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Abstract

Full Name: Rajai Samih AlAssar

Title of Study: Numerical Simulation of Groundwater
in the Umm !r Radhuma Aquifer at
SHADCO Project Area-Fastern Province

Major Field: Water Resources Engineering

A Numerical two-dimensional model was used to model
groundwater flow in the Umm Er Radhuma confined aquifer. The
study area was chosen to be the farm of Al-Shargiyan Agricul-
tural Company where 75 wells wore drilled in an area of about 90
square kilometers to irrigate serial crops using centlral-pivoted
irrigation system,

A topographic contour map of the arca was made using
aerial photogrammetry. Chemical and physteal water analysis
showed that water extracled from the aquifer was in agreemont
with irrigation water quality standards.

The calibrated physical parameters of the UER aquifer
indicated that the aquifer s highly productive. The ecalibrated
model was used to predict the aquifer's response for a 7-year
planning period where different management allernatives were
evaluated. ‘The study showed the best alternative is to conserve
water In addition to reloeation of continuously irrigated crops to

the western part of tho study area,
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Chapter 1

INTRODUCTION

1.1 GENFRAL

Water is one of the most fundamenial reseurce« and the
most unusual. This substance once refered to as "a great drink,
but one that will never sell", can be truly called the elixir of life.
The value of water is more pronouncecd especinlly in places where
resources ara finite and lHmitead. For years nearly avorybody took

water for granted. Few people, however, reallzed its finite lmits.

Saudl Arabla Is a country where fresh water is not avall-
able In sufficlent quantities. This Is due to the avid nature of the
environment and the scarcily of surface water such as rivers and
streams. The rapid devolopment in agriculture and social stan-
dards has accelerated the need for fresh water. Desalination as an
alternative has been costly which made groundwater even more
important economically as an allernative. Saudi Arabla in general
and the Fastern Provinece in particular, have low precipitation and
high evapoaration rates. This means that waler taken out of the
ground aquifers may nol be replenished. Groundwater from All
aquifers have bLeen used for agricultural, indusirial, munlclpal
purposes and have been mixed with disalination water for domestic

use. This has resulted In excessive drawdowns, low well yields,



and a gradual decline in water quality due to contamination by
irrigation and salt water intrusion from the sea. Therefore, the
obvious challonging problem is how to utilize {his rosource as

effectively as possible.

Modelling has been a very useful tool in solving many
engineering problems. In its broad definition, a model is a tool
designed to represent a simplified version of life. In fact, models
are used In everyday's life. A map, for example, is a way to rop-
resent reality in a simplified form. Models have been used to
study groumlv;nter flow systems. ‘The gonl of modelling is 1o pro-
dict the value of the unknown variable such ns groundwater head
or conceniration of a contaminant. Three types of models have
been used in groundwater engineering namely; sand tank models,
analog modoels, and mathomatical models.  Sand tanks have been
used to scale down a complex fileld situatfon. Llectrical analog
models were widely used in the pre-high speed digital computer
era. They work according to the principle that groundwater flow
is analogous to the flow of electricily. A malor drawback of the
electrical analog models Is that they are only useful to study
sleady-state flow problems. A mathematical macdel is a representa-
tion of a real-life situation by a set of differential equations.
Because fleld situations are too complicated to be solved analyt-
lcally, simplifying assumptions have always been made., ‘The reli-

ablility of predictions using a groundwater model depends on how



well the model approximates the ficld sifuafion. Unfortunately,
most of groundwator flow problems arising tn real Hfe do nol have
the ideal solutions which one encounters most often with textbook
problems. TFor example, many analytical solutions require that the
medium be homogenous and fisotropic. In order fo get realistic
solutions, it is usually necessary to use numerical techniques.
Two types of numerical models have been widely used. Theso are
the finite difference and the finite element models. With the devel-
opment of high-specd digital computers, many problems previously
beyond our capabilities can now be solved approximately to a high

degree of accuracy.

1.2 OBJECTIVES
The following Is a lst of the objectives of this study:

1. To define the geological and hydvogeological settings of
the project area of Al-Sharqgiya Agricultural Company
(SHADCO). This includes thc_s hydrautic parameters of the
Ummm er Radhuma (UER) aquifer within the project area
from previous pumping tests and the water quality in the

study area,

2. To define the groundwater flow characteristics in the
UER aquifer using numerical modelling techniques under

steady and unsteady flow conditions,

€9



To forecast the hydraulic responses of the aquifer system
under different discharge patterns and to define the
groundwater flow condiffons under different water stress

alternatives.



Chapter 2

LITERATURE REVIEW

Sand tank models are the oldest models used to study
groundwater flow. Conclusions drawn from such models may need
to be qualificd when transinted to a ficeld sfituation. ‘This is
because phenomena measured at the scale of a sand tank model are
often different from conditions observed in the fleld. Hubbert
(1937) may be one of the earliest people to secienlificnlly study geo-
logic structures using scale models.  Stallworth (1950) pointed out
that quickly constructed models  (scale models) facilifate secopago
studies. Dry and Luthin (1954) cxperimented with sand models to
study the distribution of waler pressure under canals. Todd
(1956) conducted a Ilaboratory research on groundwaler models
including scaled models. Krayenhoff (1962) studied some effects of
the unsaturated zone on non-steady free-suvface groundwater flow

using a scaled granular media.

Analog models are grouped into two calegories namely,
viscous fluid, and eleectrical models. Viscous madels are known as
Hela-Shaw or parallel plate models bheeause a fluidd more viscous
than water is made to flow belween two closely spaced parallel
plates. Hele-Shaw was the first to experiment with the viscous

models in (1887). He conducted experiments to find out the nature



of the surface resistance in pipes and ships.  ‘T'his technique,
then, became popular in groundwater problems. Hanson (19562)
solved complicated woll problems using this technigque,  ‘Tho Helo-
Shaw viscous fluld model was used by Todd (1954, 1955) to study
the unsteady flow in porous media. Zee (1955) studied the flow
into wells using analog models. A horizontal scale model based on
the viscous flow analogy was consiructed by Santing (1957) to
study groundwnlef flow aquifers having storage. Bear (1960) pro-
posed the scales of viscous analogy models for groundwater stud-
fes. DelJong (1961) applied the technique to multiple fluid flow.
Sternberg and Scott (1963) used the Hele-Shaw model as a tool in
groundwater research. The wedge-shaped aquifers were investi-

gated by means of viscous models by Willlams (1966).

Eloctrical analog models work naccording to the principle
that groundwater flow 1is analogous to the flow of electricity,
These models consist of boards wired with electrical networks of
raesistors and capacitors. 'The analogy is expressed in the mathe-
matical similarity between Darcy's law for groundwater flow and
Ohm's law for the flow of clectricity. The model was used 1o solve
water scepage problems by Wyckoff and Reed (1935). Vareeden-
burgh and Stevens (1936) clectrically investigatod underground
water flow nets. Visualizing flow in condensate reservolrs was
atded by the use of ecloctrical models by Hurst (1941). ‘The lech-

nique helped Botset (1946) and Wolf (1948) to stucdy recovery



problems. Kuthin (1953) solved drainage problems by menans of an
electrical resistance network. ‘T'wo- and threo-dimensional ground-

waler flow was analyzed by Opsal (1955) using electrical analogy.

