.15),

2B + C = |, ===cmmccccmccmcmem e e —————— (3.20)

(Equation (3.19) x %;) -CQ:

Pl
7ge (8B + 4C) - CQ = 75 - CQ, ==-—----oe- (3.21)



(Equation 3.19) + (Equation 3.21):

P? PJ

Eb-'a.gc = 5’3 - CQ

Rearranging the above expression gives

7 2
Clagr + @ = &
or
op2 + 4Q*, _P*
Cl—gar—) =X (3.21a)
giving

_ 4Pz e e e e
C = §pT ¥ 40Q° (3.21b)

C could also be expressed as

C = 4p? /Q? - 4a?
T 9PT/QT + 4Q  9a? + 4Q

If, as assumed earlier we could neglect higher
orders of a, then it turns out that C = 0,
We are thus left, from equation (3.20) with
2B = 1; i.e. B = }
and, from equation (3.15),
A=},
If we substitute these values of A, B and C into
equation (3.14) and write down in full the equation

(3.7¢c), we obtain

u? du du du
f o . & f ol 2
P+Qu+u P 7B P iva
{u+ ia]* ivQ (u+ 20) ivQ
i et B — IR P
- Ar x r (3.22}

Integrating the above equation and simplifying

gives
e
P oya = 1
¥} logf (u + 56) + Q) = log &

and therefore,
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P €
(u + 36}‘ +Q = X —rmemescsnccveeses={3 ,223)
Substituting back the expression (3.5a), i.e.
u = y/X

and rearranging, gives
P 4ya . R i —_—
ty + 30 X)? + QXx? = c,, (3.22b)

C1 and C2 are both constants assuming different values.
It is seen that equation (3.22b) above is not an
equation of an ellipse.
To obtain the constant C2 in equation (3.22b) above,
we substitute back equation (3.4a) for X, i.e.
(y + 35ls/2 = x1}* + Qls/2 = x)? = C,, ===(3.22¢)
and insert the boundary condition
y =hat x =0
giving

C, = (h+ 25.8/2)7 + Q(8/2)7, ====-mm-n= (3.224)

20"

Equation (3.22c) thus becomes
{ P = 132 2
g o jafafz = X1 v Qlgl2Z ~ x)

=

55-S/21 % Q(8/2)?, ==mmmmmsmeseaes (3.23a)

= (h «

Rearranging, (3.23a) gives

(v + B
4 2'2

(/2 - x)}* -~ (h +
o QSN o AT Mg o o smmmme e e g s 0 s o (3.23b)
Inserting the second boundary condition, i.e.

y = Hat x = 5/2

1]

and simplifying, the expression for drainage spacing i



obtained as:

§? = %{H’ - (h + ga.s/ZJ’}. ------- --=-1(3.24)

It is seen that equation (3.23b) which gives the
water table profile and the equation (3.24) which gives
an expression for drainage spacing are generalizations
for the case of non-Darcian seepage, of the correspon-

ding equations, 3.10c and 3.11 for the Darcian seepage

0).

(p
Equations (3.23b) and (3.24) are also written as:

P 82 _ Xivy L ya . B 8/2
{E + Ealnﬁ_ - H)] {1 70 "E—}’

(ﬁ): = 6{1 {H +» 58 " H A (3.24b)

3.5. FULLY TURBULENT FLOW

For fully turbulent non-Darcy flow regimes
a=0; and b # 0 and hence Q = 0; and P # 0,
Equation (3.7c) then becomes

wda _ . dx __
s ooy r - (3.25a)

or, rearranging:

3u? e o 9o
Hevo =1 (3.258)

Integration gives:

¥+ log (P + u’) = - log X + c,
and therefore,
2
(P + ) = 3F , ~—-mmmme- R A e (3.26)



The above expmession ylves

PX® + u'X? = C2' e ~= ss-s Ze-==a(},20a)
Substituting back the cxpr: ssion (3.5%a), i.e.

u = y/X
gives

y? + PX? = Cyp == e S  ad E T

C1 and C2 are both constants assuming different values,
It is seen that equation (3.27) is also not an eguation
of an ellipse.

Substituting back the expression for X in eguation
(3.4a) gives

y2 & P(B/2 - %)? = Cyy ==——==== et (3.27a)

To obtain the constant CZ' we insert the boundary
condition

y =h at x =0
giving

C, = h* + P(s/2)°
Equation (3.27a) thus becomes

y® + P(s/2 - x)* = h?® + P(S8/2)°
Rearranging

y* -~ h? = P {(8/2)* = (8/2 = %)?}; ==rw== (3.28)
Inserting the second boundary condition, i.e.

y = Hat x =g/2
and simplifying, the expression for drainage spacing S

-

is obtained as:



Equation (3.28) is for the water table profile.
It represents a cubic curve whose shape is markedly
different from those represented by equations (3.10c¢)
and (3.23b); as is seen from the Figure 3.2. 1It is,
however, recognized that the occurrence of turbulent
flow through porous media is an extreme limiting case
which would not normally be found in natural soils and
rocks.

The equations (3.28) and (3.29) can also be written

ass
G2 -1 = p(E2) - B2 - Xy, ceeees (3.28a)
B2 = 2@ = 1), e (3.29a)
G2 =2 -y, e (3.29b)

3.6. EVAPORATION (NEGATIVE RECHARGE)

The concept of evaporation as negative recharge
can be applied for a case of a water table profile that
is maintained between two ditches or supply canalsl
containing water in them and with evaporation or evapo-
transpiration occurring in the adjoining soil block
instead of precipitation. Negative recharge might also
be considered as the uniform occurrence of deep seepage
below the drainage ditch levels.

In negative recharge or evaporation, the quantity
R becomes negative. Thus Q, which = aR also becomes

negative. P, which = bR?, however, retains its sign.
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Equations(3.10c) and (3.23b) for the water table profiles
under Darcy and non-Darcy transitional flow regimes

respectively, would hence become:

y? = h? = Q. (X? = Sx), =====—cmmm—ceoe- (3.30)

(v = ==(B/2 = %)} ={h = =0—.5/2}=Q. {x?=Sx)==(3.31)

Y 2Q, 20" E .
where '

QE = abB

and E = Evaporation rate (negative precipitation).

Effectively, results of water table profiles
obtained using equations (3.30) and (3.31) above can be
superimposed on the results obtained from equations
(3.10c) and (3.23b); which consider uniform positive
recharge and in effect assumed the absence of evaporation
and deep seepage. The consideration of evaporation in
the design of a drain spacing would result in increased
spacing and hence greater cost savings.

Typical theoretical water table profiles as given
by equations (3.,10c), (3.23b), 3.28) for positive
recharge and (3.30) and 3.31) for evaporation, are shown
in Figures 3.1 and 3.2, 1It is seen that for non-Darcian
transitional flow regimes, the shape of the water table
profile in equilibrium with steady precipitation between
two drains no longer remains elliptic (Figure 3.1},

The water table profile would lie above the Darcian

water table.
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FIG 3.1 : Typical water table profiles for various values of

dimensionless parameters P and Q ; Slh= 16
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3.7. SUMMARY
The presentation in this chapter has provided

an approximate analytival snlution to the problem of
steady seepage into pari1l»l drains which does not
obey Darcy's lirrar seepiy™ law., The effect of surface
evaporation considered as negative precipitation has
also been briefly discussed, The assumptions made
therein are identical to those most often made in the
treatment of the corresponding seepage flow problems
incorporating Darcy's law; namely that the D-F theory
is valid, the porous medium is homogeneous and isotropic
and horizontal. These assumptions are expected to
give reasonable agreement with actual field conditions.

