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ABSTRACT

This study investigates the opti numuse to which a nunber
of wells, sunk for water supply to the Ipaja Housing Estate in Lagos
State could be put. The study is in tw parts. The first part involves
graphi cal analysis of the available punping test data from sixteen wells

located within the estate to determne the hydraulic characteristics

of the underlying aquifer being tapped.

In the second part, the regional groundwater reservoir is
represented by a radial flow nunerical nodel. The nodel was used to
verify the aquifer properties. A sensitivity analysis was carried out
to investigate the effect of varying nodel input paraneters on nodel

suits.

A study of the nodel results show that a m ni mumdrawdown val ue
opti mum perfornmance of the well field is attained when all 16
are put into operation in neeting the estate's daily requirenr

of 12000nT of water.
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Chapter 1

INTRODUCTICN

1.7 Brief Hi:tory

In this projoct the water supply situation at the Ipaja
Ho sing Estate situated beuseen Alimosho and Baruwa village, along
Ipaja road and off the new Abeckuta expressway in Lagos State is
being studied. The new estate 15 being developed by the Feueral
Housing Authority to alleviate the hardships suffered by the middle
income group of pecple living in this part of metropelitan Lages,
due to shortage of houses, and is expected to provide accomodation

for an ultimate population of about 40,000 people.

The s rce of water supply to the estate is through
groundwater, and an estimated water supply of 12,000 m3/day is
expected to meet the estate's water requirement. This amount is
based on an ultimate per capita -~onsumption of 300 litres per
day, including provision for the requirement of schools and other

light industries that might develep within the estate.

Between October 1982 and July 1983, a total of 16

boreholes were sunk and developed within the estate, ard pumping
tests carried cut to datermine the yield of each borehole and
also evaluate the hydraulic characteristics of the aquifer beirg
tapped. Figure 1 shows the locaticon map of the Y ‘aja Housing

Estate.

1.2 Objective

The objective of this project iz two fold:

Firstly, to determine whiether or not the aquifzr under
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exploitation can supply the estimated requirement of 12cxxn@

of water per day, and secondly, to determine and evaluate, for
any one day, the coptimum number of wells to be operated, rate of
pumping and arrangement or sequence of operating such wells in

order to meet the wltimate water demand of the housing estate.

1.3 Approach
The following approach was adopted towards the achievement

of the stated objectives:

(i) Analysing the available pumping test data by conventional
graphical methods to estimate the hydraulic properties
of transmissivity, T, and storage ceoefficient, 3, of

the aquifer.

(ii) Using a numerical groundwater flow model to verify and
where necessary modify the value~ obtained in (i} above,
and then proceed to investicate the effect of varying
model parameters on rhe model results. In this exe:scise,
the numerical radiil flow model for analysing pumping
tests which was developed by Rushton and Redshaw (1979)

was used.

(1i11) A study of the results obtained in (ii) would then form
the basis for drawing conclusions and making recommenda-

tions on how the stated objectives could be achieved.

1.4 Report Qutline

In order to give a comprelensive treatment, and at the

same time allow for easv understanding of the werk carried cut,

Ll
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this report is being presented in seven chapters as follows:

The first chapter, gives a general intreduction and brief
history of the scheme being investigated. The objectives of,
approach to, as well as a report outline of the work are also

presented.

In the second chapter, some important hydrogeological
terms commonly encountered in groundwater studies are defined. A
review is given of existing literature of works related to the

study, which were carried out by other researchers.

" The third chapter is devoted to describing three main
hyﬁrogeological models normally used for groundwater resource
evaluation. Their relative advantages and limitations are
highlighted. Finally, the rumerical radial grow lwater flow model
fcr analysing pumping tests developed by Rushton and Redshaw (19.3),

and which was used in this work is discussed in more details.

Next 1is the fourth chapter, in which the study area
where the housing estate 1s located is described in detail and
for which mention is made of its location, topography, geclogy
and climate. The hydrogeclogy of the underlying formation is
also discussed.
In chapter five, the available pumping test data are
analysed by conventional graphical methods to estimate the
hydraulic properties of the aquifer. These values were checked and
where necessary modified, using the nunerical radial pumping test
model. The mcdel was then run to investigate the response of the

aquifer to varying input parameters like duration of pumping,



recharge, and abstraction rate. These parameters were seperately
varied at first to determine their appropriate values which were
later incorporated in the final simulations. The model results

are also presented.

The results and other information from the analysis and
model runs carried out in the fifth chapter are fully discussed in

chapter six. Limitations of the results are mentioned.

The final chaptér contains conclusions which are drawn from
the results of the work carried ocut. Suggestions and recommenda-—
tions which are considered vital to achieving the best performance
of the wells, and alsq ensure the optimum exploitation and
utilisation of the available groundwater resources of the area

are discussed.



Chapter 2

~ DEFINITIONS OF HYDROGEOLOGICAL TERMS AND LITERATURE REVIEW

This chapter contains definiticns of some of the most
important hydrogeclogical t=yms commonly encountered in groundwater
studies. A brief review of _ast works related to the study, which

were carried out by other researchers is also given.

2.1 DEFINITIONS

2.1.1 Aqui Fers
An aquifer is a geological formation that can store as
well as transmit or yield sigrificant quantities of water. A
formation which is porous and contains w .ter, but not capable of
trans-  cting water in signmificant quantit.es is called an
aquiclude. In the =xtreme case where a formation contains no
interconnecting pores and can therefore, neither store nor
transmit water, it is termed an aquifuge. Aquifers are generally

classified as unconfined, confined and semi-confined.

Unconfined Aquifers: An unconfined aquifer is a permeable |
bed partly filled with water and cverlying a relarively
impervious laysr. It's upper boundary is formed by a free water
table or phreatic level which is under atmospheric pressure. Such

Ian aquifer is also called a water—~table aquifer.

Confined Aquifers: A confined aquifer is a completely

saturated bed whose upper and lower boundaries are impervious
layers. In confined aquifers, the pressure of the water i1s usually

greater than that of the atmosphere, and water in piezometers



or wells penetrating the aquifer, will stand above the top

confining layer of the aquifer.

Semi-confined or Leaky Aquifers: A semi-confined or leaky

aquifer is a completely saturated aquifer that is bounded above
by a semi-pervious layer and below by a layer that is either
impervious or semi-pervious. Such aquifers will lose or gain
water through adjacent semi-pervious layers when the piezometric

head is lowered, say by pumping.

Raecha-ge Free Flowing Avtasiane Well =
haker pEers G’fdg"ﬁ" ? -
i ! / ."’ wizl '_,.’ / %,erf-u [
T W= a =

Leaky or Semt —Contfired
| Noa-Laaky |<L' Cen Rinad Reglon

L W e e e,

%
e
‘I\\

[ pevv oS shrate

Sami~ Pavyious Shrade,

Fig.2.1. Different Types of Aquifers (Hantush, 1964)



2.1.2 Hydraulic Properties of Aquifers

The most important hydraulic properties of aquifers that
inf"uence the flow of groundwater are: hydraulic condutivity or
pemmeability,transmissivity, storage coefficient or specific yield,

hydraulic resistance and leakage factor.

Hydraulic Conductivity, K: The hydraulic conductivity

or permeability is a measure of the ease with which water flows
through the aquif‘er: It depends, not only on the pemeability of
the medium, but also on the unit "weight and viscesity f the .ater
being transmitted.

The hydraulic conductivity may be defined as the volume of
water per unit time passing through a medium of unit cross-
secional ar«a, if the magnitude of the hydraulic gradient prevail-
ing at that section is unity. It has the dimension of velocity

(L/T).

Transmissivity, T: Transmissivity is the product of the

average hydraulic conductivity (or permeability) and the thick-
ness of the aquifer. Thus, transmissivity can be defired as the
rate of flow, under unit hydraulic gradient, t'wough a cross-
section of unit width over the entire thickness of the aquifer.
It is gererally designated by the symbol T or KD and has the
dimensicn of 1ength2/'t‘ime (LE/T] i.e. rr,2/day or m‘?/sec.

ie. T=iD 11217y
where,
K = Hydraulic conductivit (Lt
D = 8¢ urated thickress of the aquifer (L).



The aquifer transmissivity is a decisive factor of how

much water can be obtained from a well.

Storage Coefficient,S,and Specific Yield: The storage

coefficient of an aquifer is the volume of witer yielded per unit
horizental area per unit drop of water table (for unconfined aquifer)
or piezometric surface (confined aquifers). In confined aquifers,

it depends on the elasticity of the aquifer material. 1In

unconfined aquifers, the storage coefficient is also referred to

as the specific yield, which is the volume of water released

from a unit volune Of saturated aquifer material drained by a
falling water table. Thus if sufricient time is allowed for
drainage, the specific yield of an unconfined aquifer is the same

as its storage coefficient. Both terms are dimensionless.

Hydraulic Resistance, C: The hydraulic resistance is the

ratio of the saturated thiékness of the semi-pervious layer, D',
to the hydraulic conductivity of the semi-pervious layer for
vertical flow,K'. It 13 perculiar to semi-confired aquifers,
and indicates the resistance of the semi-pervious layer to

upward or downward leakage. It has the dimension of time (T)

i.e c = D'/K
where
b' = Saturated thickress of semi-pervicus layer (L)
K' = Hydrauic conductivity of semi-pervious layer (LT“1)

Leakage Factor, L: The leakage factor determines the

distribution of leakage into the semi-confined aquifer. Thus
it indicates the origin of the water withdrawn from a well

tabbing the aquifer) and is expressed as:

-
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K = Hydraulic conductivity of the confined aquifer wr

L)
[l

Saturated thickness of the confined aquifer (L)

A
H

Hydraulic resistance of the semi-pervious layer (T)

A high value of L indicates a great resistance of the
seml-pervious strata to flow, as compared with the resistance
of the aquifer itself, In which case, the influence of lecakage

will be small. Leakage factor has the dimension of length (L).

2.1.3 Aquifer Boundaries

A1l aquifers must ultimarely, have boundaries. Two
distinct types of boundaries are recognised in groundwater
study:- (i) Free-head boundary and (ii) Fixed/Constant-head

boundary.

A Free-head bourdary is one, across which no flow can
occur. The drawdown within the area of influence will increase

during pumping.

A constant head-boundary is one at which no drawdown
occurs. This type of boundary will eventually result in steady
state corditions. It 1s also referred to as fixed-head boundary,
ard is typified by a boundary that operns into the sea or a large

surface of water

2.1.4 Staresof Groundwater Flow

There are two states of groundwater flow; the steady

state flow, and the unsteady state flow.
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Stead-State Flow: Steady-state or equilibrium flow occurs

when there is equilibrium between the discharge from a pumped
well and the recharge into the aquifer by an outside source.
Steady-state conditions rarely occur in nature,and in practice,
a steady state is said to be reached if changes in drawdown with

time become negligible, or the hydraulic gradient becomes constant.

Unsteady-State Flow: Unsteady-state or non-equilibrium flow

occurs from the moment pumping starts, until the steady-state
condition is reached. In practice, well flow is considered to
be in unsteady state as long as there is significant variation
in drawdown with time; or when hydraulic gradient changes in a

measurable way.

2.2 Literature Review

In svaluating the groundwater rescurce ¢f an area,
values ~f the various parameters, earl.er defined, and which
determine the characte.istics of the aquifer must be ascertained.
Methods of estimating these parameters as reported in literature

(Health arnd Trainer, 1968) include:

(a) Laloratory tests on wndisturbed soil samples to determira
particle size, porosity and permeability.

(b) In the field, the use of tracer technig es and electrolytes

to determine flow velocity under known hydraulic gradient.

Permeability can thus be determined.
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(c) Carrying out a pumping test, which is in effect a

controlled field experiment to investigate the aquifer

response. It involves a withdrawal of known quantity of

water from an abstraction bor=hcle, and menitoring changes

in groundwater potential at both the abstraction and other

observaticn wells,

(d) The use of modelling technique.

(e) Regional analysis of water-level map.

2.2.1 Equations of Groindwater Flow tc a Pumpirg Well

A. Steady State or Equilibrium Equation

The steady state or equilibrium condition depicts the

long~term behavicur of groundwater flow in an aquifer. It is

a state where drawdown changes with time is :ieg’.'_;ib‘.e,f:.p_ =Q)
ar

and the hydraulic gradient has be -me constant.

Q

4
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Fig.- 2.2 Radial flow to a well fully Penetrating an Extensive Confined

Aquifer ( Todd, 1959)
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For a well fully peretrating an extensive confined
aquifer (Figure 2.2) the steady state radial flow equation to the

well is

where

Q = The wu:ll discharge (L3/T)

r = Radial distance from the well (L)

D = Thickness of aquifer (L)

K = Hydraulic conductivity of the confined equifer (L/T)
-ch}-:: = Charge in head with distance ir the radial direction .
Thiem (1906) showed that for a pumped well in which

groundwater elevations are measured in at least two piezometers.

equation 2.1, vhen rearranged and integrated beccmes

_ M (hz_h*;)

Q =
loge(["zfr] } ............ 2.2a
or
- 9 log. (rs/r.) eeuen. 2.2b
. 2WD (h,h) e "2
where

r,,r, are respective distances cof piezometers from the
pumped well (m).
h, ,h2 are respective grourdwatsr elevations in the

piezometers (m).
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Thus, the hydrawlic conductivity, ¥, and hence transmissivity,

KD, of the confined aquifer can be determined.

For an unconfined aquif=r, there is a modification to the
above equations since the saturated depth or thickness of the
aquifer varies alcong the radius of influence, The applicable

expressions at steady state are;

Q = 2ﬁﬂh$- ...... e 2.3
and
2 2
Q = MK ({hy -0y 2.4a
1oge(r2/r1)
or -
= Q log (r, /r.)
K = > O\ T/ Ty L 2.4b
TTK(hE—h1 3

It showld be noted that all the above equations apply to
homogeneous, isotropic agquifers of infinite areal extent in which

. horizontal, laminar flow at steady state is assume..

B. Unsteady State or Non-Equilibriun Equations:

As stated earlier, the flow of groundwater towards an
abstraction well is normally assumed radial, and the non-
equilibrium or unsteady state partial differential equation
governing flow in a confined aquifer when the vertical
components of flow are sufficiently small to be neglected is

(Ja b, 1950).



wheare
r is the radial coordinate direction (L)

is the groundwater potential (L)

-3

ig the transmissivity in the radial direction (L2/T)
S is the storage coefficient,
t is the time (T)

q is the inflow into the aquifer per unit area (L/T}.

Theis Solution: Theis (1935) in a pioneering work

derived an expression fur the variation of drawdown with time due
to abstraction from a well in an infinite confined aquifer,
taking the effect of storage into consideration. He noted that
when a well penetrating an extensive confined aquifer, is pumped
at a constant rate, the influence of the discharge extends
outwards with time. The rate of decline of head, multiplied by
the storage coefficient and sumned over the area of influence,
equals the discharge. The head will continue to decline as

long as the aquifer is infinite and theoritically therefore, no
steady-state flow can exist. However, the rate of decline in head
decreases continucusly as the area of influence enlarges, and it
will eventually become so small and negligible. In prag;ice, it

is this state that is considered steady-state.