The extensive use of mathematical models at present time
supports Lehr's statement in 1979 "Mathematical groundwater models
may be intellectual toys today, but fhey should bo usefu! tools
tomorrow"”. Mathematical models can be grouped into three catego-

ries, namaly; statistical, analytical, and numerical.

Tha sclence of statistics Is the biackbone in statisticnl mod-
els, These models mainly depend on historieal rocords. Baker
(1978) presents a stochastic analysis of spatial variability in sub-
surface hydrology. Cooley (1979) applles statistieal models to
assess groundwater steady-state flow. Macro dispersion In a sira-
tifted aquifer was stochastically analyzed by Gelhar (1979). TFinite
and infinite groundwater domains were treated by Gutjnhr (1981),
Neuman (1980) presented a statistical approach to the inverse

problem of aquifor hydrology.

Analytical and numorical models are the most useful tools
In groundwater studies., Freoze (1971) prosentad an  analytieal
modol to solve groundwator flow oquations. Karanjae (1977) pro-
posed a mathematical model of Uluova Plaln in Turkey. An over-
view of groundwater modeling is presented by Mereor (1980). The

area where analytical models have been widely used is the field of



well hydraulics. ‘Thlem (1906) was one of the first to present an
analytical model by which the hydraulic conductivity of an aquifer
at steady-state can be determined. DeGlee (1930) presented a
model for the steady-state drawdown in an aquifer with leakage
from a semi-pervious covering layer. Hantush and Jacob (1955)
presented the same model with some modifications, Dupuit (1863)
and Thiem (1906) modified Thiem's method to suit the steady-state
flow in unconfined aquifers. The unsteady-siate flow problem has
also been analytically treated. Thels (1935) analytieally solved the
problem of unsteady-state flow in confined aquifers. Chow (1952)
developed a method which has the advantage of avoiding the curve
fitting of the Theis method. Jacob and Cooper (1946) gave a sim-
plified solution to the Thels formula by restricting some conditions
for the application of the model, Thels (1935) proposed a recovery
test of aquifers for which an analytieal solution was recommended.
The unsteady-state flow In semi-confined aquifers was treated by
Walton (1962). Hantush (1956) cdoveloped three mothods of analyz-
ing the data from pumping fests in semi-confined aquifers., Boul-
ton (1963) introduced a method of analyzing pumping tfest data
from unconfined aquifers, in which allowance is made for tho
delayad ylekl! from storage due to gravity drainage. Boulion
(1963) simitlarly treated the unsteady-state flow In semi-confinad
aquifers. ‘The complexity of groundwater flow probloms makes ana-
lytical models of limiled use. ‘This Is due to the many simplifien-

tions attompted to overcome the mathematical obstacles. The

(4



literature is full of analytical models. The use of these models,

however, Is limited to simple problems.

The rise of numerical techniques such as finite difference
and finite eloment methods and the rapid advancing technology in
digital computers have made it possible for complex groundwater
systems to be studied. The literature is full of papers published
on numerical tochnlques., The technlgue has beoen appllod succaess-
fully in mauny flelds. This Is supported by the use of the finite
difference technique In petroleum engineering by Crichlow and
Peaceman (1977). The use of numerical models in groundwater
management was discussed by Bachmal (1980). A numerleal method
of estimating parameters in groundwater flow was presented by
Cooley (1977). Fausi (1980) discussed the use of numerical models
in groundwater flow. Gillham (19741) carrted out a sensitivily anal-
ysis of Input parameters in numerical modeling of steady state
groundwater fllow. The transport equation was numerteally ana-
lyzed by Gray and Pinder (1976). Pinder (1977) prosented a
numerical technlque for ealculating the trvansient position of the
salt water front. Apple (197G6) wrote a note on compuling finite
difference interblock transmissivities. TFinnemore (1968) used the
finite difference technique to nssess scopage through an earth
dam. Huntoon (1974) used the finite difforence technique to solve
problems in groundwater flow. Pricket and Lonnquist (1971) and

Traescott (1976) constructed {wo-dimensional finite  difforence



groundwater flow models. Three-dimensional models were also
developed by Trescott (1975) and Freecze (1971). The United
States Geological Survey (U.S.G.S.) developed a three-dimensional
finite difference groundwater flow madel in 1984 which is success-
fully replacing its widely used predecessors, USGS2D (Trescott,
Pinder and Larson, 1976) and USGS3D (Trescott 1975). ‘The finite
element numerical technique was also used by groundwaler engi-
neers. Chon (1978) modeled hydraulic sysiems by tha finite ele-
ment method. Gary (1976) discussed the method as applied to
groundwater transport. Pinder (1977) discussed the method in
surface and subsurface hydrology. Salt waler front was slmulated

by the finite element technlque by Segal and Gary (1975).

The area under Investigation is a part of the Eastern
Province of Saudi Arabia where several studies have been carrled
out. Nalmi (1965), for example published the first report on the
groundwatier picture of northeastern Saud! Arabia. ‘The report was
descriptive where no modelling was conducted. In a detailod
study, Italconsult (1969), conducted the characteristics of the
aquifers in Area IV were Investlgated. A reglonal study in Al-
Hassa area by the Bureau de Recherchos Geologiques et Minlores
(BRGM, 1977) provided data on the {ransmissivitlos, storage coeffi-
clents and vertieal leakances in the area. A threo-dimensional
model was used in the study, where twelve production allernatives

were simulated. In another study BRGM (1976) developed a simu-
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lation model for Al-Wasia aquifer. A muli-aquifer simulation model
was developed by Groundwater Development Consullants (GDC,
1980). GDC studied the UER, Khobar, Alat and Neogene aquifors
with the concentratlon gliven to Bahrain aren. A comprehensive
study by Al-lLayla, et al., (1986) in the Eastern Province of Saud!
Arabla led to the development of a two-dimensional simulation
madel, a modified wversion of the United States Geological Survey
Model (Konikow and Bredcehoeft, 1978) was used to simulate soluto
transport in Dammam aquifor. ‘Tho aquifers of UKR, Alal and Kho-
bar were also studled by Rasheeduddin,et.nl,, (1989) using the