The next chapter shall present the details of
sand tank seepage flow model experiments maintaining
seepage flow rates which fall in the non-Darcy transi-
tional regimes, in order to investigate the extents of
the validity of the solution presented in this chapter

and the assumptions contained therein.
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CHAPTER FOUR

EXPERIMENTAL SET UP AND PROCEDURE

4.1, INTRODUCTION

The purpose of the experimental aspect of this
project is to employ a sand tank model for the study of
the water table profile in the seepage of steady preci-
pitation through a porous medium into drainage ditches.
The studies are, among other things, intended to ascer-
tain the validity of the equations (3.23b) and (3.24)
for seepage in the non-Darcy transitional flow regimes.

The porous medium used is of such size and conduc-
tivity as would be expected to maintain a steady state
seepage under the high precipitation rates that are
created. It consists of coarse sand of effective size
2.86 mm, The main components of the sand tank experi-
mental model used in the study are described in the
following sections.

4.2. THE RAINFALL SIMULATOR

To produce a rainfall simulator, a rectangular
metal box was constructed from galvanized iron sheets of
1.6 mm gauge thickness. The sheets were obtained in
the form of flat rectangular mild steel sheets 2,438
metres (8 feet) in length and 1.219 metres (4 feet) in
width. These were then cut into smaller pieces of
1.219 metre length and one metre width. Each of these
smaller pieces was then made to form open ended metal
boxes of 1.219 m length, 0.6 m base width and 0.2 m deptt.
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Four of such small metal boxes were then welded together,
end to end, to form a metal box of total length 4.87 m
.and same base width and depth as the smaller metal boxes.
Finally, the open ended bhox was sealed at both ends by
welding mild steel sheets of 0.6 m length and 0.2 m
depth to the end edges of the metal box. This metal
box forms the container ¢f the rainfall simulator.

The base of the constructed metal box was then
pefforated to enable the unifeorm drip of water through
the container. The perforaticn was made by drilling
2 mm diameter holes through the base using electric
drills of 2 mm diameter at spacings of 5 mm in both
directions. The rainfall simulator container.was then
provided with supports consisting of 50 mm X & mm

~structural steel flat bars, welded to its base as shown
in Pigure 4.1. Flat bars were preferred to angle bars
or flanged sections so as to ensure that no holes weré
blocked by the flanges welded to the base. The flat
bars were in turn to be supported by the walls of the
sand tank model. . !

Figure 4.1 sﬁows the details of the rainfall
simulator construction. |

4.3. THE SAND TANK

The sand tank used for the experimental model

- . was of cement block masonry construction and consists

of two parallel walls, with their internal surfaces
0.76 m apart, and a concrete slab floor, representing
a horizontal impervious barrier. The length of the model
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(a) Elevations:

4.87 N 0.6
- B | I '
0.20
1 1 I 1 1 1 1 J I %005
Porous medium
(b) Plan:
£ g i st -
:[:0.76 l.14
+ %
0.6!
(¢) Isometric view:
Perforated base
¢2mm holes at 5cmx5cm 6mm x 50mm x .14m
spacings. mild steel flat bars.

Brick wall of sand tank model.

FIG. 4.1; Rainfall simulator — Plan and views.
(Dimensions in metres )
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along the direction of flow is the same as the length

" of the rainfall simulator, i.e. 4.87 m. The depth of

the sand tank = 0.50 m. The porous medium was placed

' _ in the tank to a depth of 40 ecm, and the surface was

~ levelled using a mason's spirit level, to ensure its

horizontality.

On one end the vertical boundary of the porous
medium was in the form of a vertical perforated metal
sheet of 3 mm gauge thickness, representing the vertical‘
surface of a drainage ditch. About 40 cm away from this
-boundary, a 15 em thick wall was constructed to a
height of 17.5 cm to establish a constant water level
in the ditch. Thus, with this arrangement, a drainage
ditch is created during the experiment, of 40 cm width,
with its base at the imperviocus boundary (the concrete
slab floor} and its water level established at a
constant height slighti above 17.5 em, being the height
of the wall boundary over which excess water flows.

On the other end of the tank, the vertical boundary
of the porous medium was in the form of a vertical wall
of 150 mm thickness, constructed to the full height of
the sand tank, i.e, 0.50 m; representing the centre-
line between two ditches, which is equivalent to an
impervious boundary. In this way, seepage flow in the
sand tank model represents one symmetrical half of the
seepage flow between two parallel ditches in actual pre-
totype field conditidns, because in seepage flow towards
parallel drains, flow conditions on both sides of the



N . . . r’
H . i

i
éeﬁtreline are identical to each other. It would.khere-
fore suffice to c0ncentfate study on only one of the
two identical conditions. 3

Representation of the centreline with an impervioﬁé
boun@ary in the model prdvides two advantages for the
modz2l study of seepage flow: . P .
1. It leads to an enlarged scale representation of
the prototype field, i.e. instead of the length of the
medel representing a spacing between two ditehes, it
represents only a half spacing. This leads tc more
tangible readings of the water table variations in
the wvertical direction, which are normally of very small__f
order in relation to the horizontal distances.'!
2. It saves the extra precaution of ensuring that the
water level is exactly the same in the two parallel
ditches., If two ditches were provided in the model
then it would have been rather difficult to ensure
that the discharges to and water levels in the two
ditches remained exactly the same. Experimental varia-
tions in the two levels would then lead to resultant

inaccuracies in the determination of the water table

profiles. J
4,4, WATER SUPPLY TO THE MODEL ! 1

The supply of water to the rainfail simulator
was E&éﬁed from a 75 mm mains pipe delivering water
- from an overhead tank in the hydraulics laboratory. A
31,75 pm G.I. pipe was used for this purpose. The
tapped supply was then made to deliver water to the
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container of the rainfall simulator via a constant head
reservoir in the form of a drum.

The head and discharge of the water supplied
directly from the mains could be subject to wide varia-
tions with time and hence would not ensure a steady rate
of discharge and precipitation. By conducting the
supply through the constant head reservoir, however,
the two valves v1 and Vz (Figure 4.2 ) are
adjusted until the discharge through V1 (inflow) is
only slightly greater than the discharge through V2
(out flow) and the water level in the constant head
reservoir is kept at the level of the overflow pipe
(see Figure 4.2). Thus the constant head reservoir in
effect absorbs the minor fluctuations in discharge
quantities and provides a steady rate of discharge into
the rainfall simulator container.

A preliminary estimate of the order of the preci-
pitation rate that could be produced by the rainfall
simulator was carried out as follows:

The discharge Qd through each hole is given as:

Qq ~ Cq » AV, =—==——mmmmmmmmmmeee (4.1)
where
A = area of each hole, diameter 2 mm
= % (0.002)?* m?
= 3.1416 x 107° m?;
V = macroscopic velocity through the hole
= Y (2gd)
in which g = 9.81 m/s? and d = depth of water
in the container:
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Constant head tank

(position adjustable vertically)

(Z?verf:'cmr---_--¢-———I1 1 /{ Supply inlet

outlet /
Rubber tube
“_f( .IL
1 1
4
AN, Ao
e —
/ 2 4 =—— (Glass tube manometers
195 cm . B
e 10em
I10cm
. '_.'4
T — Sand sample
! Wire gouze separation
Gravel i
‘/
I _—‘— Measuring cylinder
Wl
/A LA
A : |Inlet into permeameter
B ° OQutlet from permeameter
¢ : Internal diameter of permeameter = 7.57 cm
FIG. 4.3 : Schematic diagram of the constant head permeameter
experiment.
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Cd = coefficiont of discharye rhrough the holes.

In reality, C, varies wilh the holes depending

d
on the individnal smoothness of the hole

surfaces., BAn average value can, however, be

assumed for the overall enefficient Cd’

With the given spacing of the holes, (2.5 cm x 2.5 cm),
the number of holes per squar2 metre is

100

575

)2 = 1600

and in the total container area (4.87 m x 0.76 m) is:
1600 x 4.87 x 0.76 = 5922.
Applying eqﬁation (4.1) for each hole the total

discharge QD through all the holes is given as:

Qp = 5922 x C4 x 3.1416 x 1078 x /{Zga)

which becomes:

3

Qo = C4- (82.4077) /3 x 10”7 m?/sec

>
An approximate upper value for C. for the holes

d
(considered as small sharp edged orifices with diameter
<< d) can be assumed to be 0.63 (Fox, 1974); and hence,

Qp = 51.917 vd x 10_3 m/sec.