The solution to the non steady-state or Theis (1935)
equation, which was derived from an analogy between the flow of

groundwater ard the conduction of heat may be written as:

Q “eMdu s 0 WW eenn... .. 2.6
u 41T KD
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F43°09 ] o} b LR 2.7

r2

5 is the drawdown in metres, measured in a piezometer at a
distance, r in metres from the pur =d well.

3;day)

Q is the constant well discharge (m
S i3 a dimensionless coefficient of storage
KD or T is the Eransmisaivity of the aquifer {mz/day)
t is the time in days since pumping started
W{u) is the "Well Function of u" or "Theis Well Function”
and is expressed as
2 3 4 5.8

Wu) =-0.5772 ~log, u+u - w4 U - u o+ ...
2.2 3.3! 4.4!

Since the publication by Theis, many additional analytical
solutions and curve-fitting techniques have been developed by
other researchers fur a wide variety of natural conditions,
including cases of leaky aquifers, partially peratrating wells,
boundary effects, water contaired within the well, aquifer
which are partlally confined and partially unconfined, aniso-
tropic aquifers, delayed yield from storage, vertlcal comporents
of flow, and stepped abstraction rates. Treatment of these cases
have been described in details by Walron (1970), ard Kruseman

and DeRidder {1970).

Very versatile alternatives to the analytical and
¢ irve-fitting techniques, have alsc been develcped for solving
the groundwater flow differential equation by cother researchers.

These include the discrete space-discrete time aumerical model
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and the electrical analog model.

Stallman (1956) derived a finite difference form of
equation 2.5 for determination of permeability of an aquifer by
numerical analysis of the free surface, while Trelease and Bittinger
(1963) used a digital computer for numerical evaluation of the
series form of the analytical solution to equation 2.5 as obtained
by Theis (1935)in equation 2.8. These methods have the advantage
that as many corndit.ons as necessary can be included in a single

numerical sclution.

In the area of analog modelling, ‘hibitzke (1961) employed
an electrical analeg to solve the finite difference equation in
sim.lation of aquifers, and Walton and Prickett (1963) have also
described a comprehensive analog model to solve the groundwate:

flow differential equation.
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Chapter 3

DESCRIPTION OF MCDEL

3.1 Definition

A model of a groundwater reservoir can be defined as
any system which can duplicate the response of the reservoir. The
operation of the model and manipulation of the results is called

simulation {(Prickett, 1970).

3.2  Aquifer 8System Analysis - Hydrogeological Models

In planning for the optimum exploitation and management
of the groundwater resource of an area, it 13 necessary to under-
stand the working system of the aquifer. Hydrogeological models
provide a powerful tool for analysing aquifer system and examining
the distribution and flow process of water within the aquifer.
Extensive information and data from wide variety cf sources have
to be obtained before a model investigation of groundwater flow
in an aquifer can be carried out. Pilot scheme investigationsg

provide a useful source of such data.

When all the necessary information are incorporated in
the model, it serves as a check on the co sistency of the data,
and where deficiencies become apparent, further investigation to
obtain the required data can be initiated. 1In cases where
certain vital information are not available, a probable range of
values within which the parameter should lie can be used. A
number of solutions can then be obtained for the range, and

the sensitivity of the results to the varying values will
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_ indicate the overall accuracy of the model. Even when a
satisfactory model has been devised and tested, a continuous
monitoring of the variation of the groundwater potential is still
necessary, and additional information obtaired are used to update

the aquifer model.

Once the groundwater model has been tested and proved
against historical data, it can then be used to simulate and
predict the effects of various possible abstraction schemes.
_Hydrogeological models which have been used to study and
evaluate groudwater flow can be classified into three broad

categories (Kampsax Krugger and Sshwed, 1977):-

(1) Mathematical Models
(2) Analog Models

(3)  Wumerical /Digital Models

The choice of the modelling technique will largely depend
on the basi- data availaple. In this work, a rumerical model is
used, but both mathematical and analog techniques Will be -
briefly described. The advantages and disadvantages of each

of the three models will also be highlighted,

3.2.1 Mathematical Models

The Mathematical formulation of a model consists of
working with the appropriate differential equations and their

associated initial and boundary conditions. where hydraulic

parameters are canstant throughout the whole aquifer and the

boundary configurations are simplified, a simple mathematical
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model an be applied to determine the aquifers' response, i.-.
drawdown in a pumping well and aquifer for a given withdrawal.

If the aquifer is bounded by recharge or discharge
boundaries, such are simplified to form simple geometrical figures
to make the mathematical model operational. If no boundaries are
known to exist, the modelled aquifer is extended to infinity.
wnile generally simple and inexpensive to operate, mathematical
models are known to cause considerable errors in drawdown
calculation, particularly when the boundary condition is not
properly represented. They are also not very useful when the

aquifer parameters vary widely from one location to another.

3.2.2 Analeg Models

The behaviour of an aquifer can be described by differential
equaticns which are derived from basic principles such as the laws
of continuity and energy conservation. Differential equations
governi. J response in other systems in different physical
categories, such as heat flow through a slab of mat=rial or
electrical current flow through a resistive medium have also been
derived, basaed upon the same laws of continuity ard energy

conservation.

when a one-to-cne correspordence occur betwesn all terms
of the same differc.itial orders, then the similarity of the two
differential equations is established, and the two systems are
said to be analogs of one ancother. A physical mcdel of one

can then be used to evaluate respcnse in the cther.
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Analog models that have been successfully used in studying
groundwater problems include (Prickett, 1970)% (1) the viscous
fluid models, (2) Electrical continuous systems - models, and

(3) Electrical discrete system models.

Analog models are useful where the hydraulic properties

" of an aquifer vary in space, and more exact evaluation of
aquifer's response to withdrawal is desirable. They however have
the disadvantage of been time—c.nsuming, and requiring ditferent

instruments and laboratory facilities to build physical models.

3.2.3 Numerical /Digital Mrdels

A third, and perhaps more powerful method of evaluating
groundwater resources of an aquife; igs through the use of
numerical models. Numerical methods take into acgount any real
variation of the hydraulic parameters, and existing boundaries
can be modelled with any desired accuracy. Where the available
geologic ard hydrolocic data are rct sufficient to permift a
rigorous analysis of an aquifer, numerical methods can still be
used to approximate the performance of the well and aquifer using
the so called "idealised aquifer". With this assumption,
complex hydrogeclogic boundaries of the aquifer can be idealized
into elementary geometric Forms made up of straight-line
demar . itions, such as wedges and infinite or semi-infinite
rectilinear strips. Average hydrogeological properties of the
aqifer and confining layers are then selected »n the basis of

any known field data, and used in the model.

"
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All numerical methods involve 3 steps:

{1) Re-writing the appropriate differential equation in
its discrete space-time form, in which continucus
deri.atives are replaced by ratios of changes in

variables over a gmall finite interval.

1

{2) With knowi: boundary or initial values, a set of

algebraic aquations can be written.

(3) solving the set of algebric equations, numerically

o with the aid of a digital computer.

Both finite difference ahd finite element methods of
analysis have been used in formulating numerical models.
(Stallman 1956, Priékett and Lonnguist, 1977). 7The main advantage
of these methods is that as many conditicns as necessary can be
included in a single numerical solution. These conditions
include leakage; wells of finite radius, variable abstraction
rates, boundary effects, change between confined and unconfined
conditicns, well losses, delayed yield conditions, etc. A
disadvantage of the digital and other models is thar the models
boundary conditions have to be well known if the boundary will
be reached by the cone of depression before a state -f equilibrium

between pumpage ard recharge is attained otherwise drawdown

results will be 1 error.

3.3 The Radial Groundwater Flow Model

In this sectiun, the derivation of a dic rete model of

horizont 1 radial flow through an auifer to an abstraction well

g e omr—— =
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is pfesented. A method of obtaining numerical solution for the
model wing a digital computer program developed by Rashton and
R lshaw (1979) is discussed. It should be noted that the model
is restricted to cases where the vertical components of flow are

4

assumed to be very small and negligible.

3.3.1 Derivation of Discrete Model

There are two ﬁethod of derivation: (1) the derivaticn
from the governing differential equation, and (2) derivation
using the "lumping concept, - an approach which was introdured
by Rushton and Booth in 1976. Only the first method will be

treated, since the two methods lead to identical solution.

oy

3.3.2 Derivation from Differential Equation

As earlier stated, the non—equilibrium differential
equation describing horizontal radiai flow in a homogereous
aquifer, in which vertical flow components are reglig.ble, can

be written as:

Q . Db dh =5 Oh +
A RS A

cr

TE%+%%._§] :5-),5_2 +q .:....3.1 -
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where

g

mk, = Transmissivity of aquifer in radial direction (L%/1)
h

Water level piezometric level above an arbitrary datum (L)
r = radial coordinate (L)

m = aquifer thickness/saturated depth (L)

Ky = radial permeability (L/T)

t = time (T)
§ = storage coefficient (confined or unconfined)
q = inflow per unit area which may be a function of radius

(L/T).

Introducing a radial variable 'a' such chat

a=logr,or ®a =1 siiieee.. 3
8 Dr T
since
Y ¥n ™ 1. h e 3.3
Tr Ta r ' Ta
and
% - E[ﬂ_n] == 1,2, 1 %% .34
Do Sr lr Ya - Ta 2 D22
Substituting into equation 3.1 gives
T[(_‘clh 1 _‘Deh) 1 1‘()&1]: s2h .q
S 'SRt 'S E . -
L2 tat T 2 ErTr Tra <
or
th = 8 + 9 seesss 3.5
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Multiplying through by r2 gives

)21'1 = Sre D 2
r'e~—s =~ nh +
da’ Y3 o

ar
= 2

% 2 dh
—_— Sr +qx‘ D R ) 3.6
32 ot
A finite-difference form of equation 3.6 is expressed by
dividing the radial ordinate into a discrete mesh which increases

logarithmically py an amount Aa as shown below:

! n-1 h hn+1
P ’ Pl .

| n Aa @ A3 b

l i

l as loger

Fig. 3.1: Radial finite difference mesh with logarithmic increase

in mesh interval.

The finite differenc= form, with centre at node n; then becomes;

2

-
mKr‘ (h r.hn +h

n-1 ﬂ+1) teat T Oy (h'r'i.ti-A:_ﬁrz . - )+
2
datn 300000 ssmeenisaess 3.7

With appropriate inilial and boundary conditions, abcve equation
3.7 can be solved by numerical methods. It is to be noted that
with thelogarithmic: mesh interval adopted, nodal points are
closely spaced within the vicinity of the abstracticn «ll, but
become more widely spaced at greater distances away. This

provides a suitable arrarngement for mod.lling pumping tests
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since rapid changes in drawdown occur in the vicinity of the
punped well. Logarithmic time increment is also adopted to

cater for very long pumping duration.

Equation 3.7 can be viewed in terms of equivalent hydraulic

resistance as shown in fig. 3.2 below. Such that :

2
Aa
H == e 1.8
n mKr
A 3.9
Tn - SrnQ
where,

H_ = Hydraulic resistance to horizontal flow at node n.

T = Time resistance of ncde n.

:L | T g T |

N L L L |

LFAr \ ~ . Hay N o |
e BN Bely S AN

hn-y ket b ttat

Fig- 3.2: Representution ‘equivalent hydraulic and Time
resistance(Rushton and Redshaw 1979)
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Ay

Assuming a positive flow from each node equal to qri, .aen the

equation for rnode, n, becomes

(h -2h +h_ ) = h - h +

-1 n n+1 t+ A n, t+ At n,t qr2 «..s 3,10

n
i | Tn

The equivalent hydraulic resistance concept will be found to be
particularly useful when considering the respresentation of
boundary conditions: The abstraction from the pumped well,
Q (L3/T) is represented in the model as a negative recharge at
node 1, and it is converted to an squivalent recharge, q (L/T),

at any nodal point by

q = 2 o T 3.11

n

where An is the area represented by a node, and is given as,

A =2Trar L 3.12
Since a = loger‘.or' ¥} o= 1, and Ar =raa
r r
)
. A = 2N raa G I e
and
_ -Q 3.14
2Tt“r2/_~.a

3.3.3  Numerical Solutinn

Tn obtaining a numerical @->lution for the horizontal

radial flow model described above, the following factors are
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1

considered in the digital computer progran.used. (see Fig. 3.4).

Numbering of nodes and mesh spacing: The nodes were

nutbered from 1 to NMAX, with node 1 representing the region
within the well, the well radius is R (2) and the outer boundary
R{MMAX). An increment aa, equal to 0.38376 was adopted, so that
there are six mesh intervals for a tenfold increase in radius.

The final interval ends at R{NMAX).

Position of Observation Wells (Node number of Obs. wells): Since

a logarithmic mesh spacing was adopted in deriving the finite-
difference form of the model equation, it becomes convenient to

position observation wells at nodal points in the computer program.

Thus, we have:

Well Edge

Centra of

wall _

Node pg, ;1 2 3 4 n+2
r ~t t ¥ '
]'I‘ well
1.46779 r well | 'j.
‘ 1.46779° r
: well 5
- 1.46779" « Duert 5
Fig. 3.3 Numbering of observation wells nodes.
For aa = logg (Pn+‘l ) = 0.38376

Thei = aa = _90,38376

e av’

= 1.46779
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Since node 1 is at the centre of the well, and node 2 at the

radius of the well, i.e . r, =10

2 well
o r3 = 1.,46779 r well
_ 2
P4 = 1.46779 r3 = 1,46779 T el
and so on.
Thus, we generally have;
r = 1.46779% r
. n+t2 -~ " : well.

For a well of 200mn radius, an observation well at 200m away

will have a node no.of 20 as shown below: -

’ T - 3
1.467?91'1 _ n+2

rwell

i

200 = 10
0.200

n log (1.46779) = log (10%) = 3

n = 3/log (1.46779) = 18.003

n+2=18+2= 20

This arrangement has the added adantage of being able
t0 monitor rapid changes in drawdown which occur within the
vicinity of the pumped well since the nodes become more closely

'spaced towards the well,

Time Step: In order to be able to acCurately monitor
the response at the smallest radius, the initial time step is

_set to a very small value of;

2
O‘Ogsrw SC . Ak 3;18
At = '
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where,
Sc = confined storage coafficient
r, = radius of abstraétion well
T = Transmissivity.

The time is thereafter, increased by a factor ‘IOO'1 for

each calculation, thus providing ten time sfeps for a ten-fold
increase in time. Each time the abstraction rate is changad, the
time step is returned to the initial small value given in

equation 3.18.