USOS modol (MeDonnbd and Harbaugh 1984),

‘The previous studioes were conductad on a regional basis
where the grid spacing was large. IL Is belleved that adopting the
results of tho previous studios to SIIADCO project will not be suit-
able, espacially due to tho relatively small area of the project in
additfion to the high discharge rates. During peak demand peri-
ods, drawdowns in the wells, especially those located in the middle
and eastern parts of the area, were observed. This {s due to the
additional drawdown which resulted from the interference of pump-
ing effects of the surrounding wells. ‘Therefore, the groundwaler
flow charncteristics under differont pumping scenarios from differ-
ent wells in the area Is important to develop a proper groundwater
management scheme. The use of numerical techniques to simulate

groundwater flow in the area becomes essentlal. Previous hydro-

1



logical studios by Halconsult (1969) indicated that tho UER aquifor
exists in the Eastern Province of Saudi Arabia as part of a multi-
layered aquifer sysiem where the confining beds arve leaky aqui-
tards and verlical flow between aquifers occurs with change In
head and vertical gradient in the aquifer system. Consequently,
the groundwater flow In the aren Is best studied by a three-dimen-
sional groundwater flow model. Unfortunately, due to the lack of
data on water heads In the overlying aquifers, the groundwater
flow In the UER aquifer is going fo be stmulated in two dimensions
using a block-centered finite difference approach. The United
States Geological Survey (USGS) numerical three-dimensional finite
difference groundwater flow model developed by MceDonald ancd Har-
bough (1984) is selected. It is sclected because it has histories of
high confidence and well establishod codes. ‘The model makes use

of a numerical technique to solve the partial differential equation:

P (Kudm) | PRy T) (K)o m
ax Ay 0z s It
where
Kxx = hydraulic conductivity in the x-direction
Kyy = hydraulic conductlivity In the y-directlon
K = hydraulic conductivity in the z-direction
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The specific storage

is the volumetric injection rate

time
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Chapter 3

HYDROGEOLOGICAL SETTING OF THE STUDY AREA

3.1 THE STUDY AREA

The study area located in the Eastern Province of Saudi
Arabla Is part of a larger area owned by Al-Sharqglya Agricultural
Company (SHADCO). The whole area owned by SHADCO s
bounded on the north by a latitude 26° 50' 31.15" N, on the soutlh
by latitude 26° 34' 34.91" N, on the east by longitude 49° 16'
15.39" E, and on the west by longitude 48° 59' 58,23" £ (Iig.
3.1). From these coordinates, the lengths of the polygon sides
enclosing the area can be computed as shown In Table (3.1). The
aron covers more than 600 square kilometers, ‘Tho study nrea is
located in the uppor right quarter of the area shown iIn Fig.
(3.1). The sludy area rangos around 10 kilometers from west {n
east and 9 kilometers from north to south. The area chosen for
modelling Includes the only 75 wells drilled in the area owned by
SHADCO. These wells are entirely devoted for agricultural pur-

poses.

The wells located in the study area extract water form the
Umm er Radhuma aquifer (UER). The water extracted iIs used to
irrigate the surrounding fields using a central-pivoted Irrigation

system. The fields are of two types: the first type has an area
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Table 3.1: Study Area Dimensions

North

Point Bearing Distance East

(meters) Coordinate Coordinate

1 2970193.7430 301206 .1920
S 10 52 58,190 E 25510.2361

2 2913112.3070 306022 .5910
S 23 07 27.366 E 4199 .6811

3 2911001. 1490 307789 .7370
S 89 59 51.319 E 20004 ,0560

| 2911003,3100 327793 .7930
N 16 12 h2.071 ¥ G409, 6552

b 2947228 .3470 325924 ,4530
N 11 11 07.881 W 23502 .3268

6 2970213.5650 321164.2930
S 89 51 25.096 W 19958, 1652

1 2970193.7430 301206.1920




of 78 hectares and the second type has an area of 85 hectares.
The first set of fields include those surrounding the wells Fi, G1i,
H1, F2, G2, and H2. Al the other flelds are 85 hectares in area

Fig. (3.2).

3.2 TOPOGRAPHY

Water levels In the SHADCO wells have been documented
as the distance from the ground surface 1o the water surface.
‘I'here had boen no mention of how these wells are topographleally
related to each other. The heads used in the governing differen-
tial equation of groundwater flow represont the pressure hond as
well as the elevation head. ‘Therefore, it is necessary to relate
the wells to a common datum so that the hydraulic head at each
well is known. A {opographic contour map, then becomes essen-
tial. Due to the large area covered by the study (90 squared
kilometers), classical surveying tochniques would be impractical
and time consuming. The aerial photogrammeiry technique is most

suitable.

Aerinl photogrammetry is the science of making measure-
ments on photographs taken from the air. Photographs are taken
by aerlal cameras similar to the one schematically shown in Fig.
(3.3). The camera is fixed In a camera mount which is secured
over an opening in the bottom of the airplane. Photographs such

as the one shown in Fig. (3.14), are then taken. If the focal

17
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Aerial camera installed in mount

/ Magarine
Take-up '

spoal I-eed sponl

Focal plancy

O H ] Trunmon
Camera body s

4

e
Cone 5 y

m_——--l.cm clement
aphragm- =4 hultter

I iher Y Floens clenwent

Component parts of aerial camera

Fig. 3.3: Aerial camera (after Moffit and
Bouchard 1982).

19



Fig. 3.4: A typical aerial photograph
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length of the camera and the elevation of any peint iIs known, all
the other points can be related to the known point. A topographic

contour map can then be construcied.

The locations of the wells were marked on the correspond-
ing aerial photographs of the Saudi Aramco. The floating point
technique was used to obtain the map shown in Fig. (3.5). It is
noted that the aren s ganorally loavel with maximum olavatlon dif-
ference of around 20 meters. Higher elevations are noted north
and oast of the area. Few low points are present locally at the

northeast of the area.

3.3 CLIMATE

The following is extracted from a report on water of Saudl

Arabla published by the Ministry of Agriculture and Water.

The Eastern Province of Saudi Arabia iIs gencerally a tropl-
cal and a sub-troplcal desert linked climatically {o the eastern Med-
fterranenan and adjacent Ilands. “Tho area Is genorally hot and
humid in summer and cool in winter. ‘T'he study area, as part of
the northeastern region of Saudi Arabia, is in the desert belt but
experiencaos relatively more rainfall than areas further west. Rain-
fall of 70 to 100 millimotors usually occurs in the area. ‘These
rains tanke place primarily in the winter when they are associated

with frregular incurslons of polnr alr modificd along the coast by
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the Arabian Gulf. The amblent air {emperature of the Eastern
Province varifes from season to season and from reglon to region.
During winter (December, January, February), temperaturves below
freezing are not uncommon in the northeastern part of Saudi Ara-
bia. The winter temporatures of the constal area are higher than
those recorded inland. The summer temperatures are around 18°C,
The lowest rolative humidily Is genorally noled during June and
July whereas Decomboer and January are tho months of maximum
relative humidity. ‘The differcnce betweon the minimum and maxi-
mum relative humidity s generally minor. ‘The continuous humidity
in tho Eastorn Province can bho attributed to the combinod offeet of
the Gulf and the evapotranspiration from irrigation arveas. ‘The
relative humidity ranges from G0 to 90 percent. The range of sea-
sonal sunshine hours in the area Is between 6 hours during winter
and 12 hours during summer. The mean monthly solar radiation
has been eslimated to be from 300-600 langleys per dny (a langley
is a unit of solar radiation equivalent to 1 gm ecalorie per square
centimeter). The mean monthly pan evaporation has been estimated
as 150 millimmeters In December and January and 350 millimeters in