Thus, for instance, for d = 5 cm (0.05 m), then

the container precipitates

51.917 x J0.05 x 1073 m/sec

n

%

11.609 x 103 m?® /sec

giving a uniform ﬁfecipitation rate R of

11.609 x 103

R = “4.87 X 0.76- " 31.137 x 10-4 m/éF.!C.
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P The above estimate of F wis only a rough check on
the estimated R, carried our in determining the size
and spacing of the perfuration holes on the rainfall
simulator container base. It Ines not indicate the
method that was QSHd in ihe Q%y»r{ment for dctermining R.

The seepadge out of the porous medium flows into

and out of the ditch and cvventually out of the mndel
through pipe P1 shown in Figure 4,3, This flow out of ..
pipe P, is equal to the discharge precipitated unto the
porous medium when the steady state is attained and is
therefore measured using a container of known dimensions
and a timer, .Details of the sand tank model cxperimental
set up is shown in Figure 4.2; and also in Plates I to i

4,5, MODEL EXPERIMENT: PROCEDURE . ...

- - In the sand tank model experiments the model-wa;_q:

is set up as described in the preceding sections and
also in Figure 4.2 and Plates I - V. PFirst, the two
valves, V1 and V2, are opened for inlet and outlet of ﬁ'f
water into and out of the constant head reservoir. The
two valves are adjusted for a particular selected
discharge such that a little amount of overflow is :5
maintained from the constant head reservoir. This e .
ensures that the level of water in the reservoir remain%
constant at the level of the overflow pipe and conse-
guently, a steady discharge is maintained into the ...
perforated rainfall simulator container, -

Next, small adjustments are made onlthe level of the
rainfall simulator at the supports in 6féef?£ﬁdéﬁédfél
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PLATE I: FRONT VIEW OF SAND TANK MODEL
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0 A



-t : & -

e _-_-; i f v, 4 "
#oc e oy L, A
R ﬂ‘f’;@ﬂ Bt in, 3N

PLATE II: DISCHARGE PIPE P] WITH MEASURING CONTAINER
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PLATE III: MANOMETRIC GLASS TUBES, AND PRECIPITATION

FROM RAINFALL STMULATOR
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PLATE IV: POROUS MATRIX BED AFTER APPLICATION OF

PRECIPITATION
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PLATE V: POROUS MATRIX BED BOUNDED BY PERFORATED

METAL SHEET AS VERTICAL DITCH SURFACE
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PLATE VI: DITCH WATER LEVEL AND OVERFLOW FROM DITCH,

TO BE DISCHARGED QUT THROUGH PIPE P1

Tor



b

its complete horizontalitf, and‘thc le&els OfNQafer in
the simulator are equal af the two ends. This ensures,
within the range of experimental possibilities, a -
unifof%lﬁatér level in the simulator and hence a
uniform precipitation rate unto the porous matric bed,
Even this procedure, however, did not rule out the |
effects of small undulations which existed along the
perforated bottom of the simulator making the depth
in some areas to be slightly more than in others.,
Having thus established a steady and fairly uniforﬁr.ﬁ

precipitation rate unto the bed of the porous matrix,

the rise cof the water level, as cbserved in the mano- .

metric glass tubes is monitored until it reaches a séeady
level at which a steady state is then assumed to exist,
At this steady state, the water table profile does not
change with time, and the total quantity of precipita-
_tion over a given period of time is equal to the
quantity of discharge out of the meodel through the pipe
P, in Figure 4.2, for the same period of time,
Measurements are then taken of the various water
table elevations from the glass tube manometers. The
depth of water in the ditch is also measured. Finally,
the time taken to fill the measuring container, {a drum
of measured dimensions) with discharge from P1 is : ' {
measured two or three times and the average value is |

calculated.

4.6. THE PERMEAMETER EXPERIMENT

f Aj-The constant head permeameter is a standard
equipment in the conducting of permeability tests on
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porous media samples, Figure 4,4 shows details of its
arrangemenc. The constant head tank is mounted and
fixed on a vertical wodden board and its fixed position
can be adjusted to vary its relative height above the
permeameter., It also contains an overflow outlet pipe
to maintain its constant water level. Water flows from
the constant head tank to the permeameter through a
flexible rubber tubing.

The four manometric glass tubes 1, 2, 3 and 4 are
all mounted on a vertical wooden board which has been
graduated to permit easy recording of the heights. To
obtain a set of readings for a given position of the
constant head tank, the hydraulic heads A, and 4, and
the average of their values are recorded and the dis-
charge out of the permeameter is measured by determining
the average time it takes for a 250 ml measuring cylinder
to get filled up.

The important sources of experimental error in a
permeameter test are the formation of a filter skin of
fine material on the surface of the sample and the seqgre-
gation of air in the form of bubbles within the sample.
Both of this phenomenon increase the resistivities of
the sample {Terzaghi and Peck, 1967). Further, for these
experiments, time readings of 5 seconds and less ohtained
for hydraulic gradients of 0.23 and more created a high
error potential. This error was minimized by ensuring
that a minimum of five consistent readings were obtained
for which the average value was determined. The error
due to formation of a filter skin was eliminated by
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measuring the losses of hydraulic head between two

pairs of points located in the interior of the sample
and the averaqge value determined. The error due to

the segregation of the air bubbles within the sample

can be substantially reduced by reversing the flow of
water through the permeameter so that it entered through
B in Figure 4.4 and exits through the inlet A, The
consequent upward flow of water in the sample displaces
air upwards and thus minimizes the entrapment of air
bubbles within the sample. This was the procedure

adopted in the experiment.
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CHAPTER FIVE

EXPERIMENTAL RESULTS AND ANALYSIS

5.1. THE POROUS MEDIUM

The porous matrix used in the sand tank
experiment consisted of fine gravel with average
particle size of 3.4 mm and a uniform gradation.
FPigure 5.1 shows the grain size distribution curve
for the porous matrix.

The characteristic grain sizes for the sample

are:

Medium size, 050 = 3.44 mm

Deo 3.44 mm
Effective size D10 = 2.86 mm,
The uniformity coefficient Cyr given as
Cu = DGOID10 is = 3.44/2.86
which = 1.203.
The sample can therefore be considered as highly

uniform in gradation.

5.2. PERMEAMETER TEST

The permeameter test was carried out using
the constant head permeameter [(see Section 4.4 and
Figure 4.3). The procedure for determining the
hydraulic gradient and macroscopic velocity are
described below.
Varying values of the hydraulic head A
were established by adjusting the height of the constant
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head tank above the permeameter. For a given constant

hydraulic head A, the hydraulic gradient I is given by

I = A/h
where
A = average of the values A1 and Az;
h = distance between the two measurement points
= 10 cm.
thus I = 0.14, with A in cm.

With the given hydraulic head established
between the two measurement points, the discharge was
determined by measuring the time t in seconds it takes
to fill a 250 ml measuring cylinder up to the 250 ml

mark. The discharge is given by

where
tav = average of five readings taken for each
value of constant head.
The internal diameter of the permeameter, as

measured using Vernier sliding callipers = 7.57 cm.

. «» Cross sectional area of flow A is

1l

A %(7.57}' em?

45.00 cm?

3

4.5 x 10~ m?.
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Thus,

the macroscopic velocity V is given by

vV = Qd/A
_250 _107°
tav 4.5 % 10°°

therefore,

vV = 55'56 R L ee—— (5.1)
av

TABLE 5.1: PARTICLE SIZE DISTRIBUTION OF SAMPLE

Total weight of sample = 300 g.