Confined to Unconfined: At any node, the leavel of drawdown

relative to the top of the aquifer determines whether the aquifer
is confined ¢ unconfined at that node. If a node has drawdown
less than TOP, which is the position of the top of the aquifer
below a datum level, then the aguifer is confined and the confined
storage cosfficient is applied at that ncde. If on the other
ﬁand, the drawlown is greater than TOP, the aquif=r beccmes

unconfined, and the unconfined storage coefficient is used.

f

Variable Saturated Depth (3D): In a confirned aquifepr, the

saturated depth SD, is equal to the aqu.fer thickness, and i3
usually assumed CGdstant.

i.e, SD = BASE -~ TOP.
However, in an unconfined .aquifer, the saturated depth is

a function of the drawdown, and is calculated as

SD = BASE - D(N).
Since SD depends on an unknown drawdewn D(N), an iterative

loop_for each time step is incorporated in the progran after
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.

statement no. 50, in which calculation is repeated foﬁr times
with successively improved approximations to the saturated depth.
This rigorous approach has been adopted because the horizontal
hydraulic resistance, H{N) which is an important parameter in the

model equation is also a function of the saturated depth, SD.

Excessive drawdown: To avoid having a situatrion where the

groundwater potentials calculated will fall below the base of the
aquifar, a test is incorporated in the program to check excessive

drawdown,

Rapid changes in drawdowns are likely to occur when
the saturated depth becomes less than half of the original
saturated thickness. -The calculation is therefore stopped once
the depth of water in the abstraction well becomes less than 10
percent of the original saturated thickness. {(See comment stitement

after statement no 110 in the program listing).

3.3.4 Program Computations

(a) Any node N.
For any node N. the hydraulic resistors H(N} and H(N-T)

are calculated from equation 3.8, and the corresponding time

resistance T{N) from equation 3.9 .

With the unknown drawdown. and the drawdown at the previous
time step represented by D(N) and QLDD(N) respectively, the model
~equation for node, N, can then be written (Rushton and Redshaw,

1979 }esee figure 3.4,

D(N-1) + D(N) 1 + 0 + 1 — D{N+1)
H{N=1) H(N-1)  HNY TN H(N)

= OLDD(N} — RR(N) RECH{N)
T(N}
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where,

R{N) is the radius at node N, and RR(N) = R(N) x R(N).

(b} Well ..odes {Ncdes 1 and 2)

The well nodes are considered separately from other nodes
because, while a significant quantity of water is initiaily
present within the well before pumping started, the discrete
model derivation only considered flow in the aquifer. To
simulate this initial free water within the well, the aquifer is
assumed to extend into the well but with different properties.
Aquifer properties within the well are assumed such that the
transmissivity is very high and the storage coefficient is unity,

which correspond to free water within the well.

Thus, horizontal hydraulic resistance H{1) is set tc a
T low value, and 'time resistance' T(1), is expressed as
T{(1) = At
2
Sr1

From equation 3.13 the area represented by node 1 is

Ay = QWrﬁ-Aa

But node 1 also represents the plan area of the well of radius -
s thus

—

2
AWEll = sz

This gives the ratic of the unmodified area of node 1, to the

area of the well as

Z'l?'r‘T2 Aa

fl =
Age11 T\'rz2
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The modified 'time resistance' for free water within the

well with a storage coefficient of unity then becomes

(1) = At . QWI‘?AEI
W2
Tire

= 2AL Ad 2
-———:5‘—

Lo

i.e T(1) = 2ataa
RB(2)

The amount of water pumped from the well per unit time,
QPUMP, is modelled by expressing it as a negative recharge at

node 1. This amount, which at the initial pumping stage is

drawn partly from the free water within the well ard also partly frpm the

aquifer is expressed in equation 3.14 as

_ ~QPtMP
2TRR(1) Aa .

The flow-balance equation for rodel 1 (see fig. 3..!) becomes

0(73[1 + 1 D(2) = wop(1) -[—QPUHP }RR(T)
2

H) T()} H(D) T TRR(T)aa

or _

D(1) 1.'1 + 1 ] - D(2) = aLob(i) + QPUMP eeees 3415
H(1} 1)

H(1) (1) R aa

(c) OQuter Boundary (Node, NMAX)

At the outer boundary, where radius is R(MMAX}, the mxlel is

terminated. H{MMAX) is made to have a very large value, and
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" the equation for node NMAX (Rushton and Radshaw, 1979 becomes

neghgibit -
- D(NMAX-1) , D{MMAX) 1 e 1 N 1 ‘J
H{NMAX=1) R{TMAR-1) HIG0) TINVAX)
. = OLDD(NMAX) _ .5 RR{NMAX) RECH (NMAX
St > RROMAX) RECH (N4AX)
or
- DOMAX-1) +D{NMAX) { 1 . 1 'J
H{NMAX=1) H{MAX — 1) TMAX)
= OLDD(NMAX) _ o.SRR(NMAX) RECH (NMAX) craeaeaa 3.17

TAX)

Equation 3.17 can be modified slightly for different
cuter boundary condit’ ns. For exanple if the outer boundary
drawdown remains at constant value, the time resistance is set
to a small value which implies very large storage coefficient.
With such a large storage, the drawdown at ouier boundary will
virtually remain unchanged, thus satisfying the constant drewdown

condition.

Solution to Equations: In matrix form, equations 3.19,

3.16 ard 3.17 form a tridiagonal matrix, whose solutior is

obtained in the program by Gaussian eliminarion.

The Flow chart for the pmping test program and the full

program listing are presented in the appendi< 1 and II respectively.

g e e W A i s Ly . et . g

S L



Chapter 4

THE STUDY AREA

This chapter is used for describing the project study
' area. The description would include the locaticn, topography,

climate, geology and hydrogeology.-

41 Location

The project site 1is within the Ipaja Housing Estate,
- which is located in Lagos State of Nigeria at approximately
latitude 6° 36' North _and longitude 3O 17' East. The housing
estate is accessible through Ipaja Road which originates from
Agege. crosses the Abeokuta Express Road and terminates at

Ipaja Village. The location map is a&s earlier shown in Figure 1.

4.2  Topography

The Housing Estate lies between 32 and 43 metrés.abové
-tsea level and caovers an area of 160 hectares. The shape of the
estate is somewhat rectangular, witn a maxdmum distance of about
1.0 kilometres in the north-scu.h direction, and 2.2 kilometres
in the east-west direction. The terrain slopes gently towards

north eastern direction.

4.3 Geology
| The geclogy of the area which lie within the south-western

part of Nigeria has been described in details by De Swardt {(1953),



Jones and Hockey (1964}, and Reyment (1964).

The area lies within the coastal basin of the Niger,
wherein the oldest sediments were deposited during a transgres-
sion of the sea from the south in late Senonian times. Gradual
recession of the sea has been accompanied by an extensive down
warping of the crystalline basement floor, which helped accumulate
more than 1 kn of Senonian and Paleocene sediments at the present
day coastline. After the Paleocene period, deltaic and estuarine
conditions prevailed and sedimentation continued from the marine

to the partly continental coastal plain sand.

The present day coastal sediments, overlying the coastal
plains sandextend over a long belt, stretching from the Benin

border up to the Niger Delta and further east,

To the north of the belt of coastal sediments, the
coastal plains sand outcrops in a belt of variable width around
a latitude through Abeokuta along Ogun River. A vertical
profile shows the'succession of deposits beneath this belt to

be as follows:-—

At the base of the succession, at a depth of about
750 metres 1ies.the senonian Abeckuta formation to a thickness
of about 300n. This is overlaid by the Ewekoro forme ion
deposited during Paleocene times to a thickness of 250m. The
Ilaro formation comprising Eocene sediments and the ccastal
plains ¢ nds lie unconformably upon  each other over the
Ewekoro formation to a total thickness of about 200m. Ilaro

formation and coastal plains sands are indistinguishable in the

-



field due to lack of c.ear lithological features. Both however
consist of inter bedded sand and clay layers in an ill-sorted

fashion. Figure 4.1 shows the geological map of the area.

4.4 Climate

The climate of the area is typical of coastal tropical
climate and is characterised by well marked vet and dry seasons.
The dry season lacts from November to March, while the wet

season lasts from April to October (Asseez, 1971).

The average daily temperature varies from 230C to 3100
and the annual average daily temperature is 27°C within the
last 25 years, Ikeja whict i3 about 8 lon away frem the Housing

Estate, has recorded tempertures as high as 34°C and as low as TTOC.

The average amnual rainfall in Ikesja is 1,565mwn. During
the wet seascn, rainfall is heaviest in the month of June, while

August 1s the driest month.

The average daily humidity over a year is 83 percent in

the morming and 76 percent in the evening,

4.5  Hydrogeology .

From hydrogeclogical peint of view, the.Abeckuta
formation and the Ilaro-Coastal plains sands formations contain
the most important aquifers for abstraction of groundwater. The
Ewekoro formation consists mainly of shales with silt partings

and fine sands, and is therefore of little interest as a water



OF BENIN

BIGHT

N

FOAMA™

ILARQ

(Adeyemi, Ogundipe and Partners)

Fig. 41 Geological Map of part of Lagos state

1-12%93390

Scale




bearing stratum (NWRD, 1965, and Assecz, 1971).

There are four major aquifer horizong in the area. The
three upper aquifers are seperated from ocne other by alternating
sequences of clay and sand layers of varying thickness {Kampsax

Krugger and Sshwed, 1977).

The first or uppermost aquifer lies at the top of the
coastal plains sands at approximately sea level. It 1s of
minor importance for any major water supply because of its
poor yield. Thrre is also a potential risk of groundwater pollu-

* tion because of itc nearness Lo the swrface.

The second aquifer occurs in the basal beds of the
coastal plains sands at elevation ranging from 20 - 70 metres
i below sea level (m.b.s.1l) in the northern part, and 4. - 100

m.b.s.l near the ccast.

The base of the Ilaro formation holds the next aquifer
at elevations ranging fram 130m to 160m.b.s.l. in central part

of Lagos, and dipping towards the coast to 170m - 210m.b.s.1.

The fourth aquifer lies in the'Abeokuta formation
above the basal beds of carbonacecous clay mudstone, and calcarecus
- silt. The aquifer is approximately 60 m thick and oc s at
elﬁ*étion greater than 400m, b.s... A thick layer of shale
seperates this aquifer from the third aquifer and it is
: Certainly confined. Hot water of temperature greater than
. 60°C was reported from a borehold drilled to this aquifer at

Guiness Nigeria Limited in Ikeja (Kampsax Krugger and Sshwed, 1977).

Cow
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Chapter 5

ANALYSIS OF PUMPING TEST DATA, ESTIMATICON OF MCDEL

INPUT PARAMETERS AND RESULTS.

In this chapter, a detailed report is given of the
analysis of the Field pumping test data and how the model input
parameters were estimated. The computer progam is then run with

input parameters being varied, one at a time and results compiled.

5.1 Analysis of Pumping Test Data

5.1.17 Borehole Construction Information

Between October 1982 and July 1983, a total of 16
boreholes wer drilled ard located within the Ipaja Housing Estate
as shown in Figure 5.1. An enlarged sketch of the borehole
locations with their distances apart is given in Figure 5.2. The
boreholes are numbered TW for the central well, and 1,2,3..... up
to 15. |
All the boreholes were drilled by rotary method, to
depths varying from 120 meters to 136 meters below ground level,
with s0il samples being taken at every om depth. A Lithological
cross-section of the pumping test site, based on data obtaired
from the boreholes is shown in Figure 5.3 A typical borehole

sketch and strat. log is presented in Figure 5.4.

The drilled diameter was 500mm, while steel casing of
200mm internal radius and 16mm thickness was installed. Johnson
screen of same radius as the steel casing was positioned at the

appropriate water bearing, granular zones. The overall lengths

e
"
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Fig-S.4 Typical stal log and Borehole sketch ( AWS)

(Archbode Engineering Limited, 1984)

BORSHOLE
DEPTW (m) SKETCH SO SAMPLE
OQM}T_
b | _Fe
o _ - 5 * LATERITIC CLAY Deep ‘o L_'\.gm- orowam
L= ~
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"~ of screens and casings used vary slightly from ore borehole to
another, but the screen locations are generally within the same
zone, indicating that all boreholes tap water from the same
aquifer. All borehole casings project some 600mm above the ground
level, and the amrylar space between the casings and the wall of

the well filled with graded gravel.

Each well was developed using powerful cCOmpressors
comnected to the borehole through pipes which terminate at the
screeﬁ location. Tﬁe compressor allows water to surge back and
forth through the screen and gravel pack at high velocities remov-
ing fine sand and other p.rticles which might hinder the smooth
flow of water into the well. This process was contir._ed until
clean, sand-free w ter w.s obtained. Apart from ensuring sand-
free pumping, development operations help to stabilised the
aquifer structure near the well and remove mud-cake which might

have formed on the face of the h.le during drilling.

After development, a submerssible pump was installed
ard the well is now ready for testing. The lewvel of installation
of punp in all wells was 84m below ground level, and the static
water level before pumping began ranged from 40.22 to 48.66m
below the top of casing. A sumary of construction and pumping

Test information for the 16 boreholes is given in Table 5.1 .

5.1.2 Punpirg Test Measurements and Analysis

Pumping tests were carried out on the boreholes for two

main reasons: (1) To determine the hydraulic characteristics
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of the aquifer being tapped, and (2) Te obtain information

about the yield of each well.

Each well was tested as it was being completed, with
the static water level before the start of pumping, measured and
reccrded. During pumping, measurements of the water level were
taken with time. Initially, readings were taken at very short
time interval, but the time .nterval was gradually increased as
punping progressed. This was in recognition of the fact that the
water level in the pumped well charges rapidly during the first
one or two hours of the test, ifter which they become gradual.
water level measuraements were taken using a hand —- Jperated
water level indicator, which basically consists of a water-—
. sensitive probe to which a tape 1s attached. The probe is

lowered into the borehole casing, and once the water level is

reached, an indi-ator light comes ¢», with a continuous hissing

sound. The tape is then read. Time measurements were noted
using a stop watch. Abstractior rate was measured using a flow-
meter coupled to the discharge pipe. This was sometimes
verified by measuring the time required to fill a drum or

container of known capacity.

o A kB i S o g
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5.1.3 Drawlown Tests: (Step Drawdown/Constant Discharge Test)

The fall in water level withir the well was measured
with time as pumping proceeded. In all cases, the .bstraction
rate was increased in three steps, with the first two steps
being of relatively short durations of about 30 toc 45 minutes
each, and the third step lasting for as long as 48 hours to 72

hcurs after which the pump was shut down.

The nature of measurements made it difficult to
directly use the Theis' "type curve" method of analysis. Rather,
the Cooper-Jaccb's method which is based on Thels solution was

used. Recalling Theks forumla,

s=_0Q ,Wu = _Q (-0.5772-1og _u+u- W WU Uy gy
% F50) FTKD 5.2 337 3.4!