June and July,



3.4 PHYSICAL AND CHEMICAIL WATER ANALYSIS

3.4.1 General

The volume of water that can be extracted from an aquifer
i1s a very important factor In determining the suliability of that
aquifer. In many areas, however, the physical or chemical nature
of the groundwater may be more of Interest. Several water qualily
regulations have been set to insure the suitability of waler for a
glven purpose. These Include drinking, agricultural, and munici-
pal water quality standards. If a successful irrigation Is 1o be
achieved, not only the soll types and cropping practices should be
Investigated, water should also he acceptable in quality. For
example, the concentration of salt in top soils, due {o jrrigation
with saline water, makes it difficult for crop roots to extract
enough water and nutrients. Toaxicily is also a problem in main-
taining good yields. The ratio of sodium to ealcium and magnesium
is of particular importance in Irrigation, Clay presont in solls
takes up sodium from sodlum-rich watoer. ‘The soil, in exchange,
glves up ecalcium and magnesium. The sodium can greatly affect
the soll properties because it makes clay sticky and slick leading
to low permeability. When soil Is dry, clay shrinks and the land
becomes difficult to cultivate. The low permeability as a result of
adsorbing sodlum can lead to growlh refardation. The exlstence
of calcium and magnesium lons in water sufficlent to equal or

exceed the sodium ions maintalns good permeability and discourages

24



growth rotardation. The sodium adsorption ratio (SAR) method
has been set by ihe United States Salinity Laboratory (U.S5.S.L.)
to insure adequate sodium quality., ‘The SAR is defined as:

SAR = Na

\/CaH + M Ty
2

The Unitod States Departmont of Agriculture (USDA) has con-
structed classification nomographs of irrigation water depending on

the electrical conductivity and SAR, (Fig. 3.6).

Several other important physical and chemical parameters
have to be tested. These include color, odor, taste, turbidity,
temperature, and eclectrieal conductivity on the physical side. The
chemical parameters include pH, potitasium, bicarbonate, chloride,

sulphate, nitrate, boron, floride, hydrogen sulphide, and iron.
3.4.2 Water Quality in the Study Area

Analysis of waler samples taken from the wells is shown in
Table (3.2). When comparing {he results of the analysis to the
recommended maximum concenirations of firrigation wator, H is
noted that the SAR value of 2.2 oblalned Is far below the maxi-
mum. ‘This indicates that sodium is low enough for use in irrign-
tion. Boron, floride, and iron concentrations, also fall within the

allowable limits, A graphieal representation of the catlons and
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Table 3.2: Physical & Chemical Water Analysis

Type of Analysis

Color

Odor

Appearance

‘T'aste

Turbidity
Temerpature
Electric Conductivity
pH

Calslum

Magnesium

Sodium

Polassium
Biocarbonate
Chloride

Sulphate

Nitrate

Boron

Floride

Hydrogoen Sulphide
Iron

Total Dissolved Solids

-

‘Tests

Colorless
Odorless
Clear
Unobjectionable
0
36°C
1950 mhoms/cm
7.9
3 megq/Il
6 meq/l
2 meq/i
2 maq/Il
2.0 meq/l
6 meq/!
0 meq/!
4]

0.3 mg/I
0.9 mg/!l

1280 mg/!

27

Irrigation
Standards

SAR < 10
SAR < 10
SAR < 10

0.7 mg/l
1.0 mg/1

5.0 mg/!
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anfons of water is given in Fig. (3.7). According to the USDA
classification (Fig. 3.6), groundwater in the area can be classifled
as C3-S1. The C3-classification can be interpreted as high-salinity
water. According to the USDA, this type of water can not be used
on solls that have restricted drainage. With adequate drainage,
special management for salinity control may be required and plants
with good salt tolerance should be selacted. The S1i-classification
can be interpreted as low-Sodium water which can be used with lit-
tle danger on nearly all solls. Sodium sensitive c¢rops such as
stone-fruit trees and avocades may accumilate injurious concentra-
tion Sodium. Since the soll in the study area is mostly sand,
there is clearly no potentinl probleamm associnated with the water

extractod from the ULR aquifer,

3.5 CULTIVATION IN THE STUDY AREA

The wells drilled in the UER aquifer extract water for the
use of Iirrigation, Several crops are cultivatod in the fields.
These include wheat, barley, alf-alf, and rhodas. The lnnd owned
by SHADCO is representative of the type of land in Saudi Arabia.
Sand is 90% of the soil's constituents. ‘Therefore, frequent irriga-
tlon is needed to overcome the low water-retaining property of
sand. Organic contents of the soil are very low increasing the
demand on fertilizors. Preseason irrigation has been used fo

oncourage the growth of sceds which are helpful in increasing the
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organic contenis of the soll. ‘The irrigation routine starts early
November for barley and wheat. The harvest is early April. Alf-
alf is Irrigated continuously throughout the year. Rhodas is trri-
gated for the whole year except In Decomber, January and TFoebru-
ary. ‘The irrigation practice Is almost the same In all fields.
Crops recelve water 24 hours aday at the rate of 1000-1800 gallons
per minute. ‘Tha field F2 I8 used to grow vegolables that require
little water. The three ficlds BI1, IF3 and I1 have not been culll-
vated. Thoy aro mainly used to monitor waler levels, ‘I'ablo (3.3)
lists the crops grown In the fields since 1984. 1t is noted that the
amount of waler used for irrigating the crops is independent of the
type of crop. The discharge rates are all equal. ‘T'he percentage

of each crop cultivated In the area is shown in Fig. (3.8).

3.6 GEOLOGY

3.86.1 General

The following discussion Is extracted from a report by
Italconsult (1969) where the geology of area 1V in the Eastern
Province of Saudi Avabla was studied. The area Is located between

24° 00' to 28° 00' N and longitude of 48° 00' to 51° 00' F.

The stratigraphic sequence outcropping in area 1V of
Saudi Arabia ranges from Cretaceous {o Quaternary and Recont.

On the whole, the entire sedimentary succession consists of an



Table 3.3: Crops Grown In The Flelds Since 1984

Fleld/ 1984-85| 1985/86 | 1986-87| 1987/88| 1988/89 | 1989/90} 1990/91
Season

A2 -- --- - --- - --- ---
A3 --- --- --- R R R B
A4 --- --- .- R R R B
A5 --- --- .- B R R B
A6 --- --- --- B B B B
AT --- --- A A B B B
A8 --- --- B B B B B
A9 --- --- w w \Y W w
B1 -- - --- --- --- - .-
B2 --- --- --- R R R R
B3 --- --- --- R R R B
B4 -—- --- .- R R R R
BS --- -——- --- B R R B
B6 --- --- A A B B B
B7 --- --- A A B B B
B8 --- --- --- B B B B
B9 --- --- w w W W w
Cit -- --- -—- --- --- - -
C2 --- --- --- R R R R
C3 --- -—- .- R R R B
C4 --- - --- R R R R
C5 --- --- - R R R B
C6 --- --- .- n B B B
C7 --- --- --- W W B B
Cc8 --- --- B B B B B
C9 --- --- w w W W W
D3 - w w W w A A
D4 --- w w w w w w
DS --- w w W w w w
D6 --- A A R R R B
D7 --- R R R R R B
D8 ~=- w w i w w w
D9 --- -——- w w \ W W
E3 --- W w W A w w
A4 - w w n B B B
E5 --- w w w W w w
E6 - W w W \) w w
E7 --- w w w W w w
E8 ~- W w W W \Y w
E9 --- -—-- W w W | W

W: Wheat

B: Barley

A: Alf-Alf

R: Rhodus
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(Contd.)