— 1 COMMU-= CUMMU=-_ 7 r
SIEVE WEIGHT LATIVE LATIVE PE;ggg#AG'
SIZE RETAINED WEIGHT |PERCENTAGE "L XCCoin
(mm) (9) RETAINED | RETAINED (2) ‘

(g) (®) | _
6.35 0.00 0.00 0.000 | 100.000
5.60 1.00 1.00 0.333 | 99.667
4.75 5.55 6.55 2.183 97.817 |
2.40 270.30 276.85 92,283 | 7,717 1
1.20 19.80 296.65 98.883 1.117
0.60 2.60 299,25 99.750 | 0.250
0.434 0.10 299,35 99,783 | 0.217
0.30 0.10 299,45 99.817 | 0.183

|

0.208 0.10 299,55 99,850 | 0.150

| 0.150 0.10 299.65 99.883 0.117

? 0.075 0.10 299,75 99,917 | 0.083 :
Passing | .

, e 0.25 | 300.00 100.000 | 0.000

Table (5.2) gives the various values of I and V

obtained from the permeameter experiment.

Due to the

limitations in the height position of the constant head

tank,
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greater than 0.3. Similarly, 'here was difficulty in
maintaining Lhe water levels in tlie marometers within
the glass tuvbe region for low discharye conditions.
For this reason, it was not possihle o obtain steady
roliable cecdings for hiyvdraulic ¢rad'ents 'rss than 0.5,
5.3. ANALYSIS OF PERMEAMETER DATA

For the sak:¢ of comparison, thrce thecretical
velocity-gradient relations are herein postulated to
describe the variation of the hydraulic gradient I with
respect to the macroscopic velocity V. These relations
iare:
(1) The lirear relation or Darcy's law: i.e.

L, A ooy e e ey s e S 0 o £5.:3)

in which a = 1/k, where k is hydraulic conductivity;

(2) The Forchheimer guadratic relation: i.e.

in which a, b are resistivity coeffieientsj; and
(3) A logrithmic relation of the form
16§ T = A+ B log V =rrr—————s=oca=s (5.5)
This relationship is also eguivalent to Izbash's

equation

Equations (5.5) and (5.6) are alternate forms of the
same relation. It can easily be deduced that

1 1
log M ; B = =

and n = ; M = exp(-A/B).

W= D=

Each of the relations, i.e. equations (5.3) to (5.53)
was fitted to the experimental data by a method of least
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squares regression, and the «wan <quare error of the
experimental data from the calculared curves was deter-
mined for each of the Lhree cases,

5.3.1. Regression 'he Lincar Relation:

It is ."'-lllii'f“d to jress the experimental
data to iit the equation (5.3) such that the sum of
squares of deviation of the experimental data from Ll

i

various experimental values of I and V respectively, it

calculated line is a minimum. If Ij and V, are the

can easily be shown that the value of ‘a for which the -

requirement is satisfied is given by a where

: n
= 1. S S ——
a 351 J/jgl Vj (5.6)

TABLE 5.2: PERMEAMETER DATA FOR DETERMINATION OF FLOW

-

B COEFF1CIENTS

- SES—

L]

3 {cm) y Hydraulic Avgiige Macros- |

A A Average |Gradient t copic |

1 2 A velocity

i (secs) i

i Vi o

(x10 m."s‘
3.00 3.00 3.00 0.300 4.70 11.82
2.80 2.80 2.80 0.280 4.80 11.60
2.50 2.50 2.50 0.250 5.30 10.50
2.30 2.30 2.30 0.230 5.80 9.58
2.00 2.00 2.00 0.200 6.80 8.17

1.80 2.00 1.90 0.190 6.80 8.17 |

1.60 1.90 1.75 0.175 7.20 7.72 |
1.50 1.70 1.60 0.160 1,97 o 35
1.50 1.50 1.50 0.150 8.50 6.54
1.20 1.20 1.20 0.120 10.60 - 5.24
1.00 1.00 1.00 0.100 12.50 4.44
0.70 0.70 0.70 0.070 17.00 3.27
| 0.50 0.50 0.50 0.050 23.40 2.38
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Table 5.6 shows the summation of the 13 values

each of Ij and Vj; from the table

13
gy Ty = 2.275;
13 -3
and L., V., = 96,78 x 10 ~;
J%1 )

Hence from equation (5.6),

a = 2.275/(96.78 x 10™°) = 23.5069 s/m.

Figure 5.2 shows a graphical plot of the experimen-
tal data and the calculated straight line,

If the deviation between an experimental value Ij
and the calculated value, i.e. I = év, is £j, then the
mean square error, MSE, an unbiased estimate of the

variance of the experimental values along the calculated

line is given as

- 2 -
MSE j§1 cj/(N 1)
where
jg1 53 = Residual sum of squares RSS
N = Number of sets of experimental data

which for this case = 13,
Table 5.3 shows a summation of the squares of

deviations for this case. From the table,

9.736 x 10”4 6

MSE = 13 = 81.1333 x 10

—————— - T — —— T ———— T —— - ——

The least sguares regression of experimental
data to calculate a curve of the equation (5.4) requires
the use of equations (2,7) and (2.8) described in Section 2.4.3,
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TABLE ' 5.3: CALCULATION OF THE MEAN SQUARE ERROR, MSE,

FOR REGRESSION OF EXPERIMANTAL DATA UNTO

[ ..T_..-uv_._.- .. -

I = av
- " Theoretical 1 from Darcian
Macros= | , flow equation: I = av
CDplC‘ Experi- a = 23.5069 s/m .
Velocity | me“§31 i [Variation * 5q. of
; Theore- g. from dev 10—4
x10" "m/sec tical JExptal. -
11.82 0.300 0.2779 0.0221 | 4.8841 §
| i
11.60 0,280 0.2727 0.0073 0.5329 i
y
10.50 0.250 D.2468 0.0032 0.1024 3
9.58 0.230 0.2252 0.0048 0.2304
8.17 0.190 0.1921 0,0079 0.6241
3.17 0.190 0.1921 0.0021 0.0441
1
7.72 0.175 0.1815 0.0065 0.4225 i
7.35 0,160 0.1728 i 00,0128 1.6384
o t
6.54 0,150 0.1537 0,0037 0.1369
5.24 0.120 0.1232 0.0032 0.1024
4,44 0.100 0.1044 o 0.0044 0.1936 ;
i
3.27 0.070 - 0.0769 | 0.0069 0.4761
2.38 0.058¢C 0.0559 0.0059 l 0.3481
. i :
i Residual sum of squares = 9.736 :
L lx 1074 _f
. | .
; :
MSE (= BE%) i 81.1333 {
. -I. .
" 'x 1076 ;
5.
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as done by Gill (i2/7)., These oguat iens ave L eproducod

below:

N 4N ¥ >N 2

. > V. 3 VL. - L V. V.

& & g ! -1 T 33 ST s {6 )
ul N N \ | P - »
F Y58V Gy
N 2N 2 N 3 N

- Vi 2 V:E: = V. Vi I

P . I 1 M B T (s - SRS (5.8)
¥yl ¥ y2 o Fvde
§ VY4 X YT W Yy

Table 5.4 shows a summation of the various
guantities involved in equations (5.7) and (5.8) above.

From the table the following summations are obtained:

13 -
: va - 7.6702 x 1078
j
13
™ e "'3
§ V43 = 19.7374 x 10
13
3 -6
v = 7.756 10
§ 3 _ 5 x
13
7 vng = 18.6083 x 1072
13
; v§ - 8.2971 x 1074

Substituting these values into equations (5.7) and
(5.8), ewe obtain

-11

- _ 7.05818 x 10
3.47803 x 10_1?