From equation 5.2, it c¢an be seen that u decreases as the time
of punping increases. Thus, for large values of, t and small
values of r, the terms after logeu in the series of equation 5.7
become negligible. Therefore, for small values of u (u £ 0.07) the
drawdown can be expressed as

s = Q [-0.5772 ~10g, £33 | eeeees 5.3

4 T kD 4kDt

Rewriting equation 5.3 and changing into decimal logarithmic

gives

s = 2.30010g 2.25 KDt Lieiiai.e.. 5.4
4TkD e
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A plot of drawdown s versus the logarithm: of time t, will give
a straight line. At the intercept wirn the time-axis, 5=0 and

t = to.

0 - 2:30Q log 2.25(D t
= I 'r"““"es ©

H

Since 2.30Q 4 @ , it follows that 1cJ 2.25KDt =0

4TKD

rQS
1. 2.25KD tg =
2
rs
or
3 = 2.55[03 s e 5.5
r s
Substituting 3, into equation 5.4, gives
< = 2:300 log t/tg ' ceee. 5.6
T 4T XD

For‘t/to = 10, log t/to = 1.
Trus, § in equation 5.6 can be replaced by As, 1.2, the drawdown
difference per log cycle of time, and it follows that

AS = 2.300/4TKD

o= BN 5.7

In applying this method to step drawdown test, where discharge is not
constant, drawdown measurements are converted to specific drawdown
s/Q, i.e drawdiown per discharne, arnd time measurererts t, are converted
to the weighted - * mean time £, which represents the time
at which an c¢bserved drawdown would have occured if pumping had
been at a contant discharge rate equal to the actual discharge at

time t.

-

[ —— DR



Specific drawdown s/Q is then plotted against weighted
. meartime T on a Semi-l0g graph paper (with t on the
log-axis), the best straight line through the points is drawn.
Transmissivity is then calculated from the equation (Cooper and

Jacob, 1946)

T=KDb =2.30 X 1 5.8
4T Als/Q)

where,
A(s/Q) is the change in specific drawdown per log-cycle
of t and is read from the graph.

Calculations illustrating the application of this method are

given in section 5.1.6.

5.1.4 Recovery Tests

After the punp has been shut down, the rise in water
level 1is continually measured with time until the original
position is reached, or nearly reached, thus forming a reccovery
test. The recovery test data obtained are used to calculate
transmissivity using Theils recovery method, thus giving a check

on the results from analysis of .he drawdown pumping test data.

The Thels recovery method can be used to calculate the
hydraulic properties of an aquifer if the assumpticns and
conditicns of the Jacob method are satistied.

According to Theis {1935), the residual drawdowrn, s" , dufing the

recovery period is

g = 0 [loge 41Dt ,loge4mt"] veerrree. 5.9
' r°s FES”

4 T KD
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where
s" = Residual drawdown i.. the difference between the original
water level prior to pumping and the actual water level

measured at a certain time t' since pumping stopped (m).

r = Distance in metres from pumped well to cbservation well
8" = Coefficient of storage during recovery (dimensicnless)
8 = Coefficient of storage during pumping ( N )
t = Time inMinutes(or days) since pumping started

g o= 0o " (or days) " 8 stopped

Q = Rate of recharge = Rate of discharge (m3/day)

When S and S" are constant and equal, and u = rzs is sufficiently

_ . . 4 KDt
small, equation 5.9 cau be written as
N s = 2.300Q log t/t" ..., 5.10

4 7T KD
A plot of s" versus t/t" on a semi-log graph paper (t/t" on the
logarithmic scale) gives a straight line with a slope equal to
2.30Q/4 W KD. The value of the residual drawdown difference,

As", per log cycle of t/t" can be read from the graph as

As" = 2.30Q
47 KD
or
L KD = 2300 e 5.11
417 A"

No value of 3 can be cbtained by this method. To apply the
Thels recovery method to step drawdown test, the constant discharge
rate Q, is replaced by the weighted mean discharge rate Q"

given by,

¥ = 20 -at, L e 5.12

) 1
AL
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where,
Q" = Weighted mean of discharge rate (m3fd)
Q = Discharge rate for ith step (ms/d)
L, = Duration of pumping for ith step (d)
Equation 5.11 then becomes
T=K0 =2.300  eeeiean.. 5.13

4T A"

- As” is the residual drawdown difference per log cycle of t/t"
Calculaticns illustrating the application of this

method are given in section 5.1.6.

3

5.1.5 Observation Wells

In the two tests described above, water level measure-
ments were taken ‘n the pumped well only. Such data, while
usaful in providing information about the performance and yield
of each well, they do not allow for accurate determination of the
hydraulic characteristic of the equifer. In particular, the
storage coefficient of the aquifer canrot be determined from
abstraction well measurements. Observation wells are therfore

necessary.

A test was carried out in which one of the wells,
borehole no 5, was punped, while water level charges in two
observation boreholes, BH nos: 3 and 4, at 100n ard 200m away

respectively were mnonitored.

Data from the two observation wells were aralysed

using the Cooper-Jacob method, and the transmissivity and
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storage coefficient of the aquifer were calculated using the

equations below:

Transmissivity: As derived earlier in equation 5.8 transmissivity

T, 1s given by ;
T = Kb = 2.30 % 1
4w Als/Q)

Storage Ceoefficient 3: The storage coefficient is calculated

from equation 5.5

2.25 Kt
g = 0
- 2
_ r
where,
tO = intercept of the straight line plot with the time-axis
r = distance of cbgervation well From the pumped well.

Illustrative calculations for observation wells nos-3

ard 4, using this method are given in the next section.

5.1.6 Calcwlations

(1) Test Rorehole TW:

a} Cooper-Tacobs' step Drawdown Method:

From semi-log graph of specific drawdown, s/Q
versus weighted time t (with T on the log-axis),
Figure %.5a

A(s/Q) over 1 log=cycle = 1.602 min/m2

»'« Transmissivity, T = 2.30 < 1
o]
= 2.30x 1 = 01143 m™/min « 60 ¥ 24
4 W 1.602

*-  '_ . 164.,6 mz/day.
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(2)

b) Theis Recovery Method:

Transmissivity, T = KD = 2.30 Q"
4 ¥ As"

Q" = Weighted mean discharge rate = i_Qi Aty
& At

(53.0x40+70.6x40+91 .1x40+75x4115) /60
(4235) /60

74.9 m3/hr

From Figure 5.5b
The residual drawdown difference ASs" per log cycle of

t/t" is 1.75

s+ T =KD =2.30 x 74.9 x24 m2/day
4" x 1.75

- 188.0 m°/day.

Borehc e No 3:

a) Cooper-Jacobs' step Drawdown Method:

Transmissivity, T = KD = 2.30 4 __1
30 Als70Q)

From Figure 5.ta of specific drawdown s/Q, Vs Weighted time
t graph, we have;

AD(s/Q) over 1 - log cycle of t, = 1.64 min/mz

. T=K=2.30 ] x60x24m2/day

oI ¥
4 1.64
= 160.7 mz/day.

+) Theis Recovery Method:

Transmissivity, T = KD = 2.30 Q"
4 Tas"

Q" = Weighted mean discharge rate =101 A 1:i
zat,

(24.5 x 30 x 68 x 30 + 84.6 x 288Q)/60
(2940) /60

83.8 m3/hr.
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From Figure S.6b, As" over 1 log—cycle of t/t" = 2'.36111

<+ T=K> =2.30 x 83.8 , 24
W x2.36

= 156.01 m2/day

Borehole No 4:

Pumping test data for borehole no. 4, were not available,

however, the drilling contractor's record showed a transmissivity
T value of 249.7 mz/cl, for the step drawdown test. There is no

T value for recovery test.

(3) Borehole No. 5:

(i) Abstraction well no AW 5:

a) Cooper-=Jacob's step Drawdown Method:

Transmissivity T = KD - 2.30 1
47 A (s5/Q)

From Figure 5.74 of, s/Q Vs T craph, we have
Als/Q) over 1 log cycle of t ,= 0.8 /e

S T=K _2.30 ¢ 1 56024
am 0.8

329.5 m2/day.

b) Theis Recov .ry Method:

Transmissivity, T = K& = 2.30 Q"
. 411-AS”

H

Q" = Weighted mean discharge rate

(61 x 30 + 65 x 30 + 69.9 x 3870)/60
(3930)/60

=69.3 m°/hr
From Figure 5.75, As" over 1 log cycle of t/t", = 1.2m

T =KD - 2.30 x €9.8 24
47 x 1.2

255.5 m°/day
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(3) (ii) Observation Well no OW3: - 100m away from AWS

Cooper - Jacobs'! step Drawdown Mathod:

a) Transmissivity, T=K _.2.30 , _1
ol | A(s/Q)

From Figure 5.7¢ of, s/Q Vs T graph, we have,
A (s/Q) over 1 log cycle of t, = 1.075 min/m°

c.T=K =2.30 1 x 60 24
aﬁ‘xI.O?B :

= 245.2 m®/day

b) Storage Coefficient S:
2.25 T t

§= —a—
o

From Figure 5.C, ty = intercept in time axis of s/Q Vs t

plot = 5.0min.

\1s0, r = distance of observation well, CW3, from

abstraction well AWS = 1COm.
ot S = 2.25 x 245.2 xS.Ox 1
‘I(‘;CJ2 e0 x 24
= 0.00019
Check: u = ﬁ ¢ 0.01
4Tt )

= 100° x 0.00019 x 60 x 24 _ 0.00072
3 X 245.2 3317

0. 00072 £ 0.01,
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(3) (iii) Observation Well no OW4 - 200m away from AW no S

Cooper - Jacob's step Dr awdown Method:

a)  Transmissivity, T = KD _ 2.30 1
4 A(s/Q)

From Figure 5.7d of 5/Q Vs T graph, we have

A(s/Q) over 1 log-cycle of t, = 1.077

. 2.30
. T - -
. D = ZE x L g o 60 y 24
2
= 244.7 m™/day

b) Storage Coefficient S:

. 22T 1:ch -

re
From Figure 5.7d; t_ = intercept on time axis of s/Q Vs T
plot - 16.6 min.
Also, r = distance of observation well, OW4, from
abstraction well AWS = 200m
. 5 -2:25x7244.7 x 16.6_x _1
a 200° 60 x 24

= '0.00016
Check : u = r‘25

2

X 60 x 24 = 0.0024

= 200" x 0.00016
4 x 244.7 %3924

= 0.0024 £ 0.1
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(4) B rehole No 6:

(a) Cooper-Jacobs' Step Drawdown Method:

o _wn . 2.30 1
Transmissivity, T = KD = ay X A(s/Q)

From Figure 5.8a of, 5/Q Vs T graph we have:

A(s/Q)over 1 log-cycle of 'E'= 2.0 m.r‘mg

2
R = _2.30 1_x 60 x 24 m“/day
- & T -— m ot ﬂ. x 2.0

H

131.8 m2/day.

(D) Theis Recever Method:

T = = 2:30 Q"
Transmissivity, T = KD = AT as"

Q" = Weighted mean discharge rate

(61 x 45 + 69.6 x 45 + 83.9 x 3140)
3230

3

I

83.4 m”/hr

From graph 5.8b, aAs" over 1 log cycle of t/t" = 2.25m

— X .4

.

T=m_2.30x33

4
T4 WM x ;

1

160.7 m2/ddy.

(5) Borehole No 11:

(a) Cooper-Tacobs' Step Drawdown Method:

Transmissivity, T = KD = -_-;—-“,— X ——
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From Figure S9a of, s/Q Vs T graph, we have

A{s/Q) over 1 log cycle of t = 3.5 min/m2

1 Xx 60 x 24
3.5

. - - 230
. o T—1<I)—4“. X
2
= 75.3 m /day.

(b} Theis Recovery Method:

_2.30 Q"

'I‘ra.nsnus.SJ.w.ty, T=K = W as"

Q" = Weighted mean discharge rate = 2.0, At;

= {54.5 x 30 + 64.3 x 30 + 83.7 x 2910)
‘ 2970

= 83.2 mB/hI‘

From gI‘aph 5.913’ AS" over 1 l()g cy-cle Of t/t“’= F.am

2.0 x 83.2 x 24 me/d

. _ _ 3
e T=K =

5

= 84.6 m2/day

(6) Borshole No 12:

(a.) Coaper-Jacob's Step Drawdown Methed:

e _ _2.30, 1
Transmissivity, T =KD = T > ¢ “AT5/0)

From Figure 5.10a of ¢/Q vs t graph we have That A(s/Q) over

1 log—cycle of T,= 1.55 min/m

. T=KD = 2.3x 1 x 60 x 24

4 1.55
0.

=Ha

= 170.0 m°/day
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(b) . Theis Recovery Method:

2.30 Q"

Transmissivity, T = KD = AT A"

Qll

(50 x 30 + 67 x 30 + 78.7 x 2820)/2800
78.28 m°/hr

From Figure 5.10b As" over 1 log cycle of t/t" = 1.8.

2.30 x 78.23 < 24 mz/d

o T=1D = 47T x 1.8

= 190.9 m2/day.

A simmary of the T and S values from both abstraction and
observation wells are shown in Table 5.2.For boreholes for which
pumping test data were not available, the values from the drilling

contractor's records « e used.

_ Plots of specific drawdown, s/Q versus weighted time t;
and Residual drawdown, s',versus Time ratio, t/t", for boreholes
Jor which purping test data were available are presented in _ *
Figures 5.5a to 5.10b. The pumping test data ire given in
the appendix IV.

The drawdown in a well due Lo punpage consists of the logarthmic
drawdowrt curve at the well face and the well loss caused by flow through
the well screen and flouw inside the well to the pump intake. Well loss
is usually associated wilth turbulent flow, and is proportional to the
nth power of the discharge, Qn. The Jacob's (1946) method of calculat-
ing formation and well losses for the various pumped wells are illustrated
in Fig. 5.11 to 5.16. Tables from which the figures were drawn are

presented in appendix I1T.
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Table 5.2: Sumary of T and S values from Abstraction and Observation Wells

§§§2— Status Type of Test Hydraulic Properties
No. | Abstrac- Obser-
tion Well | vation SD/CD (R | T, T, T 5
1
(4w Well{Ow) ml/d) {m2/d) [ (/) | (o™
™W AW SO/CD | R 164.6 188.0 176.13
1. " " "1 (387.5) (387 .5.
2. " . " " (174.6) - (174.6)
3. " " " 1 (160.7) | (156.0); (158.4)
4, " " T} - fp/]_()‘-/ (249‘7)
5. & R | 329.5 | 255.5 292.5
3 | o SD/CD | - | 245.2 - 245.2 | 1.92
g4 1 » P o woo o | o2aa7 | - 244.7 | 1.59
6. | AW S " R | 131.8 | 160.7 146.3
7. " " " (141.0) - (141.0}
8. " " ™ol (340.) - (340.7)
9. " " " (234.0) - (234.0}
10. " " " - {308.2} (308.2)
19. " SD/CD| R 75.3 84.6 80.8
2. " " " 170.0 180.9 180.9
13. " " nol(155.5) - (155.5)
14. L 3D/CD) R (135.5)]  (133.9)
15. " " " (530.0) - (500.0)
Average Value 23Q.6 1.76
N.B:
AW ~ Abstraction well
5 ~ Observation Well
SD/CD -~ Step Drawdown/Constant Discharge Test
R — Recovery Test
' T - Average Transmissivity )
5 - Storage Coefficient
T, - Transmissivity value calculated from Cooper-Jacob method
T, - " " " from Theis .eccvery method

- Value obtained from driller's record.
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5.2 Model Input Parameters j

5.2.1 First Trial (Initial Parameters)

The values of the various parameters which were read
as input into the computer pregram, for the first trial run of

the model are as follows.