Field/ 1984-85| 1985/86 | 1986-87| 1937/88
Season
F1 w W w A
F¥2 ] m--emmq--me---- GREEN HOUSE------
F3 -- -—- --- ---
F4 --- -—- -—- B
F5 --- --- --- B
F6 --- w w W
F7 -- --- - ---
F8 --- --- w W
F9 --- - w W
G1 --- W W A
G2 --- --- A A
G3 -- -—-- --- ---
G4 --- w w A
G5 --- --- B B
G6 --- W W W
G7 --- w w w
G8 --- w w w
G9 --- -—- B B
H1 w w W A
H2 --- w w W
H3 --- -—-- --- A
H4 --- --- --- B
Hs --- w w
He --- W w Y
H7 --- W w w
H8 -- --- -—— -
H9 --- -—- B B
14 -- --- --- ---
15 --- w w w
16 - w w w
17 --- w w w
18 --- --- w w
19 --- --- B B
AA-8 --- --- B B
AA-9 --- --- w \%

1988/89
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alternation of marine and continental phases which may be subdi-
vided into three sodimentary (;yolvs. The first cycle is repre-
sented by Al-Wasia which outcrops in a belt running along the
edge of the Arablan Shield. ‘This consists mainly of a sequence of
sandstones of continental environment alternating in the upper part
with fine clasties of transitional and marine environment. The sec-
ond cycle starts with the Wasia-Aruma unconformity and Is mainly
represented by marine carbonate sequence with the interaction of
fine clastics and ovaporites which are particularly well developed
and frequent in the upper part of the Paleocene and lower Eocene.
The third cycle, represenied by a Miocene-Quaternary series that
unconformably overlies Cretaceous and Eocene formations, Is mainly
formed by continental clastics with marine and transtjonal deposits
interbedded in the lower and middle part. The Ilithographic
sequence and the relationships between the various formalions are
shown schematlcally In Flg. (3.9). On the basis of the water-
bearing properties of the various lithologic units, the entire suc-
censlon has been divided into aquifars and aquicludes. TFrom the
regional point of view, except for the local factes variations, the
major waler-bearing units of the area are the sandstones of the

Wasia formatlon, the limestones of the Aruma formation, the lme-

stones and dolomites of the UER formation, the limestones and -~

dolomites of the Khobar and Alat member, the clastics of the Neo-
gene complex and the limestones of the Dammam formation. The

aquicludes are represented by the shales and marls of the upper

Sh

(4]



Fig. 3.9: Lithostratigraphic Generalized Sequence of
Area IV (after Italconsult 1969).

35

8 ¥
& w £ 9t
o x -@0
& < " b .I_ =
| Routeeaury T Mestocese o
L nofaf
ateeint Noactee LT
Placeae [T T ] 100
= (11
1 o I 2 Lb——
. § 1
v | t )
L. ot
8, & gresunt i}
‘ t L LN
!
{ RUS | [
300
w
- 4
T «
o -3
w o]
3 a
«
a H <
o @
°
@
% w
1 [}
| & : = : (
' ] g { 1
| 1 I 1
1 [ 1 {
( ! { |
| 1 1 (
{ l | |
1 I I 800
n ©s
b= c=
o L <
8 | €2 | = 1 |
o Q- 2
a | 8% | o« ]
| E a < |
o oz
Q
« p 1000
w -g «
& aQ wn
> E ;
c
(1]
(8]




part of the Wasia formation, the varicolored shales and marls of the
top of the Aruma, the fine clastics and evaporites of the Rus for-
mation and Midra and Saila shale at the top of the UER aquifer,
the maris and shales (orangoe marls) of the base of the Alat mom-
ber, and the shales of the Hadrukh formation and marks of the

Dammam formation, FFig. (3.9).

3.6.2 Umm er Radhuma (UER)

The UER formation overlies the Aruma formation without
any apparent break in the sedimentation. UER is bounded at the
bottom by the maris and varicolored shale of the upper unit of the
Aruma formation and at the top by the soft chalky limestones of

the Rus formation.

‘The analysis of the well logs In SHADCO area reveals the
characteristics of the geoology of the area. Fig. (3.10) shows a
soction running north to south along the C-wells. [t can be
clearly noted that limestone and dolomite are the main constituents
of ULER formation. Except for the UER aquifer, 1t is extremely
difficult to indicate the boundaries of the other aquifers. The
sequence of the rocks are quite variable due to the large area (90
square kllometers) covered by tho project. A sequonce, however,
may be noted. Sand and sandstones constitute the upper part of

the columns. Limestone followed by clay is common beneath the
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sandstones. Marl appears noxt which overlays the main constitu-
ents of the Khobar and UER aquifer namely; limestone and dolom-

ite.

The variability and Inconsistency of the formation sequence
may also be due to the fact that the wells were drilled by several
contractors. Therefore, the number of the specimons {aken for
testing from the logs and the judgement of the analyst may be of
considerable variability. This bacomes more affirmative by compar-
ing the logs of the wells C4 and C9 which were drilled by the same
contractor to the log of the well C7 which was drilled by a differ-

ent contractor.

3.7 HYDROGEOLOGQY

The lithostratigraphic units discussed oarlier have been
divided on the basis of thelr water-bearing propertios. The fol-
lowing is a brief discussion on each unit extracted from Italconsult
(1969). Except for the UER aquifer, none of the aquifers are

investigated in this study.
3.7.1 Wasia Aquifer

‘The Wasla aquifer produclivity was investigated by three

companies. Italconsult drilled a well from which a transmissivity

value of 10-5 square melers por second was reported. Aramco
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reported the highest transmissivily value of this aquifer (0.2

square meters per socond). Astalds Company roported a transmis-

slvity of 5 * 10-3 meters square per day. It is bellevaed that the
high costs, due to the depth of the aquifer, limits its use as an

aquifer with a high potential productivity.
3.7.2 Aruma Aquiler

This aquifer is of linited hInportance. The low transinis-
slvity values obtained from the pumping tests performed on the
wealls drilled In this aquifer (close to zero) suggesis an aquicludae