"

20.29 s/m

9

~ _ 1.300099 x 10~
12

3.478030 x 10

373.80 (s/m)?
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TABLE 5.4: SUMMATIONS FOR LEAST SQUARES REGRESSION OF

EXPERIMENTAL DATA TO FIT INTO: I = av + bv?
f ' '

5 1;-3 1 V4—8 vI_3 V3—6 V’ES vi4
m/sec x 10 x 10 x 10 x 10 x 10
11.82 0,300 (1.9520 |3.546Q |1.657T4 ]4.1914 |1.38721
11.60 0.280 [1.8106 |3.2480 |[1.5609 [3.7677 |1.3456
10.50 G.250 |1.21558 12.6250 |1.1576 |2.756€3 11.102Z5

9.58 0.230 |0.8423 [2.2034 |0.8792 [2.1109 |0.9178
8.17 0.200 [0.4455 |1.6340 |0.5453 [1.3350 [0.6675
8.17 0.190 [0.4455 [1.5523 |0.5453 [1.2682 |0.6675
272 0.175 [0.3552 |1.3510 |0.4601 [1.0430 |0.5960
TS 0.160 [0.2918 [1.1760 [0.3971 [0.8644 [0.5402
6.54 0.150 10,1829 [(0.9810 [(0.2797 |0.6416 [0.4277
5.24 0.120 |0.0754 |10.6288 |0.1439 |10.3295 [(0.2746
E 4.44 0.100 [0.0389 [0.4440 |0.0875 |0.1971 [0.1971
j 3.27 0.070 {0.0114 10,2289 |0.0350 |0.0749 [0.1069
E 2.38 0.050 10.0032 0.1190 |0.0135 (0.0283 |0.0566
)
? £ 1 7.6702 [19.7374(7.7565 [18.6083 |8.2971
l | 1078 |x 107 |x 107% |x 107° % 1074

Figure 5.3 shows a graphical plot of the experimental
data and the calculated curve. Similarly, Table 5.5
shows a summation of the squares of deviations of

experimental from calculated values of I. From the

table, the mean square error is calculated as
3.2351 -4 _ -6
MSE = =55— x 10 = 26.9592 x 10
Finally, the nonlinear parameter C, defined as b/a’ is

373.80/20.29% = 0.908
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TABLE 5.5: CALCULATION OF THE MEAN SQUARE ERROR (MSE)
FOR REGRESSION OF EXPERIMENTAL DATA UNTO
I = av + bv?
1
Non-Darcian Flow Equation
Macros- I = av + bv?
copic Experi- a = 20.29 s/m; b = 373.80(s/m)?
Velocity mental : ;
v I I Deviation |Sg. of
x10_3m/sec Theore- g from Deviafion
tical Exptal. x 10
11.82 0.300 0,292 0.0079 0.6241
11.60 0.280 0.2857 0.0057 0.3249
10.50 0.250 D.2543 0.0043 0.1849
9.58 0.230 0,2287 0.0013 0.0169
8.17 0.200 0.1907 0.0093 0.8649
8.17 0.190 01907 0.0007 0.0049
1.72 0.175 0.1789 0.0039 0.1521
TodS 0.160 0.1693 0.0093 0.8649
'6.54 0.150 0.1487 0.0013 0.0169
5.24 0.120 0.1166 0.0034 0.1156
4.44 0.100 0.0975 0.0025 0.0625
3.27 0.070 0.0703 0.0003 ! 0.0009
|
2.38 ] 0.05G | 0.0504 0.0004 | 0.0016
¥ L
Residual sum of squares I 3.2351
; -4
I x 10
MSE (= 253 ' 26.9592
12 6

Cox 107
]

In order to regress the experimental data

so as to calculate a curve with an equation of the form

written as equation (5.5), we regard logV as the regresso:r
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and log 1 as the response variable in a linear regression
between the two variables. Accordingly, it can be shown
that the values of B and A which minimize the squares

of deviations of the experimental from the calculated

values of logV and log I are given as:

:
) ﬁtlogvmjtlog 1, - § Yi10g X} ?(logV)i

W

— 1 ~(5.9)
ﬁflogv)j - ﬁ(?(logV)j)
R AR 677 O — S—— (5.10)
where
(ITog I) = % ?(log I)j
(TogV) = 2 wilogV)
N J

i.e. mean values of (log I) and (logV) respectively.
Table 5.6 shows a summation of the various quantities
involved in equation (5.9) above. From the table, the

following summations are obtained:

%B(IOgV)j(log Ilj = 123.8311
%3tlogv13 - 327.4028
+ -

(logV); = -24.1537

ﬂallog 1), = -64.9529

We also deduce that

(TogV) = 355%%532 = wd, §964
(Tog 1) = :31%%221 = -1.8580
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SUMMATIONS FOR LEAST SQUARES REGRESSION OF

TABLE 5.6:;
EXPERIMENTAL DATA TC FIT INTO log I = A+B log\
.~ - ; :
< 1073 3 log,Vv | log I |(log V)? :%23.9}’;
(m/sec) ' é
11.82 0.300 ~-4.4380 |-1.2040 {19.6955 5.3422
11.60 0.280 -4.4568 |-1.2730 |19.8626 5,6733
10.50 0.250 -4.5564 |-1.3863 ]20.7606 6.3165
9.58 0,230 -4.6481 |=«1,4697 |21.6046 6,8312
8.17 0.200 -4.8073 |=-1.,6094 |23.1100 7.7370
8.17 0,190 ~-4.,8073 |-1.6607 123.1100 7,9836
7.72 0.175 -4.8639 =-1.7430 |23.65792 8.4777
7.35 0.160 -4.9131 {-1.8326 |24.1381 9.0036
6.54 0.150 ~-5.0298 |-1.8971 (25,2991 9.5422
5.24 0.120 -5.2514 [-2.1203 [27.5776 111.1344
4.44 0.100C =5.4171 =2.3026 |29,3450 [12.4733
3.27 0.070 ~5.7230 {-2.6593 (32.7523 |15.2189
a 3.98_ 0.050 —63040?_I-2.9957' 36.4895 18.0962
96.78
- 10—3 2.275 ~64,9529 |-24.1537 |327.4028 | 123.8311
1 f [
.\  if:Substitutihg these values.into eqﬁations.(5;§)

" . and {5.10), A and B are obtained as:

o - 3.1501  _ . .
B = 38736 1.0962 o . ,
- . [
A= 3.6191 '

L Figﬁre 5.4 shows a graphical plot of the experimental
data and the calculated curve, Similarly, Table 5,7
shows a summation of the squares of deviations of

”ekperimental from calculated values of I, using the
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TABLE 5.7: CALCULATION OF THE MEAN SQUARE ERROR (MSE)
o FOR REGRESSION OF EXPERIMENTAL DATA UNTO

log I = A + B logV
L] [
| None-Darcian Flow Equation
Macros- log I = A+ B logV
copic Experi- A= 3,6191; B = 1.0962
Velocity mental y ¢
v I 1 Deviation S5g. of
x10-3m/sec Theore=- €4 from Dev1afion
tical Exptal. x 10
1.82 0.300 0.2877 0.0123 1.5129
11.60 0.280 0.2818 0.0018 0.0324
10.50 0.250 i 0.2527 0.0027 0.0729
9.58 0.230 | 0.2295 0.0015 0.0225
8.17 0.200 0.19219 0.0081 0.6561
8.17 0.190 0:.1919 0.0019 0.0361
7.72 0.175 0.1804 0.0054 0.2916
7«35 0.160 0.1709 0.0109 1.1881
6.54 0.150 0.1504 0.0004 0.0016
5.24 0.120 0.1179 0.0021 0.0441
4.44 0.100 0.0984 | 0.0016 | 0.0256
£ WP 0.070 0.0703 0.0003 I 0.0009
2.38 0.050 0.0497 | 0.0003 ' 0.0009
F 4
Residual sum of squares 3.8857
-4
x 10
_ RSS
MSE (= —TE) 32.3892
| x 10
logrithmic equation. From the table the mean square

error MSE is calculated as

MSE =

3.8857 -

1

10~

4

106

32.3808 x 10
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5.4. CALCULATION OF PRECIPITATION RATES

In the calculation of the precipitation rates
unto the bed of the porous matrix, the following
assumptions are made:

1. The total precipitation unto the model is
distributed uniformly over the surface area of the
porous matrix bed.

& At steady state, the total precipitation unto
the model equals the discharge seeping out from the
porous medium.