A transmissivity value of 230.6m2/d, which represents the
average of all calculated T - values from borh abstraction and cbser-
: vation wells was used. With a uniform aquifer thickness D of 30m
assumed for the entire ared, a permeability, K or PERM value of
7.68667m/d was therefore udopted for the aquifer. The average of
the storage coefficient values obtained from the two observation
wells was used as the_pon?ined storage coefficient SCON. Thus
SCON = 0.0008. The unconfined storage ceoefficient, SUNCON 1s set

to zero, since we are clearly dealing with a confined situation.

The well radius, RWELL is 0.200m, as measwred on the
site, while the outer boundary represented by RMAX is set at
10.000m. It is expected that the area of influence of pumping

would not extend beyond this distarke.

The top of the aquifer was set at 580.00m, below ground
level while its basewas assumed at 120.0m below ground level.
The stati~ water level, Valu®s . of 47.47 and 43.70n were read as
initial WLEVEL values for cbservation wells nos. 3 and 4 at 100m
and 200m away respectively. The recharge value RECH, was
initially set at zero. This is reasonable because the pumping
tests were carried out mainly during the dry seascn when little
or no rainfall is expected to infilltrate into the aquifer from

its ocutcrop as recharge. Alsc the  2pth at which the aquifer



i5 located makes it unlikely to have indirect recharge from river
or surface flow. Due to the =2xtensive nature of the aquifer, the

water level at the outer boundary is assumed to remain fixed.

Six observation wells are chosen at node nos. 2, 18, 19, 20 ,
21, 22 which corresperd to distances of 0.200m 92.8, 136.3, 200.0,
293 and 430.9m respectively from the pumped well. It should be
noted that these nodes were chosen such that the observation wells

for which £ 214 data are availabie fall within them.

Since we are presently interested in checking and
verifying the hydraulic properties of the aquifer, the field test

abstraction rate, QPUMP for borehole no. 5 for which there were

cbservation wells was used. Also, the field test duration was used

as duration of pumping TSTOP in the program. Thus, QPUMP = €9.9

m3/hr or 1678. © m3/day and TSTOP = 3924 min or 2.729 days.

A sumary of these initial input parameters values is

given in table 5.3 below:
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Table 5.3: Model Input Parameters for the 1st Trial Run

Parameter Symbol Value
Transmissivity, Permability T, FERM 230.6m>/day, 7.68667 m/d
Confined storage Coefficient SCON 0.00018
Unconfined " " SUNCON -
wel. radius RWELL 0.200m
Quter Boun.ary Radius RMAX 10,000.0m
Top of Aquifer . TOP 90.0m
Base of Aquifer BASE 120.0m
Static Water Level WLEVEL 43.70m (OW4)+,47.47(0W3)
Recharge RECH 0.0
Abstraction Rate QPP 1678.0m>/day
Turation of Pumping TSTOP 2.725 days
5:.2.2 varying Carameters

A comparison of the field and numerical drawdown values
for the first trial run show scme differences. It was decided to
vary some of the variable input parameters, ore at a time until

there is close agreement between the field ard numerical values.

Transmissivity T - Varied: While maintaining all other

parameters contant, the program was rw. with transmissivity,
T -values of 500n2/d, 200, 375, 245 m2/d to obtain simulation nos. 2

3, 4 and 5 respectively.

SJtorage Coefficient, S - Varied: With a T - value of 245:112/(1

which so far gave numerical drawdowns values in closest agreement
with the field values and maintaining all other parameters

constant, the program was run with storage coefficient, S - values



of 0.00180, 0.00002, 0.00016, 0.000019 and 0.000014 to get

. simulation nos. 6, 7, 8, 9 and 10.

Punping Duration, TSTOP - Varied: Having established the

- aquifer hydraulic properties T and S it was then decided to
investigate the effect of pumping a well for a whole year, instead
of the normal field duration of 24 to 72 hrs. Tc this end, the
program was run with TSTOP = 365 days, QPWP - 1678 mo/d. (i.e
Field abstraction rate) and T and S at appropriately established .H

values of 245 m2/d and 0.00014 respectively.

Pecharge, RECH - Varied: - So far, a recharge value of zero

has been assumed, but-in actual fact, thare has to be some recharge
into the aquifer at its outcrop, ctherwise the groundwater resource
would eventually be mined dry. The program allows for recharge

to be distributed ovar the entire ar:a of influence of pumping.
Thus wuniform recharge values of 0.00028, 0.00014, 0.00007,

0.02002 ard 0.00001 m/d were tried, while maintaiaing all other

parameters as in the preceeding paragraph.

Abstraction para, QPUMP —~ Varied: Since part of the objectives

of this work is to determine the optimum nunber of wells and rate
of pumping such wells in order tc meet the housirg estate's
demand, it becam: necessary to investigate the effect of varying
abstraction rate QPUMP. To this end, while maintaining all other
aquifer parameters at their appropriately determired values and
allowing a recharge value of 0.00007 m/d as determined in the
previous paragraph, the model was run with different abstration

rate, QPUMP values of 12000, 6000, 4000, 3000, 2400, 2000, 1714.3,
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3,

1 which correspond to oper-

ating %, 2, 3. 4, 5, 6, 7, 8, 9, 10, 11, 12, 14, 16, operating

wells respectively to meet the required daily demand of water.

. A summary of the various model runs carried out with

varying input parameters is given in Table 5.4.

- Table 5.4: Sumary of Model runs with varying parameters
Simuia-
tion/ TSTOP.
Trial Nol  Q(m>/d)| T(nP/dY| s (days) | K(m/d) | RECH(m/d)
1. 1677 .600 230.6 0.00018 2.725 7 .68667 -
2, n 800 " T 16.66667 | -
K " 200 . " 6.66617 -
. " 375 " " 12, 50000 -
5. " 245 " " 8.16667 | -
6. 1677 .600 245 Q.00180 " " -
7. " " 0.00002 " " -
8. " " 0.00016 " " -
- 9. " " 0.0001% " " -
10, " " 0.00014 " " -
1., 1677 .600 " . 3653 r -
12. " " " " " 0.00028
13, " & " g " 0.00014
14, " " " " " G ..J0007
15. " " " " " 0.00002
16, " " " " " 0.0000
17. 12000 L " " " "
18. 6000 L " " z "
19, 4000 " " " " "
.20, 3000 t " " " "
.21, 2400 L g " " "
22, 2000 L " " o "
23. P714.3 " " " " "
24. 1500 z L " " "
25, 1333.3 " " " " n
26, 1200 " g " " "
27. 1000 " " " g "
. 28. 875.1 " " " " "
29. 750 " " " “ "
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5.3 Model Results

Extracts of numerical drawdown values from the computer
outputs for simuation numbers 1 - 10 are tabulated against the
field values for observation well numbers CW4 and CW3 in tables
5.5, and 5.6a and b respectively. Results have also been presented
~in graphical form to allow for direct visual comparison (Figures
5.17 - 5.20b). Table 5.7 gives the drawdown at the end of one
year at different cbservation well nodes for simulation numbers

11 - 29.

5.3.1 Drawdown Estimates

When groundwater is extracted by a number of wells
operating within an area, they are said to constitute a well
field. Unless the spacing of wells in a field is so ¢reat
that their zones of influence do not overlap the performance
of individual well will be affected by the neighbouring
operating well. Thus, 1f the locations and discnarges of each
«f the wells in an area are known, the total drawdown at a
given well location will be the sum of the drawdcwn due to the
well itsaif, and that due to all other operating wells within

the area.i.e.

S =5 + 5

1 1,1 1,2

where

Spq = Total drawdown at well location no. 1

5 = Drawdown at location no. 1 due to well nn.l itself

1,1
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Table 5.5: Field and Numerical Drawdown Values at Cbservation well, OW4-200m

away from Abstraction well (Simulations 1 - 10).

Time Drawdown (metres)
(minutes) Numerical
Field Sim. No.1 2 3 4 5
5.5 - -~ 0.07 0.05 G.o2
11 - - 0.16 0.09 0.14 0.11
20 0.12 0.28 0.26 0.25 0.27 0.27
30 0.21. 0.40 0.35 0.41 0.38 0.41
57.5 Q.70 0.68 0.50 Q.71 0.57 0.68
81 ¢.93 0.86 0.5 0.91 0.68 0.84
112 1.12 1.03 0.66 1.09 0.78 1.00
143 1.26 1.15 0.72 1.24 0.87 1.11
203 1.45 ° 1.35 0.8 1.46 0.99 1.30
264 1.58 1.48 0.88 1.62 1.08 1.43
324 ' 1.66 1.61 0.94 1.75 1.15 1.54
444 1.79 1.78 1.0 1196 1.ee |1.70
564 1.88 1.9 1.07 2.11 1.33 1.83
684 1.98 2.02 1.14 2.24 1.39 1.93
864 2.08 2.15 1.20 2.39 1.49 2.C6
1104 2.25 .30 1.27 2.55 1.59 2.19
1404 2.1 2.44 1.33 2.71 1.65 2.32
1704 2.54 2.54 1.38 2.84 1.74 .43
2184 2.60 2.6% 1.44 3.01 1.82 2.5
2784 2.82 2.83 1.51 3.16 1.91 2.70
3444 2.97 2.95 1.57 3.31 1.99 2.81
3924 - 3.03 3.03 1.60 3.40 2.04 2.88
Transmissivity,T 244.?m2/d 230.6m2/d 500 200 375 245m°/d
§,Coefficient, S 0.00016 0.00018 0.00018 | 0.00018! 0.00018 | 0.00018
Apstraction rate, 1678m3/d | tereedza | 1678 |78 | 1678 | 1678




Table 5.5 (Cont'd)

Time (min.) Field Numerical 6| 7 8 2 10
5.5 - - 0.53 0.03 0.02 0.05
1 . - 0.88 0.13 0.10 0.16
20 0.12 0.00 1.20 0.30 0.25 0.35
10 0.21 0.01 1.42 .44 0.39 0.50
57.5 0.70 7.03 1.78 0.73 0.65 0.79
81 0.93 0.07 1.96 0.89 0.81 1.02
112 1.12 0.13 2.14 1.05 0.97 1.12
143 1.26 0.18 2.27 1.18 1.09 1.25
203 1.45 0.28 2.46 1.33 1.26 1.43
264 1.58 0.37 2.60 1.50 1.41 1.56
324 1.66 0.45 2.72 1.60 1.51 1.67
444 1.79 0.57 2.89 577 1.69 1.84
564 1.88 0.67 3.02 1.89 1.80 1.97
634 1.98 0.76 3.13 2.00 1.90 2.07
864 2.8 0.84 3.26 2.13 2.04 2.20
1104 2.:5 0.99 3.39 2.26 2.16 2.33
14C4 2.3 319 3.51 2.39 2.30 2.46
1704 2.54 1.21 3.62 2.50 2.40 2.57
2184 2.60 I 3.74 2.63 2.54 2.70
2784 2.82 1.46 3.56 2.77 2.67 2.83
W44 2.97 1.57 3.95 2.88 2.77 2.95
3924 3.03 1.64 4.00 2.95 2.86 3.02
T. (m°/d) 264.7m%/d  245m2/a 245 245 245 245
S 0.00016 0.00130 0.00002 | 0.00016 | 0.0001% ©.00014
9. (m/d) 1678m3/d | 1678mo/a | 1678|1678 |17 1678
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Table 5.6a: Numerical Drawdowns at nodes 18 and 19 (92m and 136m away
respectively from Abstraction Well}

Drawdown {(metres)

Time Numerical Sim. 1 2 3 4
(minutes)}
Node 18 Node 19 18 19 18 19 18 19
5.5 0.30 0.1 0.30 0,15 | 0.29 0.09 |0.31 0
11 0.60 0.30 .46 g.2 0.61 0.29 {0.52 0
20 Q.91 C.54 0.61 0.44 ] 0.96 0.55|0.72 0.48
30 1.12 0.73 Q.72 0.53 1.21 0.797 ]0.85 0.61
57.5 1.48 1.07 0.89 0.69] 1.62 1.15]1.08 0
81 1.67 1.25 0.97 0.77 1.84 1.36{1.20 ]
112 1.86 1.44 1.06 0.86 2.05 1.5 [1.31 3
143 2.00 1.57 1.13 0.92 2.21 1.72 11.38 1
203 2.1 ~1.%77 1.22 1.0 2.45% 1.9511.53 1
264 2.36 1.92 1.29 1.08{ 2.61 2.12{1.62 1.
324 2.47 2.03 1.395 1.15] 2.75 2.25)1.69 1.
{44 ' 2.66 2.22 1.43 1.23} 2.97 2.46[1.80 1.
564 ‘ 2.79 2.35 1.49  1.29, 3.12 2.61[1.89 7
£84 2.90 2.46 1.55 1.4 3.2 2.7411.94 7.
864 3.04 2.59 1.61 1.40 3.+41 2.90] 2.04
1104 3.18 2.74 1.68 1.47 3.7 3.06; 2.13 1.
1404 3.32 2.88 1.74 1.53 1.73 3,221 2.19 1.
1704 3.44 2.99 1.79 1.58 3.36 3.35( 2.28 2.0t
2184 3.58 3.14 1.85 1.65] 4.0} 3.52)2.37 2.09
2784 3.72 3.27 1.92  1.72f 4.19 3.67| 2.46 2.
3444 3.84 3.40 1.98 1.77] 4.38 :.82] 2.53 O
3924 3.92 3.48 2.N 7.81 4,22 3.91) 2.58 2.
Transmissivity. T: 230.6 500 2C0 375
S/Coefficient, S: Q.00018 0.00018 2.00018 0.00018
Discharge, Q: 1678 1678 078 1678




Table 5.6a: (Cont'd)