type of behavior.
3.7.3 Umm er Raduma Aquifer

The Umm er Raduma acquifer is the most Important of the
aquifers that can be exploited In the Eastern Province of Saudi
Arabia. Many wells have beon drilled by Aramco in the UER aqui-
fer Iin order to insure water supplies to the Dhahran and Abqaliq
conters. Italconsult (1969) has drilled and tested five wells in this
aquifer. Italconsult reports very hlgl; transmissivitieas of the aqui-
fer ranging from 10,000 fo 30,000 square meters per day. All
studies conducted on the aquifer have shown that the UER aqguifer
has the highest potential of the post-Cretaccous aquifars. Stora-
tivities computed by ltalconsult range from 0.0!5 to 0.0005 indicat-

ing the large variability in the aquifer's parameters. The tlop of
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the UER aquifer map shows the general dip of the aqulifer towards
northeast, Figs. (3.11, 3.11-1). ‘The depth from the ground sur-
face to the top of the aquifer Is also shown in Fig. (3.12). The
depth to the top of the aquifer ranges from 330 to 355 meters.
Quantitative tests have been performed in the area. These tests

are discussed in details In Chapter 3,
3.7.4 Khobar Aquifer

Many wells have been drilled in this aquifer. High tran-
smissivitly values ranging from 0.009 to 0.29 square meters per
second were reported near the Qatif oasis. In Al-Hassa area,
tests gave low transmissivity values ranging from a minimum of

5.7 * 10.6 square meters per second to a maximum of 5§ * J.O.4

square meters por second. On the iIsland of Bahrain, the aquifer
gave transmissivities between 0.014 to 0.072 square mofors por
second. It is obvious that this aquifer has very variable transmis-

slvity from placo to placo.

3.7.5 Alat Aquifer

This aqulfer is of no Inlerest to irrigation. Many wells
were drilled in this aquifer by Aramco. Other wells were hand-
dug. Most of the wells are used for providing drinking water

supplles. The transmissivity values ranged from 3.1 * 10_'l to a

maximum of 0.079 square melers per second.
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3.7.8 Neogene Aquifer

This aquifer is not productive excopt in Al-Hassa where

most of the springs and wells supply irrigation water to the largest

5

oasis In Saudi Arabla. ‘Transmissivity ranged from 5 * 10 ° to a

Iarger value of 0.2 square meters per second.
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Chapter 4

MODELING TECHNIQUE

4.1 INTRODUCTION
4.1.1 Flow Equation of Flow Through Porous Media

The most general groundwater flow equation is derived by
combining the continully equation and the flux ecquation prescribed

by Darcy's equation. Darcy's equation can be expressed as:

q=-K .Zh (4.1)

where:

q = is the volume of waler passing per unit time per unit
cross-sectional area.

K = 1s the proportionality constant called the hydraulic conduc-
tivity (in the most general form, it is a second rank ten-
sor).

h iz the hydraullc head

The hydraulic head Is a combination of gravitational head and
pressuro head, With tho assumption that the hydraulle conduactiv-
ity tensor Is symmetric and that the axes can be rotated such that
off-diagonal terms in the {ensor are zero, equation (4.1) reduces

to:
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¢h

x  Tux 9x (4.2)

A e

with the other y, z components similar.

The continuity equation is reached at by means of mass balance in
a small volume element in a porous media over a small time inter-

val. It can be expressed as:

gy a(pa,) Ay R N RPN
ax Ay az o
where:
R = 18 the volumetric injection rntc;
¢ = 1s the porosity
t = 18 time

The time derivative can be related to the hydraulic head (Jacob
1950). With the assumption that water is incompressible, combining
the continuity equation with the flux equation, we get the most
general groundwater flow equation expressed as:

dh oh dh
? (Kux 52) 7 (Kyy ) . ? Koz & oh

+ + R=8 £
ax dy 7z t s ot (1.9

)



where:

Ss = is the specific storage for confined aquifers.

4.1.2 'The Finite Difference Technique

Fquation 4.4 Is a boundary value problem, which oxcopt
for few HNmited sltuations having analytical solutions, roquiroes
approximate solutions. One such approach is the finite difference
technique. The technique provides a ratlonale for operating on
the differeniial equation 4.6 and for transforming it into a set of
algebraic equations, The finite difference technique, as a typical
numerical technique, ylelds values for only a predetermined, finite
number of points in the problem domain. For simplicity, two-di-
menslonal plane flow i8 used rather than the three-dimensional.
This Is due to the lack of head readings along the vertical direc-
tion. Usually a grid system similar to that shown In Figure (4.1)
is overlain on a map view of the aqulfer. Two types of grids are
commonly used: mesh-centered, and block-centered. The block-
centered grid is advantageous where the flow Is specified on the

boundary.

A function y = f(x) whose values and derivatives are con-
tinuous in the vicinity of a point 'a' may be expanded around point

'a' by Taylor's series:
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w (D)
(x) = ¥ f_-;‘—l(ﬂ- (x - a" (4.5)

where:

f(n)(a) = is the nth dorivative evaluated at point a.

From Figure 4.2, tho Taylor's serios expansion of f(x) becomos:

f'(x,) f'(x,) »
i‘(xz + AXx) = f(xz) + 7 Ax + 37 (Ax)
+ ... —_— (AX)  t ... .
n! (Ax) ( )
where:
X, + Ax = X,
f(x, + Ax) = y,
Therefore, the forward difference gives,
f'(x,) (ax®
= + .
Yy =¥, 4 f(xz) Ax 77 L (1.7)

Considering Figure (4.2) again, x can be treated in a backward

direction. letting x = X, — Ax, equatlion 4.5 becomes:
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£'(x,) f(x,) (Ax)°
f(x2 - AX) = !‘(xz) Sl Taae Ax + —T—

£y ax)™
= o (1.8)

where:

- Ax) =y,

Therefore, the backward difference gives,

. r"(xz) 2
Yy =¥, T ) Ax b (407
f(")(x )
+ __ZTL (Ax)™ 4 (4.9)

By subtracting equation 4.9 from equation 4.7, an lmprovoed analog

for the first derivative may be obtalned:

fHI (xz) a
- = ! . o
v, Y1 2f (xz) (A x) + 2 3 (A x) +..
Solving for the first derivative glves:
y - y [IH(X )
t = 3 1 2 2
l‘(xz) AR 3 (AX) (4.10)



Truncating all higher derivatlves yields the centiral finite differ-

ence analog for the first derivative at x:

v, -V

' 3 v 2
= — — 0 (A .1
£'(x,) TAn (Ax) (1.11)

The x-derivative at node (i,§) (Figura 4.1) in torms of the mid-

points and a spacing of —;— Axl can bo oxprossod as:

h - h
oh S U9 N T 7YY R I (4.12)

x ') Ax’

Equation 4.4 can be rewritten in two-dimensions as:

oh Y oh -
O(T"(;‘x;_x) n n(rygy ) w-s ol (4.13)
where:
T = is the {ransmissivity
S = is the storage coefficient

Equation 4.12 can be used to avaluate the first term in equation

4.13:
dh
(Tyx 55)
o ax) 1 m (v M
ax i Ax, {(TXX i)x)' %, (Txx x|, j} (4.14)
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The first derivatlives on the right side of ¢cquation 4.11 can be

evaluatacdl using equation 4.12, ‘Therefore:

' Jh
(Tx ) _ 1 - g,y 7 hyp
Jx Axl xxl YA ,j Axi VY
(h - h, )
. Y I 1,1} (1.15)
I '/‘ lj Axl l/l

The y-darlvative is similarly annlyzed to glve:

v (7h
n(_ryy 77;) a1, (hy joy = My
ay Ay Y¥,50 v AVy. v,
(hy  — h )
_ o WL ] (1.16)
Yigw o My

Using a backward difference in evaluating the time derivative:

n hn-l
gb. = i, L
ot At

(1.17)
where:

n = is the time level.