While it is recognized that the precipitation
rates may not be exactly uniform from one point to
another in the model, these assumptions, however, provide
the simplest approach under the given conditions to the
determination of the precipitation rate. They are also
expected to give the best mean value to the actual
variations in the experiment because they follow from
the conditions of continuity, i.e. that inflow into the
porous medium = outflow from the porous medium at
steady state. Furthermore, such assumptions are also
widely employed in the theoretical analyses of actual
field drainage problems.

In the determination of the discharge out of the
pipe P1 in Figure 4.2, a container (drum) is used with
the following dimensions:

Internal diameter = 0.56 m

Height 0.86 m

kUl

. . Volume = T X (0.56)? x 0.86 m* = 0.2118 m?
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Therefore if t = average time (in seconds) it takes to
fill the container with water discharged from pipe P1,

then discharge Qd is given by:

_0.2118
Qg ~ t

m® /sec

Qd is also the total precipitation over the surface
area of the porous matrix bed. The total surface area

A of the bed is

A 4,87 x 0.76 m?

3.7012 ™
and therefore, the precipitation rate R, assumed uniform
over the surface area is:

2a

R=A

_0.2118
3.7012 ¢

m/sec.
In this way, the precipitation rates for the four
experiments carried out are calculated as follows:

To Experiment 1:

Average time t = 316.8 seconds.

¥ & 0.2118
T 3.7012 x 316.8

1.8063 x 10~ 4 m/sec.

2. Experiment 2:

Average time t = 263.4 seconds

) 0.2118
263.4 x 3,7012

o
I

% 1945 x 1™ nisnc.
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3 Experiment 3:

Average time t = 259.8 seconds.

0.2118
R =589.8 x 3.7012

= 2.2026 x 10”4 m/sec.

4. Experiment 4:

Average time t = 232.2 seconds,

5 e 0.2118
T ddd.2 X 3.7012

2.4645 % 10 n/sec.

5.5. DETERMINATION OF THEORETICAL WATER TABLE PROFILES

FROM RAINFALL RATES

The precipitation rate values calculated above
are now used in calculating the theoretical water tables

as in the following sections.

—— e i —— i — ———— i —— —— i —— ——

Under the assumption of the applicability
of Darcy's law as described by the equation
I = av ;
the ellipse equation, (equation 3.10c¢c) is used for the

determination of y for given values of x. Thus
y? = h? + Qg (9.4 = X)~=w—e—cermemrecnaa- (5.11)

The value of the drain spacing substituted for the
S in eguation (3.10c) equals twice the length of the
model, which represents only half of the field of flow.
Thus, S = 2 x 4.87 = 9.74 m,
109



Also in the equation (5.11) above
Q =aR
where a is the value calculated from the regression on
Figure 5.2 and = 23.507 s/m; and R = the precipitation
rate in m/sec.

Quadratic_Relation:
Under the assumption of nonlinear flow
described by the equation
I = av + bv?

the equation derived in Section 3.4, i.e. equation

(3.23b) is used. Thus

P P
[y + 70 (4.87 - x)]? - [h + 8,87 55]’
= 0Ox (9.74 = %) —————mmmm———————— e [5.12)
where
Q = aR
P = b R?

and the values of a and b as determined from the
regression on Figure 5.3, i.e. a = 20.29; b = 373,80;

and 9.74m= the drainage spacing,

5.5.3. Assumption_of Nonlinear Flow:

Under the assumption of nonlinear flow
described by the logrithmic equation:
log I = A + B logV
We recognize that the logrithmic equation written above
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is equivalent to the Izbash flow cquation which is of

the form:

Vo= MIT e e e (5.13)
from which we deduce that

1 1
- _:B:
= log -

n = M = exp(~-A/B)

3

B ’
Values of A and B have already been obtained from

the regression of Figure 5.4 (see also Table 5.6 of

Section 5.3.3) as

3.6191;

A
B = 1.0962

We thus obtain from eguations (5.13a) above

]

n 1/1.0962 = 0.912242

_____________ (5.13b)
M

n

exp(~3.6191/1.0962) =0. 03628

Obtaining the water table profile equation for non-
linear flow subject to equation (5.13) above requires
the use of equation (2.40) discussed in Section 2.6.3
derived by Basak (1977)., This equation is reproduced
below

1+1/n _ 1+1/n _ R, 1/n,§/2,1+1/n 141/
y v = i M ESS (1 -(1 - x) "1/

where

Y = y/H, ¥, = h/H

Multiplying through by H'®V/?, we obtain

L L T R P CR DI L T

111 =



Substituting the values of n, M gquoted in equati:n

((5.13b) gives

2.0962_ . 2.0962_, R ,1.0962 2.0962
¥ =R “19.036828 1487
[ =it = BT nian m— Y
where
b 4 b 4

Equation (5.14) is used in obtaining the theore-
tical water table profiles for this case.

Figures 5.5, 5.6, 5.7, 5.8, show the theoretical
water table profiles in the porous medium for the varic.s
values of precipitation rates calculated for each of “"2

three assumed flow conditions, viz:

(i) Darcy's flow I = av
a = 23.507
(ii) Non-Darcy flow: I = av + bv?

20.29 ; b = 373.80

o
n

(iii) Non-Darcy flow: log I = A + B logV

A= 3.619
B = 1.0962
In the plots of Figures 5.5 - 5.8, the experimentzl

water levels along the manometric glass tubes are also
indicated for cé;parison. Tables 5.8, 5.9, 5.10, 5,
show for each precipitation rate, a summary of the
various water I§§EI5 in each of the six manometric glass
tubes, both experimental and theoretical.

The variatién of the dimensionless drainage spa-°

i.e. S/H with the ratio h/H have also been calculate?
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the basis of each of the three assumed flow conditions

enumerated above.

for the typical precipitation rate

R

2.4645 x 10~4

m/sec.

TABLE 5.8: WATER TABLE PROFILES

The variations are shown in Figure 5.9

R = 1.8063 x 10_'4 m/sec.
o b
o Water Table Elevations y (m)
DiS- z T
tance H Theoretical
from b E § | R L A R Vo A S W S A R e
o |Experi- = »(log I =
d%;fh & |mental |i=av i=av ;=gg+g; A+BlogV
X r’:U: a=20.29 1i=23.507 b=37§ 80 A=3.6191
- ) B=1,0962
1
0.00 B 87 0.1870 0.1870 0.1870 0.1870
2= |
0.395 1 0.224 0.2202 0.2250 0.2197 0.228
0.995 2 0.268 0.2585 0.2682 0.2580 0.2627
: '
' 1.595 13 | 0.287 | 0.2873 |0.3002 | 0.2871 | 0.2918
| f i |
! 2+18%0 4 {338 0.3090 | 0.3243 { 0.3095 | 0.3132
| _ T
| 2.790 5 0:325 0.3255 1 0.3425 | 0.3267 ' 0.3291
| 4,835 6 0.344 0.3490 0.3683 10.3533 0.3504
| |
, 4.870 0.3490 0.3683 i0.3534 0.3504