92

Numerical S 6 7 8

Time (min) Node 18 Node 14 18 19 |18 19 |18 19
5.5 0.31 0.11 0.0 0.0 |1.23 0.8 |0.32 0.14
5 059 0.33 | 0.02 0.0 |1.66 1.26 |0.64 0.3
20 0.88 0.54 | 009 0.02 |2.01 1.60 |0.93 0.59
30 1.09 0.72 | 0.17 0.05 |2.24 1.83 [1.14 0.77
57.5 1.43 1.04 | 0.36 0.14 |2.61 2.19 |1.49 1.09
81 1.61 1.21 0.50 0.23 |2.78 2.37 |1.67 1.27
112 1.79 1.38 0.64 0.33 |2.97 2.55 [1.85 1.44
143 1.91 1.51 0.74 0.42 |3.10 2.69 |1.98 1.57
203 2.11 1.70 | 0.91 0.5 [3.29 2.88 |..14 1.73
264 2.25 1.83 | 1.04 0.68 [3.44 3.02 |2.31 1.90
324 2.%  1.95 | 1.14 0.77 | 3.55 3.13 |2.42 2.0
as4 2.53  2.09 | 1.30 0.92 |3.72 3.31 |2.60 2.18
564 266 2.2 | 1.43 1.03 [3.86 3.44 [2.72 2.7
684 2.75 2.35 | 1.53 1.13 |3.97 3.55 |[2.83 2.43
864 2.89 2.48 | 1.65 1.25 [4.09 3.67 |2.96 2.54
1104 3.02 2.6 1.78 1.38 |4.23 3.81 |3.00 2.67
1404 3.5 2.74 | 1.93 1.50 [4.35 3.93 |3.22 2.8
1704 3.26  2.83 | 2.02 1.61 |4.45 4.03 [3.32 2.9
2184 3.40 2.98 | 2.15 1.73 |4.58 3.16 |3.47 3.05
2784 3.53 3.1 2.28 1.87 |4.70 4.28 | 3.60 3.18
3444 3.65 3.23 | 2.39 1.98 |4.79 2.37 |3.72 3.30
1924 3.72 3.0 | 2.47 2.05 |4.83 3.42 |3.79 3.3

T (m2/d) 2% 245 245 245

5 0.00018 0.00130 0.00002 0.00016

0 (m3/d) 1678 1678 1673 1678
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Table 5.6a: (Cont'd)

93

. Numerical 9 10
Time (min) Node 18 19 18 19
5.5 0.29 0.10 0.39 0.16
11 0.57 0.29 0.70 0.39
20 Q.84 0.52 1.00 0.65
30 .06 0.70 1.21 0.83
57.5 1.40 1.01 1.56 1.15
81 1.58 1.18 1.74 1.37
112 1.76 1.35 1.92 1.51
143 1.89 1.48 2.05 1.64
203 2.06 1.66 2.24 1.83
264 2.22 1.81 2.238 1.97
124 2.23 1.91 2.49 2.08
444 2,51 2.10 2.67 2.25
564 2.63 2.21 2.80 2.38
684 2.73 2.32 2.90 2.49
864 2.87 2.45 3.03 2.61
1104 2.99 2.58 3.16 2.75
1404 3.13 2.71 3.29 2.88
1704 3.23 2.82 3.20 2.98
2184 3.37 2.95% 3.54 3.12
2784 3.50 3.08 3.67 3.25
444 3.62 3.20 3.78 3.36
3924 3.69 3.27 3.86 3.44
T (m/d) 245 245
8 0.00019 0.00014
Q (m>/d) 1678 1678

b e bt i e




Table 5.6L: Field Drawdcwn at Observation Well, (W3 - 100m away from
Abstraction Well, AWS.

Time (min) Drawdown.
e 1.0
76 1.47
102 1.69
125 1.83
155 1.95
179 2.14
196 2,22
271 2.27
307 2.29
317 2.35
437 2.46
497 2.52
677 2.58
797 2.67
857 2.71
1037 2.78
1277 2.95
1337 2.98
1637 3.14
2057 3.18
2597 3.40
3257 3.68
3917 3.70
Tran-missivity, T 245.2 m°/d
Storage Ccefficient, S 000019

Abstraction rate, Q 1678 mBz’d.
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Drawdown at the end of cne-year at different Observation

k5

Negative values indicate a rise

at Simulation No. 17.

the original piezometric level.

Table 5.7:
' , Well Nodes (Simulations 11 - 29).
Simulation
No.. Drawdown gt Node Nojg.
- > 18 19 o 2 20
¢200m) {92.8) (136,2) (200) 293 (431)
1 11.73 5.03 4.62 4.20 3.78 3.36
12 * -12.74 -19.43 -19.84 | -20.26 -21.66 | =21.05
13 * - 0.5 -7.20 ~7.61 -8.03 -8.44 -8.84
14 * 5.6 -1.08 -1.50 -1.92 ~2.33 -2.74
15 9.98 3.29 .87 2.45 2.03 1.62
16 10.85 4.16 3.74 3.32 2.91 2.49
17 *5 - — —_ - _ -
18 41.06 _17.13 15.64 14.14 12,65 11.15
19 26.54 10.91 9.93 8.95 7.98 7.10
20 20,10 8.13 7.38 6.63 5.89 | 5.14
-y 15.90 6.33 5.73 5.13 4.5 3.94
oo 13.11 5.13 4.63 4.13 3.63 3.14
23 11.11 4.27 3.84 3.42 2.99 2.56
" 24 9.6 3.93 3.25 2.88 2.51 2.13
25 8.45 3.13 2.80 2.46 2.13 1.80
26 7.5 2.73 2.43 2.13 1.83 1.53
27 .12 2.13 1.88 1.63 1.38 1.13
28 5.24 1.75 1.53 1.32 1.10 0.88
29 4.34 1.38 1.19 1.00 0.82 .63
NB:
*

in piezometric level above

Piezometric level fell belw the top of the aquifer and the

program execution was aborted because Of excessive drawdown

A skt v e .
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= Drawdown at location no.1 due to well no.z2

—
3%
|

g = 7 t " " 1] 1t 1 L1} 1L n.

5.3.2 Proposad Pilot Scheme

The proposed pilot scheme for water supply t¢ the Ipaja
Housing Estate was to operate 12 wells for 24 hrs a day with
the remaining 4 wells serving as standby. Each of the 12 wells
was to be pumped at 1000 m3/day, giving a total water supply of
12,000 m3/day. The 12 operating wells are well nurbers T™W, 1,2,3 ..
ev- 10 and 12, while the 4 standby wells are, well numbers 11,13,

14 and 15 (see Fig. 5.1).

34,

Recalling simulation number 27 for which Q = 1000 m

3
TSTOP = 265 days, T = 245 m~/d, § = 0.00014, RECH = 0.00001 m/d.
The maxdamum drawdown will occur at the central borehole no. TW,

and this is estimated as follows:

Well numbep Distance from Drawdown EFfect at, Twim)
TW(m)

W - £.12 = 6.12
2,3,4 212 3% 1.60 = 4.80
5,6,8,9,10,12 158 6 x 1.79 = 10.74
1, 198 1.6 = 1.64
7 206 1.61 = 1,61

Total 24.917m
Add well Loss,CQ° {see Fig. 5.11) 0.87m

Estimated max. drawdown in well, TW. 25.78m



5.3.3 Alternative Scheme
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An alternative scheme 1s to operate all the 16 wells for

24 hrs a day with no standby well.

Each well will then be pumped

at 750 m3/day, giving a total water supply of 12000 m3/day.

Recalling simulation number 29 for which,

Q 750 mj/d; TSTOP

T

=~ 365 days,

45 m2/d; § = 0.00014; RECH = 0.00001 m/d.

The estimated drawdown occuring at beoreholde number T in as

f21lows:
Well number Distance from Drawdewn Effect at TwWim)
TW{m)
W - 4.37 = 4.37
5,6,8,9,10,12 158 6 x 1.13 = 6.78
1 198 1.0 = 1.0
7 206 0.99 = 0.99
2,3,4 212 3 x 0.98 = 2.94
14 318 0.79 = 0.79
11 334 0.76 = 0.76
15 437 0.62 = O.62
13 463 0.57 = N.57
Total 18.8%m
And Well Loss, CQ° { see fig. 5.11) 0.49m

Estimated max. drawdown in well TW. 19.32m
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The estimated maximum drawdown values at the pumping well for

the different abstraction rates tried are given in table 5.8.

The significance and interpretation of the results of the

pumping test analysis and medel response are discussed in the next

chapter.

Table 5.8: Maximum Drawdown Estimates at the Abstraction Well for
Varying Abstraction rates (Simulations 17 - 29).

Simulation No.

Abstraction Rate, Q
(m3/d)

Maxdmum Drawdown Estimates at
the Abstraction Well {(m)

17
18
19
20
21
22
23
24
25 -
26
27

28
29

12000.
6000.
4000,
3000.
2400.
2000.
1714.
1500.
1333.
1200.
1000.

875.1
750.0

O 0w O C o D o O o O

~¥
82.06
54.80
44.38
42.16
37.99
4.,
32.50
30.48
28,74
25.78
23.27
19.32

* — Water level fell below the top of the aquifer and the program

executrion was aborted because of excessive Jrawdown,

L ——

PR
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Chapter &

DISCUSSION OF RESULTS

6.1 Hydraulic Properties of the Aquifer,T and §

A summary of the hydraulic properties of the underlying
aquifer being tapped, and which were obtained from the analysis
of pumping test data for abstraction and cbservation wells «and driller's
record 1s given in Table 5.2, Transmissivily values ranged from 81 to
500 m2/day with an average value of 2231 mg/d. This indicates an
aquifer of fairly good or medium ability to transmit water. T -
values from abstraction wells vary widely, while those from
observation wells were rather close. The large variation in the
abstraction well T—vaiues may have resulted from the siight
variation in thickness and depth of location of the aquifer from
one well to ancther. Differences in the construction and
development corditions of each well may also have contributed to

such variations.

It was only possible to evaluate the storage coefficient
of the aquifer from observation well data. The two values

-4 4

cbtaired were 1.59 x 10 © and 1.92 x 10 . These olearly indicate

31 Zenfived aquifer,

" With the radial flow numerical medel, it was possible
to check and verify the aquifer hydraulic properties obtained
from the graphical analysis of pumping test data. The field
drawdown values for W3 and OW4, and numerical drawdowns as
abstracted from computer outputs for nodes 8, 19 and 20 (at
92.8, 136.3 and 200m respectively) are presented for simula-
tions ] - 10 in Tables 5.5 ard 5.6. Semi-log graphical plots

of drawdown in observation wells against time (time on log-scale)
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for both field and numerical Values have also been presented

(5. 17 = 5.20b). 1In order to make for easy comparison, the field
- drawdown values were plotted on a transparent paper, while
numerical values for the various simulations were plotted on plain

semi-log graphi paper.

By placing the plain semi-log plot under the transparent
plot, aligning the axes and viewing against light, it was
possible to see which of the model simulations gave mgmerical
drawdown plot that best agree with the field results for a
particular chservation well. Simulaticon neo.10,for which T=245
m2/d and S = 0.00014 gave the best plot for both observation we.ls,
w4 and OW3. These values were therefore adopted as the true
hydrzalic properties of the aquifer, and were used in subsequent
simulations. It should be noted that in the case of CW3 (located
at 100m abstraction well} which did not fall at a node, numerical
drawdown plots for the two adjacent observation well nodes at

92.8m and 136.2m were usad., (fig 5.20a & b).

The closeress of the T and § values from the analysis
of cobservation well pumping test data, to those verified by the
model simulatieon no. 10, tend to suggest that punping test
measurements from observation wells are more reliable than
measurements from abstraction wells for estimating aquifer.

cheract :ristics.

6.2 Hydrauli~ Properties of Tested Wells

Since stép drawdown/constant discharge and recovery test

were carried out »~n all wells during pumping, it was possible to
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| determine some hydraulic properties of the tested wells. The
available step drawdown data were analysed by Jacob's method, and

results are presented in Figs. 5.11 to 5.16.

The calculated formation loss factors, B, vary from 163
see/m? to 720 sec/m2, indicating some dispersion- in the aquifer
transmissivity. Well loss constant C, ranged from 3871 sec2/m5
to 29091 secg/mS. The part of drawdown attributed to well 1oss
i.e CQ2, for the different steps in the tests vary from 14% to

47% of the the total drawdown in the wells. (see appendix IIT).

‘As none of the well losses was higher than the formation
loss, it may be concluded that the well development and screening

procedures, although not optimal, are however satisfactory.

6.3 Drawdown Estimates

| After ascertaining the transmissivity and storagé
coefficient value: for the aquifer, other model paramelers like
duration of pumping, amount of recharge, and abstration rate
were varied, one at a time, to investigafe the eff=ct of
continuous abstration for a year, determirve a reascnable recharge
value, and decide the optimum number of wells to be operated to
meet the required water demand. In all cases, the one-year
Idrawdown values at different observationwell nodes and for eacth

simulation were noted (Table 5.7).

simulation no. 11, which was carried out to see the effect
of 1 year continuous pumpage, sShowed that the water level in the
abstraction well remain constant after about 42 to 60 days when

discharging at 7Qm3/hr. The maximm drawdown was then 11.73m
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at the face of the abstration well.

Simulation nos. 12 to 16 which sought to dec_de a redscnable
recharge value, showed that, with the exception of simulation
no. 16 for which a recharge value of 0.00001m/day was assumed, all
other trials gave results in which the water level began to rise
after dropping to a minimum value. In some cases, negative
groundwater potential was cobtained, indicating a water level rise

above the original piezometric level befcre the start of pumping.

Simulation nos. 17 to 29 were carri=d out to investigate
the effact of varying abstraction rate QPUMP, while maintaining
all other parameters constant at their appropriately determined
values. Abstraction rates corresponding to operating 1, 2, 3, 4,
S, 6, 7, 8, 9, 10, 12, 14, and 16 wells respectively were tried,
and the maximum total drawdown estimate in an cperating well
estimated for each case. Such total drawdown estimates include
tha drawdown due to the pumped well itself, that due to the
interforence effect of other operal ng wells, ard also that
due to well losses, Calculations for the original pilot scheme
in which 12 well; are operated with 4 serving as standby, and
an alternative scheme in which all 16 wells are cperated with
no standby have been presented (section 5.13). Drawdown estimates
for the otl.2r cases are summarized in Table 5.8. The results
showed that the least total drawdewn per well value of 19.32m
(well losses inclusive} was obtained when all the 7 wells were
- operating at a pumpi~g rate of 750n3/day/well. This represents
a 6.46m decrease or 25% reduction when compared with the drawdown

estimate for the original pilot scheme.
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A general trend of increasing drawdown estimates was
noticed as the number of operating wells became fewer, In fact,
when only one well was pumped at 126E£m3/day-(simulation no. 177,
the water level fell below the top of the aquifer and program
execution was aborted because of excessive drawdown., The
explanation for the above trend is that although, interference
effect may become less with fewer wells being operated because
of increased spacing, the total drawdown in a well (which is made
up of Formation losses, well loses and influence of other operating
wal.35) 1s however increased as a result of higher abstration From

the well.

6.4 Limitations
The results presented and Jiscussed above are by no means

exact. In fact, they suffer from a few limitations and it is

important to highlight some of these at this stage:-

{1) Foth the purping test data analysis and radial flow model
assumed a horizontal aquaifer with uniform thickness,

which is homogeneous, isotropic and of infinite areal extent.