Combining oquation 4.17 with equations 4.16 and 1.15 ylalds:



n n b N n

1 | thisg gy = by p T () - "1-1,3)
s T s TR Ay, v, XX w4 ARy,

n . no_ N

, 1 Mg “ g L hyy = by
Ayy | YWipyw Ay YWignw, Ay
no- hn-l
+ WO o~ 5y 4 i = L (4.18)

Equation 4.18 represents an algebraic equation which can be evalu-
ated at each node. Solving tha algebralec oquations simultaneously
using any of the techniques yiolds valuos of head at the predeter-

mined nodes.

4.1.3 The U.8.G.S. Model

The United States Geologlcal Survey (U.S.G.S) developed
a model for groundwater flow which successfully replaced its widoly
used predecessors USGS2D (Trescott, Pinder and Larson, 1976)
and USGS3D (Trescott, 1975). ‘The new code may be used for
elther two or quasi three-dimensional applications. ‘The new model
is simple to use and maintain and can be executed on a variety of
computers with minimal changes. The program is writien In For-
tran 66 and can be run on any Fortran 77 compilers, ‘The program

is efficlent with respect to computer memory and executlon time

)



because it utilizes modular structure wharein similar programming
functions are grouped together. Specific computational and hydro-
loglcal options are constructed in such a way that each option is
independent of the others. The model program is divided into a
main program and a series of highly independent subroutines called
modules. The modules are grouped into packages that deal with
single aspects of simulation. ‘I'he main program controls the order
in which the modules are executed and serves as a switching sys-
tem for information. ‘The main program doons not Interfere In the
finite difference equation but regulates the work of other packages
which add specified terms to the finite difference equation. Pack-
ages which are completely Indepondent of each other can be added
or removed wlithout affecting other packages. ‘The model contains

the following packages:

1. The BASIC package discritizes space and thne into cells and
time steps. It specifies the initial and boundary conditions
and heads at the beginning and end of time steps. ‘The pack-
age specifies the program options to be used and controls the
output results, It also gives a summary of the volumelric

budget.

2. The WELL package simulates recharging and discharging wells.

3. The DRAIN package shmulates leakage of an aquifer through a

barred drain.

b
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4. The RIVER package slmulates infiltration of water through

river beds.

5. The GENERATI, HEAD BOUNDARY (GHIB) package simulates spe-
clal types of boundaries other than those simulated by the

BASIC package.

6. Tho RECHARGE package simulatos areal recharge from ofther

surface waters or rainfall.

7. The EVAPOTRANSPIRATION (ET) package slmulates evapora-

tion and transpiration of both surface and subsurface waters.

8. The BLOCK CENTERED FLOW (BCF) package compuies the
conductance components of the finite difference equation which
determines flow between adjacent cells. It also computes the
terms that represent the rate of movement of water to and from

storage.

9. The STRONGLY IMPLICIT PROCEDURE (SIP) package solves

the set of equations to a prodetermined accuracy.

10. The SUCCESSIVE OVER RELAXATION (SOR) package is an

alternative package to solve the set of equations.

The model output usually consists of heads at varlous
cells, and a volumetric budget. A more detailed output can be

obtained by using the output controtl optlon.
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The model has gained respect through its ability to simu-
late groundwater flow in all known aquifers. TFlow can be simu-
lated both at steady and at transient states. The modei has a his-
tory of high confidence. The approach taken by McDonald and
Harbaugh (1984) makes use of physical concepts regarding the flow

system rather than sophisticated calculus techniques.

4.2 INPUT VARIABLES
4.2.1 Transmissivity

Transmisslvity of the UER aquifer has been tested by Ttal-
consult (1969) and GDC (1980). The values obtained cover a long
range which indicates the variabllity of the transmissivity In this
aquifer. Therefore, the findings of the previous studies can not

be extended to this study.

Pumping tests have been conducted on the 75 wells in the
study area. No knowledge of how these tests were conducted is
avallable. The data from pumping tests have been analysed using
two techniques namely; Jacob Siralght Line Method, and the

Recovery Method.

The Jacob straight lne tochnique assumes that higher
order terms of the infinite series of the well function become very

small, and the non-equilibrium equation formula could be approxi-
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mated by:

h, - h = 27’{.’19_ log [3-35—2—1-‘-] (4.19)
Sr
where:
ho — h = is the drawdown

Q = s the discharge rate

T = is the transmissivity

t = {a the time sinco pumping began

r = is the distance from the observation well to the

pumping well
S = is the aqulifer storativity

When plotting the equation on a seml-log paper with con-
sistent units for the parameters, the value of transmissivity may

be found from the equation:

2.3 Q

- AxA(h_ - ) (4.20)

where

A(ho—h) = is the drawdown per log cycle of time.



The graphs of the Jacob stralght line pumping tests are presented

in Appendix A-1,

The recovery test i{s used when turbulence in wells makes
it difficult to record drawdowns accurately. The test is siarted by
a constant discharge rate for some time. The pumping Is then
suddenly stopped allowing the water level iIn the well to recover,
Drawdowns in the recovery sfage are recorded. Figure (4.3)
shows the graphical representiation of the test. 'The discharging
rate 18 assumed to continue to a time interval equal to the dis-
charging time iInterval. A hypothetical recharging rate, equal to
the discharge rate, Is assumed to start at the time where the dis-

charging process stopped. From the Jacob straight line formula:

- 2.3Q 2,26 Tt
8, AT log [ 3 ] (1.21)
Sr
where:
t = represents any tlme in the whole process
8, = s the drawdown due to the discharging coffect

The recharging effect can be formulated as:

. 2.3Q 2.25 Tt
5, o log[ e ] (1.22)

wherae:
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is the drawdown due to the recharging effect

tl

time since pumping stopped

The actual drawdown is found by the superposition principle:

- _ - 2.3Q t
-] s, + 8, Tl log u (4.23)

If equation 4.23 18 plotted on a semi-log graph paper, the tran-
smissivily can be computed as:

2.3 Q

T = AnAs

(4.24)

where:

As = the drawdown per log cycle of t/t'.