TABLE 5.9: WATER TABLE PROFILES

R=2.1725 x 10-4 m/sec.
o Water Table Elevations y (m)
Dis=- =
;
tance & Theoretical
from 9 e e AT
ditch Experi- e ; log I =
(m) % mental | I=av I=av ;:gg+g; }A+Blogv
X o a=20.29 | =23.507|3-375%,1A=3.6191
3 ‘=~ 'p=1,0962
0.000 0.188 | 0.1880 | 0.1880 | 0.1880 , 0.1880
|
0.395 | 1 | 0.230 | 0.2271 | 0.2328 | 0.2263 ! 0.2308
|
0.995 | 2 | 0.276 | 0.2713 | ©0.2825 | 0.2704 | 0.2773
1.595 | 3 | 0.305 | 0.30417 | 0.3189 | 0.3037 | 0.3107
2.190 | 4 | 0.3285| 0.3288 | 0.3461 | 0.3291 | 0.3351
}
2.790 | 5 | 0.347 | 0.3474 | 0.3666 | 0.3486 @ 0.3531
4.835 | 6 | 0.377 | 0.3738 | 0.3956 | 0.3787 ' 0.3772
4.870 0.3738 | 0.3956 | 0.3788 & 0.3772 |
" L) i
TABLE 5.10: WATER TABLE PROFILES
R = 2.2026 x 1073 m/sec.
Dig~ g Water Table Elevations y (m)
tance o
from | 8| | _______ it
ditch ¢ |Experi- __ 1log I =
(r) & [mental |I=av I=av ;;3g+g; A+BlogV
X & a=20.29 1a=23.507, 5075, |A=3.6191
= * B=1.0962
0.000 0.189 | 0.1890 | 0.1890 | 0.1890 | 0.1890
0.395 { 1 | 0.229 | 0.2295 | 0,2342 | 0.2277 | 0.2322
0.995 | 2 | 0.273 | 0.2732 | 0.2842 | 0.2722 | 0.2790
1.595 | 3 | 0.306 | 0,3063 | 0.3209 | 0.3058 | 0.3127
2.190 | 4 | 0.331 | 0.3311 | 0.3483 | 0.3314 | 0.3374
2.790 | 5 | 0.345 | 0.3499 | 0.3690 | 0.3511 | 0.3555
4.835 | 6 | 0.386 | 0.3765 | 0.3981 | 0.3815 | 0.3797
4.870 ! | 0.3765 | 0.3982 | 0.3815 | 0.3797
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TABLE 5.11: WATER TABLE PROFILES
R = 2.4645 x 10”7 m/sec.
| B i g Water Table Elevations y (m)
SEEE: ;ﬁ Experi-|— ) “TE?E{EE}SEL"“ Iog 1 =
{m) g mental |i=av i=av ;:;g+g;= A+BlogV
X o a=20.29 |a=23.507|2-2-2%0 |A=3.6191
= B=1.0962
0.000 0.191 0.1910 0.1910 0.1910 0.1910
0.395 1 0.230 0.2344 0.2406 0.2333 0.2387
0.995 2 0.285 0.2828 0.2948 0.2816 0.2898
1.598% 3 0.325 0.3815 0.3343 0.3178 0.3263
2,190 4 0.345 0.3452 0.3637 0.3453 0.3529
2.790 5 0.367 0.3653 0.3858 0.3665 0.3724
4,835 6 0.398 0.3938 0.4170 0.3992 0.3984
4.870 J 0.3938 0.4170 0.3993 0.3984
5.6. FLOW REGIMES

The coefficients a and b of flow resistivity
are theoretically, slightly variable with the regime of
flow, essentially the Reynold's number. They may,
however, normally be assumed constant but only over a
restricted range of Reynold's numbers (Volker, 1975},
For this reason, it becomes important to ascertain
whether the flow regime in the sand tank model does
fall in the range of Reynold's numbers that was inves-
tigated in the permeameter experiment for the determi~
nation of the flow coefficients a and b of the sample

porous matrix.

115



1

Furthernore, this sy is coltorirned with the range

of laminar flow rcgimes for which Darcy's law dees not

apply, i.e., tcansiti.n.1 or stcady inertial flow rvegines,
This reogine of flow falls wilbin 3 specified ringe of
Reynold's aualors: rar,.ng frewm a lower limit of 1 to 10
to an .p Timit Crom 60 o 150, according to

Schneebelli (1955), Wright (1768) and others. It is
therefore desirable for the study to determine, in
addition, whether the range of flow regimes in the sand
tank model falls in the range of the transitional flow
regime,

The Reynold's number Re is defined as

Re = /sy
where
(u/p) = kinematic viscosity of water at the
relevant temperature
' = macroscopic velocity of flow
D = average grain size,

The kincmatic viscosity of water at 20°C is

= 1.00 x 10°°% m?/sec ana at 40°C is = 0.685 x 10" °

m? /sec.
(Bolz & Tuve, 1973). The temperature of water in the
experiment, measured at its outflow from the porous
medium, is = 23°C,.

Interpolating these values the kinematic viscosity
of water at 23°C,-§hich is the water temperature in the
experimental conditions is = 0.953 x 10-6 m? /sec =(u/p).

Similarly, the average grain diameter, determined
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from the grain size analysis of the sample is = 3.44 mm.
i.e. D = 3.44 x 107° m
Consequently, the Reynold's number range in the
permeameter and sand box model experiments can now be
determined.

The range of macroscopic velocities applied

in the permeameter test was as follows:

11.82 % 10_3 m/sec

Vmax
2.38 x 1073 m/sec.

Vmin
The corresponding range of Reynold's numbers, i.e.
Re = VD/(u/p) is:

v D
max

(Re)pax = Tu/o)

_ 11.82 x 3.44 x 10°°
0.953 x 10°°
= 42.666
v
_ min
(Re)min T Te/e
6

_ 2.38 x 3.44 x 10~
0.953 x 107°

8.591

Thus, the maximum Reynold's number clearly falls
in the range of transitional non-Darcy flow regimes.
The minimum Reynold's number on the other hand falls
within the range of the lower limit for transitional
non-Darcy flow, The nonlinearity of flow is however
rather weak.
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4

(b) For R = 2.1725 x 10 ' m/sec

Total discharge Qd into ditch is

R x 4.87 x 0.76
4

i.e. Q4 2.1725 x 107" x 4.87 x 0.76

4

]

8.0409 x 107 m?/sec
Cross-gectional area of flow at exit face is

A =10.,76 x 0.188

. . macroscopic velocity is

Y

Qd/A

5.628 x 10™° m/sec

’ Re = VD
- /o)
_ 5.628 x 3.44 x 107°
0.953 x 10°°
= 20.3151

(¢) For R = 2.2026 x 10~9 m/sec

Total discharge Qd into ditch is

2.2026 x 10”4 % (4.87 x 0.76)

n

Qa

8.1523 x 10”3 m?/sec

Cross=-sectional area of flow at exit face is

A= 0,189 x 0.76

. . macroscopic velocity is

‘a

V==

n

5.675 x 107> m/sec

119



. Re = VD

(/)
-6
R ﬁ.b]S_g 3.44 x 10
0.953 » 10°°
= 20,4848

(d) For R = 2.4645 x 10-4 1/sec
Total discharye Qd into ditech is

4

2.4645 x 10 * x (4.87 x 0.76)

i

Q4

4

9.1216 x 10 ' m?®/sec

]

Cross-sectional area of flow at exit face is

A =0.191 x 0,76

. . macroscopic velocity is

V= Q./A
= 6.288 % 10" m/fsec
VD
(u/p)
_ 6.284 x 3.44 x 10°°
0.953 x 10 °

i

22.683.

Two conclusions are drawn from the analyses
presented above:

b {74 The flow regimes in the sand tank model
experiments (Re = 16,980, 20,315, 20.485, and 22.683) fa.l
in the range that was investigated in the permeameter
experiments (Re = 8.591 to 44.66) for the determination
of the resistivity coefficients of the material. The
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application of the values of the flow parameters (coef-
ficients a, and b) obtained from the permeameter experi=-
ment, to the sand tank model experiments can therefore
be considered valid.