Information from the strata log, lithology casing and screer loca-

tions -however indicate an aquifer whose thickress vary slightly
from one location to another. Homogenity ard isotropism are

also idealized concepts which hardly apply in nature.

(2) A confined aquifer with no leakage flow was assumed because
the confining layers were predominantly clayey, ard no

water level measurements were recorded from them during

pumping.

P e = sl L e Pk ket



{3) The lack of sufficient number of observation wells did not

‘¢, enable widespread determination of storage coefficient §, vales.

{4} - The model assumed recharge to.the aquifer to come from leakage
! frem the upper layers, while in real life, recharge may also

occur through the cutcrop of the aquifer which may be serveral

kilometers away. A L .EQJ?  I

It should be noted that some of the assumptionssfated may not

necessarily apply to the aguifer, but in the absence of adequate o

hydrogeclogic data teo permit a more exact description of the aquifer,

such assumptions had to be made.

i
i



Chapter 7

From the results of the work carrie” out, the following

111

CONCLUSTCNS AND RECOMMENDATIONS

7.1 Conclusions

conclusions can be drawn:

(1)

(ii)

(iii)

{iv)

© since none of the well losses were higher than the

The water supply requirements of the Ipaja Housing Estate
of 12,000 m ,day can be met by the second underlying

aquifer that is currently being tapped. -

The hydraulic properties of the aquifer at the well site

are such that the transmissivity and storage coefficient

are of the order of 250 mgfday and 0.00015 respectively. E
These clearly indicate artesian conditions and suggest |

an agquifer of medium ability to transmit water.

Individually, the boreholes sunk within the e tate are
capable of yields ranging from 60 m3/hr to 84 mS/hr

of water with drawdown of 11m to 30m : . . How-
ever, when collectively operated to meet ths estates
demand, drawdowns easily exceed the available drawdown

of about 45m due to interference effects at such high

punping rates.,

The anal'sed step drawdown test data gave formation loss
factor, B, ranging from 183 to 720 sec/m2 indicating

some dispersion in the aquifer transmissivity. Also

formation losses, it may be concluded that the construc-

tion, development and screening procedures for the wells

- were quite satisfactory, although they may not necessarily
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have been optimal. _ _ .

(v) An optimum use of the well field is attained when all
| the 16 wells are cperated at an abstration rate of
750n3 per day per well. This arrangement produced a
maxdmun total drawdown of 19.32m in any one well. When
compared with the corresponding value of 25.78m for the
- original pilot scheme of 12 operating and 4 standby wells,

a drawdowrt reduction of 6.4m or 25% is realised.

7.2 Recommendations

.Based on the outéome of the study carried cut, the following
suggestions and recommendaticns are made: |
(1) In meeting the water demard of the Ipaja Housing Estate,
.“f_ all the 16 wells sunk within the estate should be put to
suse at all times except during maintainance periods when
same well, could be shut while others are working. Before
'starting water supply operations,all wells should be
properly cleaned and redeveloped to remove materials that
might have Tlogged the screens as a result of long pericod of

 _'non—u5e, ard to ensure efficient water inflow to the wells.

{ii) It is suggested that further pumping tests should be
carried out with more emphasis placed on ¢bservation well
- measurements. This will enable more accurate determination
¥_  of the hydraulic characteristics of the aquifer. Such tests
should be properly planned and carefully conduct «d so that
all necessary information about the sub-surface geological

and hydrological conditions in the area are collected a.qd.



(1ii)

(1v)

113
- ar P

Lithology, aquifer thickness, aquifer boundaries, location

and amount of recharge, piezometric surface elevations etc.

As additiocnal information beccme available, the model could
be improved upon, with the new hydraulic properties and
piezometric surface elevations forming a basis for
calibration and thus providing a more exact calculation of

. the consequences of present and future planned withdrawal

In this study, a uniform abstration rate has been assumed
for all cperating wells in order to meet the water require-
ments of the Ipaja Housing Estate. However, further
investigation can be carried cut on the model using different
abstraction rates for the pumping wells. The transmissivity
value can form a basis for - hocsing the discharge rate at
any operating well. The maxdmum drawdown can then be

calculated for different discharge combinations to

" determine the best performance combination for the estate.

Finally, it should be stated that the suggestions and

recommendations above, are considered vital towards achieving

the best performance for the wells and ensuring cptimum

exploitation and utilisation of available grourdwater resources

in the area .
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APPENDIX 1
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Flow chart for Purping rest progran {Rush-on X Radshaw, 1979).
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APPENDIX I11
A Formation and Well lesses for Abstraction Well no.TW
AS, S, om/sec) s /Q BO S, ca/s,,.
Step | (m) (W) x 1072 (zec/my) (0 () (m) Sy
i 5.45  5.45 1.47 370.2 4.06 1,40 5.4¢ 25.6
2 {2.44 7.89 1.9% 402,3 5.41 2.50 7.91 31.6
3 13.20 11.09 2.33 438,1 6.98 4,16 11.14 37.3
where,
S, = Measured drawdcwn (m)
Spe = Calculated drawdown (m) |
Q= Discharge rate (m/sec)
5/Q0 = Specific drawdown {secfn?)
‘B = Formation 1055 constant '
c = Well loss constant
B = Formaticn loss {m)
002 = wéll logs (m)
CQQ/SWE Fraction of drawdown attributed to well loss,

I11ustrative Calculation.

. According to Jacob (1947}, the total drawdeowr: at a discharging

well 1s given by,

2
we | = BQ + CQ

All terms are as defined above.

From Fig. 5.11; B = 276sec/m"; C = 6500 seco/m>.

For Q = 2.53 x 107 ma/sec

76 x 0.0253 + 6500 x 0.02532 ke

€.98 + 4.16 = 11.1..m,
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_'!_5_ Formation and Well Jossesz for Ahstra-tion Well nc
_ e o 2 2
AS, S, Qm/ses) s /Q | BQ  CQ° s, CQO°/S,,..
Step| (m) (m) % 10'2 (sec/m™)| (m) (m) (m) %
1 1.29 1.29 0,68 189.6 1.11 0,18 1.29 14
2 3.18 4.47 1.89 23%6.6 .08 1.38 4.36 X!
3 11.79 16.26 2.35 €91.9 43,12 2,14 6.:26 a4
B = 163 se:/mg; C = 38n se':zf'm5
c Formation - and Well- Losses for Abstraction Well nc. 5
3 . 2 2
AS, > Q{m~/sec) §/9 BQ CcQ S cQ /sw
swep | tm)  (m)  x 107 (sec/m) | (m)  (m)  (m) %
7 14,70 14.70 1.69 867.5 9.30 5.33 14.6) 6.4
2 1.35 16.05 1.8 §88.9 9.96 6.12 16.0t  38.1
3 0.20° 16.25 1.94 8§37.6 10.67 7.03 17.70 30.7

B = 550 secﬁng; C = 18667 sec2/m5



D Feamation and W=ll losses for Ahstractiorn Well rc. 6
as. s Q(m/se=) S /Q B €Q° S co°/s
W W 2l Aar s W wo ~ WC
step| (m)  (m)  x 1072 (sec/m)| m) (M) (m) %
1 a9.04 .04 1.70 531.8 1:61 G.02 17.8
2] 1.22 10.26 1.93 £31.6 2.07 10,48 19.8
3] 2.92 13.18 2.33 555.7 10.76 13,02 13.18 22.9
E = 436 sec/mz; C = 556 secg,"ms
E Formation and Well losses for Abstraction Well no. 12
s. s om’/sec) 8. /0 B CQ° S cQ°/s
W W R W g we W
stepitm)  (m) x 1072 (sec/m) | M) (m) (m) %
9 6.05 6.0 1.39 4735, 4.41 1.63 €.04 27
2 31.05 9.10 1.86 483.0 5.20 2.9 8.81 33
3 1.86 10.96 2.18 5.7 6.97T 4,00 10.91 37
B = 37 sec/mz; C = 8421 seczfms
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crmation and We=ll Jesses for Abstraction wWell no, 11

s, S, Om/sec) S/Q BO CO° 5.

Step | (m) (m} % 1Cr2 (secfme) (m) (m) (m)
1 10.47 10.47 1.51 €91.6 7.55 2.95 170.50
e 3.38 13.85 1.79 1754 8.95 4.15 13.10
3] 4.77 18.62 2,33 800.9 11.65 7.03 18.68

B = 550 sec/mz; C = 12941 secef > ”
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tant Discharge Test: (Cocper-Jacob's Mcethod)
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Weighted Water Drawdown
Distharge Time Time Level s (m) £/Q
Q timin) | (m) (m) (min/m?
m3£hr m3fmin. 0 0 45.:41 0.0 -
53.0 0.883 1 1 45.61 0.20 0.23
i L 2 2 48.71 3.30 3.74
" " 3 3 49.38 3.97 4.49
4 4 49,71 4,30 4.87
5 5 £9.94 4.53 5:.13
6 £ 50.12 2,71 5.33
7 7 49,71 4.30 £.87
10 10 49,68 4,27 4£.84
15 15 49,92 4.51 5.11
20 2J 50.23 4.82 5.46
2 50.35 4.94 5.9
50.70 5.29 5.99

88 &
&)

50,86 5.45 6.17
70.6 1.777 41 16.2 51.10 5.69 4.84
L " 42 19.7 51.29 5.88 5.00
" " 43 22.1 51.70 6.29 5-35
e 24.2 51.89 6.48 5.51
45 26 52.10 6.69 5.69
46 27.7 52.30 6.89 5.86
48 30.7 52.41 7.00 5.95
50 33.5 52.50 7.09 6.03
55 39.8 52.74 733 6.23
60 45.6 52.91 7.50 6.37
65 51.2 53.30 7.89 6.71
74 61 53.22 7.81 6.64
80 67.3 53.30 7.89 6.71

I
o




Q t t W/ evel e s/Q
91.14 mo/hr 81 26.4 52,80 £.19 5.39
(1.519)m>/min 52 31.2 52.€9 9.28 6.11

83 34.6 52,70 9.29 6.12
£4 37.3 <. 9.50 6.25
85 39,7 55.00 2.5 £ 31
86 41,8 55.35 9.94 €.54
a8 £5.6 h5 =33 9.92 6.53
90 £9.0 55.39 9,98 €.57
95 56.4 555 10.74 6.68
100 €3.0 55 .67 10.26 6.75
105 69.3 £.80 0.39 6.84
110 75.2 55.8 0.4 6.90
120 86.6 56 .50 1.09 7,30
75.0 150 160 3.63 8.22 6.58
(1.25) 155 163.2 53.67 8.26 6.61
160 166.7 €. £.30 €.64
165 170.:5 B2.75 8.34 6.67
170 174,5 53.80 8.39 6.71
175 178.7 £3.84 g8.43 6€.74
180 183.0 52.88 8.47 6.78
185 187.4 53.92 8.57 6.81
190 191.9 3.96 8.55 6.84
195 196.4 2,92 8.5 6.86
200 207 5¢.01 £.60 6.68
205 205.6 52,06 8.65 6.92
210 210,3 54,09 8.68 6.94
215 215.0 54,12 8.71 6.97
75.0 m/hr 230 229.3 54,22 8.81 7.05
(1.25 m3/min) | 245 243.7 54.30 8.89 7.11
260 258.3 52.36 8.95 7.16
275 272.9 54 .41 9,00 7.20
305 302.4 54.52 9.11 7.23
335 332 54.532 9.18 7.34
395 391.4 54.72 9.31 7.45




Q t t W/Level 5 €/Q
v
75.0 m”/hr 455 4511 54,88 .47 .58
(1.25 m/min) 515 | si0.9 54,95 9.5 7.62
575 570.7 $5.09 9.68 7.74
€35 €630.5 55.15 9.74 7.79
€95 €90.4 £5:25 9.82 7.87
755 750.3 55.29 9,28 7.90
815 §10.3 55.35 2.94 «35
875 870.2 55. 37 9.96 7.97
935 930.2 55. 3¢ 9,97 7.98
955 950.1 55 .41 10.00 8.00
1055 1050.1 55.44% 10.03 8.02
1115 1110.1 55.43 10.07 8.06
1175 1170 £5.56 10.15 8.12
1235 1230 55.62 10.21 8.17
1295 1290 55.42 10.01 8.0
135% 1329.9 55.6: 10.21 8.17
1415 1409.9 56.63 10.27 8.2z
1475 14€9.9 5€31 10.20 g.72
1535 1329.9 56.3" 10.20 8.72
1595 1589.9 56.32 0.9 8.73
1655 1649.9 56.3 10.97 8.78
1715 1709.8 56.20 10.93 8.79
1775 1769.8 56 .41 11.00 8.80
1835 1829.8 56.41 11.00 8.80
1895 1889.8 56.42 1.0 8.8
1955 1249.8 56.43 11.02 8.82
2015 | 2009.8 - - -
2075 2059.8 56.43 11.02 8.82
2135 2129.8 56.44 11.03 8.82
2195 2189.8 56 .44 11.03 8.82
2255 2249.8 56.45 11.04 8.83
2315 2309.8 56.45 11.04 8.83
4 2375 2363.8 56.45 11.04 8.83
2435 2429.7 56 .46 11.05 8.84
2495 2489.7 56.96 11.05 8.84
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B Eecovery Test: Static water Level Pricr to Pumping = 45.47m
Theis M=thod
Time t (min) Time t* (min) £/Eu 'e.':‘.?r)_:—.'el I{e'_";dt’;a.‘;
m 3 \m
£235 0 - 5€.48 11.0
4235.25 i 1€941 53.74 8.33
4235.50 3 8471 53.18 7:77
4235.75 2 5647 .67 53.07 7.66
4236 1 £23.0 51.2 5.87
4237 2 2118.5 50.20 4.79
4238 3 1412.67 49,85 4.44
4239 4 1059.75 43,64 4.23
4220 ) 548 19,45 4,04
4247 é 706.83 49.33 3.22
4242 7 €00 49,20 3.79
4243 8 530,36 48.13 2.72
4244 9 471.56 48.05 2.64
424 10 424 47.97 2.56
4247 12 353.92 47.84 2.43
4249 14 303.50 47.72 2.31
£291 16 7€5.69 47.62 2.21
4253 18 236.28 47.5 2.12
4255 20 _212.75 47.44 2.03
4260 25 170.4 47.27 1.86
4265 30 142,17 47.12 1.7
4270 35 122 47.00 1.59
4275 40 106,88 26,88 1.47
4285 50 85.7 46,72 1.3
4295 60 71.58 46.2 0.87
4310 79 57.47 46.25 0.84
4325 90 48.06 46.11 0.70
4340 105 41.33 46.02 0.61
4355 120 36.29 45.84 0.43




Y
n)
w

Time t (min) Time t" (mair)| t/t" Vater Level Residual D.
(m) &1 (m)

438% 150 29.23 45.70 0.29
4415 180 24.28 45.57 0.16
4445 210 21.17 45.48 0.07
A475 240 18.65 45.45 0.04
2505 270 16,69 45.42 0.0
4535 300 15,12 45.41 0.00
4565 330 13.83 45 .41 0.00
EE'

t Time since pumping started.

t" lne since punping stopped

At Residual drawdown {(m) i.e difference between the watepr

level prior to pumping and the actual water level measured

at time t" since pumping stoppad.



A Step Drawdown/Constant discharge Test
Weighted
Discharge Time Time w/Level | Dra.sdown
Q t {min) t (nin {m) {m) /0
43;; P I P~ N -
(m“/hr) (m”/min) 0 48,50 0 0
24.5 0.408 L 51.18 z.68 G

€8.0

1.133

5.4

- 7

8.6
10.1
11:4
12.8
14.0
15.3
16.5
18.8

51 .?
52.91
.42

.33
.37
A3
£2.46
5:.47
52.52

-

- -
ot
o

ny N
- -
o =
o uUn

* L
. .
n

La
G w

3.29
4.41
3.92

3.83
3.87
3.93
3.96
3.97
4.02

(s AT = AU o
\HQ;\_ﬂ

s b
o
o O

-~ =J \n
- '-\ - .
b 5

~)

2.90
3.89
3.46

3.38
3.41
3.47
3.49
3.50
3.55



84.6 m3/hr
(1.41 m3fmin)

] t il W/ level t  $/Q
N N _-.—_-_.---—;-_—o-——-——---—-
! L P vt ¥ .f_’ & O] | 3. %5
I
5 °F 6 8§75 60 0 i &2
- £ i o PGP 39 i +JO=
g 7 €:,60 2.0 X
55 43,2 55,72 4,22 { FE
£n 38.5 £2.97 A7 3w
5.6 64,49 5.95 | 1.3
a2 &3:8 €5.52 1% 0 | g RIS
g5 £3.4 64 €L 16.72 } Y23
a0 53.9 €4.76 16.26 15.53
97 €€ .2 62,85 16 .35 5.0
100 62.5 6-.95 16.45% 1467
110 €9 €5.02 16.52 | 1.2
120 o3 65.12 16.62 1,79

760
£20
880




0 1 t Ve 8 5/
84.6 m>/hr 1000 972.6 | 67.29 18,79 13,33
(1.41 1 /min) 1060 032.6| 67.%4 18.84 13.36

1120 1092,61 6€7.29 18,89 13.50
20 1152.6 | €7.42 18,92 13.42
1240 1212.6 | 67.44 18.94 13.43 -
1300 1272.6 | €7.49 18.99 13.47
1360 1332.6 | 67.52 19.02 13.49
1420 1393.6 | €7.54 19.04 12,50
1480 1452.7 | 67.5 19.07 13.52
1540 1512.7 | 67.58 19.08 13.53
1600 1572.7 | €7.60 19.10 13.55
1660 1632.7 | €7.62 19.12 13.56
1720 1692.7 | 67.64 19.14 13.5
1780 1752.7 | €7.63 19.13 13.57
1840 1812.7 7.64 9.14 13.57
1900 1872.7 | 67.66 9.16 13.99
1960 1932.7 | 67.67 9.17 13.60
2020 1992,7 | 67.68 19.18 13.60
2080 2052.7 | 67.70 19.2 13.62
2140 2112.7 | 67.7 19.21 13.62
2200 2172,7 | 67.73 19.23 13.64
ceen 2232.7 | €7.75 19.25 12.65
2320 2292.7 | 67.77 19.27 13.67
2380 3252.7 | 67.81 19.31 13.70
244 2412.7 | 67.8 19.31 13.70
2500 2472.7 | 67.82 19.32 13.70
2560 2532.7 | 67.81 19.31 13.70
2620 2592.7 |67.83 19.33 13.71
2680 2652.7 |67.84 19.34 13.72
2740 2712.7 |67.86 19.36 13.73
2800 2772 .7 |67.87 19.37 13.74
2860 2832.7 |67.89 19.39 13.75
2940 2912.7 |67.87 19.37 13.74
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Recovery Test:

Residual Drawdown

Time, t" (min) Time t (min) | t/i" Water Level
= " (m)
Q 2940 67.87 19.37
1 2941 2941 55.73 7.23
2 2942 1471 54.%4 6.44
3. 2943 981 54,55 5.05
4 2944 736 54.25 5.7
5 2945 589 54 .04 5.54
6 2946 491 53.86 5.36
7 2947 421 53.71 5.21
8 2948 368.5 53,58 5.08
9 2943 327.67 { 53.46 4.96
10 2950 295 53,35 4.85
12 2952 246 53,16 4.66
- 14 2954 211 52.00 4,50
16 2956 184.75 | 52.86 4.3
18 2958 164.33 | 52.72 4,22
. 20 2960 148 52,62 4.12
25 2965 118.6 52,36 3.86
30 2970 99 52,12 3.62
35 2975 &5 51.96 3.46
- 40" 2980 74.5 51.81 3.3
50 2990 59.8 51.55 3.05
60 3000 50 51.25 2.75
70 3070 43.86 | 51.10 2.60
80 3080 38.50 51.09 2.59




ABSTRACTION WELL NO. 5

-~

Step Drawdown/Const

Weight

ftr ot SRl

Discharge Time Time Water Level Drawdouwn
Q(m) t{min) | T (min) (m) s (m) s/Q
61.0 (m°/hr) 0 0 43,62 0.0 0.0
(1.017 m>/min) 1 1 57.98 14,36 14.12
2 2 58.20 14,58 14:34
3 3 5775 14.13 13.89
4 4 57.78 14,16 13.92
10 10 58.00 14.38 14.14
12 12 58.02 14.40 14.15
14 14 58.06 14,44 14.20
16 16 58.09 14.47 14,23
16 18 58.12 14.50 14.26
20 20 - - -
25 25 58.26 14.64 14.40
30 30 58.32 14.70 14.45
65 (m>/hr) 31 25.1 58.92 15.30 14.13
1 .0835m3.--’mi 1) 32 24.0 59.02 15,40 14.22
33 28.5 £9.05 15.43 14.25
34 29.8 59.07 15.45 14.26
35 na 59.09 15.47 14.28
36 32.2 59.11 15.49 14.30
37 33.4 959.12 15.50 14.31
32 34.8 59.15 15.53 14.34
40 36.7 59.16 15.54 14.35
42 38.9 59.15 15.53 14.34
50 47.3 59.32 15.70 14.50
55 52.4 59.49 15.87 14.65
60 57.5 59.67 16.05 14.82
69.9(m>/hr( 61 " -
1.165(m°/min) | 62 - -
€3 - -



t{min){ T{mit W/leval e (m) s/Q
9 (m>/nr) €4 50,82 £9.52 15.90 .32
165 (m/hr) | 66 53.9 59.52 15.90 K-
A7 55.3 59.52 15.90 32
68 6.6 59.51 15.89 64
69 57.9 59.55 15.93 67
70 58.15 £9.15 15.93 .67
72 €1.6 - -
76 €€.2 £9.69 16.07
78 €8.5 £9.76 16.74
&0 70.7 59.80 16,18
5 76.1 59.81 16.19
20 81.4 59.87 16.25
100 1.9 60.2 16.64
120 112.4 60.90 17.28
150 142.9 67.07 17.45
180 173.1 61.1 17.56
210 203.3 61.22 17.60
250 243.4 €1.30 17.68
25 283.5 61.32 19.70
330 323.6 61.32 17.70
330 383.7 €1.40 17.78
450 443.8 61.49 17.87
810 503.8 61.53 17.9
570 3.8 61.55 17.93
630 623.8 61.57 17.25
€90 6E83.9 61.60 17.98
750 743.9 61.64 18.02
810 803.9 61.67 18.05
870 863.9 61.67 18.05
930 923.9 61.67 18.05
990 983.9 61.65 18.03
1050 1043.9 61.70 18.08
1110 1104 61.78 18.16
1170 1164 61.63 18.01
1230 1224 61.61 17.99




Q t (min) t (min) W/Level ¢ (m) s/Q
€2.9 (m /hr) 1220 1284 61.60 17 .98 15.43
1.165 (m3/min)| 1350 1344 61.59 17.97 15.42

1410 14 61.60 17.98 15.43
1470 1464 61.59 17.97 15.42
1530 1524 61.64 18.02 15.47
1590 1584 61.75 18.1 15.56
1650 1644 61.77 18.15 15.58
1710 1704 61.81 18.1% 15.61
1770 1764 €1.84 18.2: 15.64
1830 1824 61.84 18,22 15.64
1830 1884 61.85 18.23 15.65
1950 1944 61.85 18.23 15.65
2010 2004 £1.85 18.23 15.65
2070 2064 61.85 18.23 15.65
2130 2124 €1.56 18.24 15.66
2190 2184 61.87 18.25 1£.67

250 2244 .87 18.25 15.67
2310 2304 £1.90 18.28 15.€9
2370 2364 62.10 18.48 15.86
2430 242 62.17 18.55 15.92
2490 2484 62.22 18.60 15.97
2550 2544 62.23 18.61 15.97
2610 2604 62.26 18.64 16.00
2670 2664 62.26 18.64 16.00
2730 2724 62.30 18.68 16.03
2790 2784 62.30 18.68 16.03
2850 2824 62.28 18.66 16.02
2910 2904 62.20 18.58 15.95
2970 2 62.23 18.61 15.97
3030 3024 62.31 18.69 16.04
3090 3084 62.40 18.78 16.12
3150 3144 62.48 18.86 16.19
3210 3204 62.48 18.86 16.19
3270 3264 62.43 18.81 16.15




0 t (min) T (min) W/level s (m) e /0
€9.9 m3/hr 3330 3324 62.38 18.76 26.70
1.165 (mo/mir)| 3390 3384 62.3 1876 16.10

3450 3444 62.38 18.76 16.10
3810 2004 62,35 18.77 164751
3570 3564 62.38 18.76 1€.10
3620 3624 €2.38 18.76 1€.10
3690 3684 62.37 18.75 16.09
3750 3744 62.38 18.76 - 1€.10
3810 3804 62.38 18.76 16.10
3870 3864 62.38 18.76 16,10
3930 3924 62 .41 18.79 16:13
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Time t"* (min)| t (min) | t/t” Water level Residual Crawdown
(m) S (m)
0 3930 62 .41 18.79
1 3931 393 50.22 6.60
2 3932 1966 49.78 £.16
3 3933 1311 49.58 5.96
4 3934 983.5 49.40 5:7
5 3935 787 49.28 5.66
6 3936 656 49.15 5:53
7 3937 502 .4 49,08 5.46
8 3938 492.3 49,00 5.38
9 3939 437.7 48.90 5.2
10 3240 394 28.85 5.23
12 3942 328.5 £8.76 5.4
14 3944 281.7 48.68 5.06
16 2946 246.6 | 48.60 4,98
18 3948 219.3 | 48.55 4.93
20 3950 197.5 4B.48 4,86
22 3955 158.2 48.40 4.78
30 3960 132 48.28 4.66
40 3970 93.3 48.14 4,52
50 33280 79.6 48.08 4.46
60 3920 66.5 48.00 4,38
70 4000 57 .1 47.88 4.26
80 4010 50.1 47,82 4.20
95 4025 4z.4 a7.7% 4.13
110 4040 36.7 47 .66 4.04
125 32.4 47 .62 4.00

4055
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CBSERVATION WELL NO. 3

A Distance from Abstraction Well (AWS) r = 100m @ 2tep Dravdowa/
Constant Discharge Teost

Discharge, @ [ Time t (min) t W/ level S (m) ’ /0
€1.0 mo/r 0 0 27 .47 Q.00 0.00
. S 30 an -
€3.9 mo/min 61 4 | 48.47 1.00 6.523°
8% 76 48,34 1.47 5.262
110 102.2 | £9.16 7.69 .45
132 124.7 | 49.30 1.83 1.571
162 155 49,42 1.95 1.674
186 179.2 | 49.61 2.14 1.837
203 196.3 | 48.6 2,00 1.906
242 235.4 | 438.72 2.25 1.931
77 70,5 | 49.7 2.27 1.948
313 WHLE | L9776 2,29 1,966
353 346.7 | 49.82 2.35 2.017
443 436.7 | 49.93 2.46 2.112
503 496,8 | 49,90 2.52 2.163
563 556.8 | 50,01 2.54 2.180
623 616.8 | £3.03 2.56 2.197
683 676.9 | 5).0°% 2.58 2.215
743 736.9 | 50.10 2.63 2.258
£03 796.9 1 50.14 2.67 2.292
863 856.9 { 50.7 2.71 2.326
923 136.9] 50.20 2.73 Z.343
983 976.9 | 50.25 2.78 2.386
1043 1036.9 | 50.2 2.78 2.386
1103 1097 50.27 2.80 2.403
1163 1157 50. 20 2.83 2.429
1023 1217 50. 37 2.90 2,489
¥ 1283 1277 50.42 2.95 2.532
¥
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Discharge, Q Time t (min) t W/level € (m) s/Q

61.0 m-/hr 3383 3377 51.15 3.68 3.159
343 3437 51.15 3.68 3.159

€9.9 m>/min 1503 3497 51.13 3,66 3.142
55673 3557 51.14 3.67 3.150
622 3617 13 2,66 3,142
3683 3677 51.13 1.66 3.142
3743 3737 51.13 3.66 3.14
3803 3797 51.13 1.66 3.142
3863 3857 51.15 1.68 3.159
2923 1917 51,17 2.70 3.176
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Static Water Level

Distarice from Test

s voey PEms s o
CBSERVATION WELL NO.4 -

= 43.7m

. '} -
Step Drawdowm/Constant

w2ll, AWS, =

s |

fr~
D/Doem

tn
£

weigh D,
ime Ti W/Level
Discharge, Q t (min) t s )
61 m>/hr 0 0 43.70 | 0.00 0.00
20 20 43.82 0.12 0.118
30 30 43.91 0.21 0.207
65 60 57.5
69.9 90 Bi.4 44.63 0.93 0.798
120 112.4 44,82 1.12 0.961
150 42.9 44,96 1.26 1.082
210 <03 45.15 45 1.245
270 263.5 45.28 1.58 1.356
330 323.6 45.36 1.66 1.425
330 383.7 45.43 1.73 1.485
450 443.8 45.43 1.79 1.536
510 503.8 45.54 1.84 1.579
570 563.8 45.58 1.88 1.614
630 623.8 45.61 1.9 1.639

690
750
810
873
920
9c0
10:0
1170
1170
1230
1290

803.9

923.9

983.9
1043.9
1104
1164
1224
1284

45.68
45.72
45.7€
45.78
45.82
45.86
45.91
45.95
45.97
45.98
45.99

ol
P8R8 &

.16

2.25
2.27
2.28
2.29

1.700
1.734
1.768
1.785
1.820
1.854
1.897
1.93

1.948
1.957
1.966

ey