. The flow regimes in both the permeameter and
the sand tank model experiments fall into the range of

transitional non-Darcy flow regimes,

5.7. DISCUSSION OF RESULTS

5.7.1. On_Permeameter Test Results:

The determination of the conductivity
characteristics of a soil is the first requirement for
the design of subsurface drainage for an agricultural
land. 1In the determination of these properties for a
coarse sand using a constant head permeameter,
the results and analyses obtained herein have shown that
different interpretations can be given to the data
obtained from the permeameter test to postulate a flow
equation relating the hydraulic gradient with the macros-
copic velocity. The first of these, which assumes a
linear relationship between the hydraulic gradient and
the velocity (Darcy's law) is the most widely used. The
two others are both based on nonlinear velocity-gradient
relationships. Experimental results have shown that
although Darcy's law gives a good fit to the experimental
data (mean square error MSE = 81.1333 x 10™%), the
nonlinear relationships give better fits (MSE =
26,9592 x 10_6 and 32.3808 x 10_6) as seen from Figures
5.2 to 5.4, 1In other words a 66.8% and a 60.1% reduction
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water table profile: based on non-NNarcy flows could be
attributable to a number of factors with the experimental
set up. These include:

1s The uneven surface of the container base of
the rainfall simulator which resulicd in unequal water
levels along the length ef Lhe rainfall simwlator., This
caused slight variations in precipitation rates along
the length of the container, contrary to assumptions of
uniform precipitations.

2; Non-uniformity in the geometry and roughness
of the surfaces of the discharge holes of the rainfall
simulator. This meant that the discharaes from the holes,
which were of equal diameters were nonetheless unequal,
due to variations in discharge coefficients of the holes
from one areca of the container to another.

x Slight leakages in locations along inter-
sections of wall and flow surfaces and at points of
entry of the manometric glass tubes. However, additional
measures were taken in sealing these leakage points and
effectively reducing them to negligible gquantities.

Figure 5.9 presents threce curves showing the

variation between the nondimensional spacing S/H and the
ratio h/H for each of three assumed flow conditions
represented by the equations (5.3), (5.4), and (5.5)
respectively, forla;typical preciéitation rate R =
2.4645 x 10”% m/sec. falling on the porous medium used

in the model experiment.
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The CUENES @4 «Opruss St od Ly Ehe it ions €3.11),

(3.24) and (. .31), wpigt ivelye  1Th conld not he pus-
sible to duia o wna e crament Al poot of the s 4
(5/1) agains' L@ o iowe e level (nzH)Y becausa Fhe
madal Tangth, »ocprasecting | ey 1 e he alresed with
the given set ip. Fiam the Viguce 5.9, the non By

flow drain spacing ~gquacion (2guation 2.41) based on
Izbash's nonlinear flow equation (eguation 5.13) gi.es
higher drainage spacing than that given by eguatinn(3.24)
based on the guadratic flow relation (eguation 5.4) for
h/H ratio 2 0.44. TFor h,/H < 0.44 the reverse oll.ins.
Both ecguations, lowever, give consistuntly ligh:;
drainage spacings than predicted by the ellipsc sguation
(equation 3.11) based on the Darcy flow eguation (equa-
tion 5.3) for all values of h/H.

For instance, for a typical ratio of h/H = 0.25,
the spacing S8/H is increased from 25.4 to 27.1 by using
the spacing formula of equation (3.24) instead of
equation (3.11) based on Darcian lincarity; i.e. a 6.7%
increase in spacing. Conversely, it Is deduced that for
a given drain spacing, the formula based on non-Darcy
flow gives greater lowering of the water table height, H
for a given water level in the drainage ditch, h, or

depth of drain cobs,
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CHAPTER BIX

CONCLUSIONS AND RECOMMENDATIONS

From the analytical solution proposed in this study
and the various experimental results and their analyses,
the following conclusions can be drawn.

6.1 CONCLUSIONS

(1) An approximate analytical solution has been
developed which shows close agreement with experimental
data, for non-Darcy flow toward parallel ditch drains
through a porous medium consisting of coarse sand of
effective size 2.86 mm. Same agreement is expected to be
obtained for other sizes of soil. For fine grain soils
in which Darcy flow is known to occur, the proposed
solution reduces to the more conventional ellipse
equation for drain spacing, which applies for cases of
Darcy flow.

(2) Water table profiles given by the proposed
analytical solution agree closely with those given by
analytical solutions obtained earlier by other researchers,
based on . nonlinear flow equations for the given porous
medium and flow regimes obtained in the sand tank model
experiments.

(3) The water table profiles obtained in the sand
tank experimental model are identical to those theore-
tically expected in one symmetrical half of a flow domain

between two parallel ditch drains. This therefore confirms
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the assumption that the centreline between two ditch
drains could be represented in a model study by an
impermeable vertical boundary.

(4) The close agreements of the theoretical water
table profiles with the experimental water levels obtained
in the manometric glass tubes of the sand tank model
verify the assumptions made in the calculation of the
precipitation rate, R, i.e. that the steady discharge
supplied to the model is uniformly precipitated over
the surface_area of the porous matrix bed, and that at
steady state it equals the discharge ocut of the porous
medium.

(5) The shape of the water table profile between
two parallel ditch drains under the non-Darcy flow con-
ditions obtained in the sand tank model experiments is
not eiiiptic, and, for a given water level in the drain
would lie below the water table that would be expected
if the flow were assumed to be linear and subject to
Darcy's law.

(6) For the porous medium used in the experiment
(coarse sand, effective size 2,86 mm), the interpreta-
tion of data from permeameter experiments in terms of
a non-linear flow equation rather than a linear one,
gives a better description of the conductivity
characteristics of the material. The same is expected
to apply for other sizes of coarse grained soils under

similar flow conditions.
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(7) It is also found that if the conductivity
characteristics of a coarse grained porous medium are
evaluated in terms of its nonlinear flow parameters and
a drain spacing formula is used which considers the
nonlinearity of flow, the resulting spacing so obtained
would be greater than that predicted on the basis of
linear flow assumption. The difference becomes greater
with increasing nonlinearity of flow. In a typical
instance, the calculated spacing for a weakly nonlinear
flow at a certain given precipitation rate and a h/H
ratio = 0.25, was found to be 6.7% greater if calculated
from the proposed solution obtained herein than if on
the basis of a linear flow assumption.

(8) The above fact reveals that the identification
of the existence of non-Darcy flow in the soil and
calculation of the drain spacing accordingly would
enhance great savings of costs in any large agricultural
land drainage or reclamation project,

6.2. RECOMMENDATIONS

The results obtained in this study can be con-
sidered to constitute an initial step towards providing
a practical drainage design approach based on non-Darcy
flow for the steady state condition. 1In order to evolve
more comprehensive design procedures based on non-linear
flow however, a number of factors would still need to be
put into consideration in separate studies in order to

take account of varying conditions such as:
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(a) the effect of an increasing depth h of the imper-
vious layer from the ditch water level on the seepage
flow pattern as well as the flow regimes (the
calculated Re). Very high values of h are known
to affect the validity of the D~F assumptions
employed in the analysis of the seepage flow
contained in this study;

(b) transient response of the ground water table to a
pattern of precipitation events;

(c) the effect of capillary storage and flow above
water table (partially saturated soil);

(d) rate of fall of water table at the instant
precipitation ceases.

The sand tank experimental model can be adopted
to study unsteady state flow conditions such as the
rates of fall or rise of the ground water table or under
conditions of non-uniform (spatially varied) precipitation
rates. It can alsc be used to study the performance of
different drain tube materials by monitoring the behaviour
of the water table fluctuations between drains buried in
the porous medium of the model using the manometric glass
tubes.

The results of this study could find wide applica-
tion in river basin areas containing aquifers of medium
to coarse grained material under relatively high discharge
conditions. In this country, such areas exist, notably
in the lower sedimentary basins such as the lower
catchment areas of the Sokoto-Rima Basin; eg. the Gwandu
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aquifer in the lower Rima valley, and soils in the
Goronyo area of the middle Rima valley in Sokoto State.
Such soils contain thick sandy deposits with significant

ground water storage.
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