Appendix A-2 contains the recovery pumping tesis graphs,

Because the tests ,both Jacob straight Hone and the recov-
ery, are of short durations (two-three days), they are subject to
criticism. The discharging rates are low resulting in low observ-
able drawdowns. Upon investigating the graphs In Appendix A, it
is noted that, except for few tests, the data do not follow any of
the known behavior of wells. Negative drawdowns are sometimes
observed upan pumping!. Sudden Increases In cdrawdown values
are observed (Well No. B2). This kind of behavior may be due to

the clogging of the well screen which creates pressure on the out-
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slde of the screen until a point where the high pressure washes
out the clogging rock fragmonts resulting In sudden increasos in
heads or negative drawdowns. Another reason can be the behavior
of the geological formation itself. Along its path, water may be
exposed to different degrees of resistance resulting in flow retar-
dation followed by an easy flow. This may cxplain the sudden
drops in heads observed at well B2. Since these values are going
to be calibratod, the values obtained from pumping tests become
less important, Figure (4.4). ‘The values from pumping tests
range from as low as 700 square meters per day to as high as
30,000 square meters per day. This indicates the large variability
of the transmissivity in this area. It 1s noted that the UER aqul-
fer has very high transmissivity values validating the reasons why

it is heavily used.
4.2.2 Storativity

The uncertainty of the transmissivity values obtained from
pumping tests, makes it more difficult to rely on these tests to
determine the storativity values at enéh cell of the model., Stora-
tivity values determined by Italconsult (1969) were in the range of

4 4

3.0 x 10° to 5.0 x 10 . Rasheeduddin,et.al.,(1989) calibrated
those values In an arca located southeast of the study area. A

4

constant value of 4.0 x 107" was reached at for more than 90 per-

cent of the cells In the area of 9100 square killometers! ‘The storn-
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tivity values can be computed from pumping tests by the equation:

2.25T ¢t
S = —— 2 (4.25)
2
r
where:
S = is the storativity
T = |s the transmissivity
to = Is the time at zero drawdown

o = is the radius of the well or the distance from the obser-
vation well to the discharging well.

The tests gave unrealistic results. Some tests gave values more

than 60 whereas others gave values of as low as 1x10° %, It is
obvious that these values can not be used in this study. There-
fore, the values calibrated by Rasheeduddin are going to be used

during simulation.
4.2.3 Initial Plezometric Surface

The development of the topographic map of the study area
made it possible to construct an initial piezometric surface map of
the study area. The water levels in the wells were recorded as
the distance form the ground to the water surface. Figure (4.5)
shows the initial plezometric surface map of the study area. The

map reveals the general flow pattern from west and southwest to
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east and northeast towards the Arablan Gulf. The hydraulic gra-

dient is found to be 5.0 x 10-4. The bend in the contour lines may

be due to high transmissivities along the vertical line F.

4.2.4 Extraction Rates

Water extracted from the UER aquifer in the study area is
used solely for agricultural purposes. The wells in the study area
were drilled at different times from 1984 to 1989. The discharge
rates from the wells range from 1000 to 1800 gallons per minute.
The year has been divided into four stress periods. The first
period includes November only. The second stress perlod is from
the first of December until the end of February. The third period
includes March only. The last stress period starts from the first
of April until the end of October. ‘This diviston into four stress
periods is dictated by the Irrigation practice used by SHADCO.
Rhodus irrigation stops during December, January and February.
Wheat and barley are harvested in April whereas alf-alf ts Irrigated
continuously throughout the year. Figure (4.6) shows the volume
of water extracted since 1984, The percentage of extracted water
in each stress period is shown In Figure (4.7). It can be seen
that the second stress period has the highest percentage of waler
consumption. This is due to the length of the period (3 months).

The fourth stress period has the lowest percentage of water con-
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sumption because Irrigation stops for all crops except alf-alf which
is grown in fow filelds. However, the second stress period lIs
ranked the second lowest in {erms of dally water consumption

because the irrigation of Rhodus stops at this stage.

4.3 BOUNDARY CONDITIONS & DISCRITIZATION OF THE STUDY
AREA

Except for the direction of flow, littlo is known about
boundary conditions in the study area. Since for isotropic soll the
direction of flow Is perpendicular to the equipotential lines. It
would seem reasonable that a no-flow ‘bmmdnry be set perpendicu-
lar to the equipotential lines. ‘T'his boundary has been sel as far
ag 50000 meters at a slope perpendicular to the equipotential lines.
The eastorn and westorn boundaries have boon modellod ns head-
dependent boundaries. By the head-dependent cell, it is meant
that flow Into or out of a cell from an external source is provided
in proportion to the difference between the head In the cell and
the head assigned to the externnl source. Therefore, a linear
relationship between flow into the cell and head in the cell is

established, 1.e.

Q, = C, (hy ~ I (4.26)

where:

Qb = i{s the flow into the cell from the source
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Cb = {8 the conductance between the external sourco and the
cell

hb = {8 the head assigned to the external source

h = Is the head in the cell.

The relatlonship between the cell and the external source is shown
schematically in Figure (4.8). In this study, the external source
is considered to be the head in the aquifer outside the modelled
area. It 1a determinod 50000 moters away from both sldes by tho
knowledge of the hydraulic gradient In the arca to insure that the
source colls do not affoot tho modolod aron, The conductanoo
which Is the proportionality constant In equation 4.26 |s computed
by:

_TW
C, = T (4.27)

where:

T = ls the transmissivity of the aquifer between the external
source and the model boundary

W = width of the cell
1, = s the distance between the external source and the model
boundary
The heads at the source boundaries were calculated based on the
hydraulic gradient in the area. ‘The conductance terms were cal-
culated based on the average transmissivity values and the dis-

tance to the source boundaries. The head dependent boundaries
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are handled by the Genoral Head Boundary package of the model.
Figure (4.9) shows the discritized study area with tho boundary
conditions, The spacing of the grid system was chosen carefully
to exactly center the wells at the middle of cells. Thae total num-
ber of cells is 420 from which 261 cells are active and the remain-
ing 156 cells are inactive. The grid spacing was found to meet the

computational time requirements.

4.4 CALIBRATION

4.4.1 General

The goal of most computler simulations Is to prediet the
effects of some proposed management schemes on a particular
groundwater system. The final test of a numerleal model Is to
determine whether ft successfully simulates field observations.
Such a model ts sald to be calibrated and verificd. The process of
calibration generally requires adjustment of model parameters, In
general, the first step in model calibration is to design a steady-
siate model to solve for the head distribution 1o be used as the

initial conditions in a Iater transient simulation.

The trial and error procedure has been adopted in the
present study to calibrate the model. ‘The model parameters such
as transmissivilles and storativities have been adjustod to obiain a

maich between observed and shnulated heads. ‘T'he process was
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carrled out In two stages namely; steady-state and transient cali-

bration.

4.4.2 Steady-State Calibration

The steady-state callbratlon process Involves the adjust-
ment of transmissivity values In the study area. 'The storativity
values are not adjusted at this stage because thoy are not part of
the difforontinl equation describing the steady-state condition,
The model has been calibrated against the initial plezometric heads
shown in Fig. (4.5). Boundary conditions have not been altered
at this siage. No discharge form wells was considered. The aqui-
fer was judged confined and modelled as a layer type '0' (McDo-
nald and Harbough 1984). The calibration process was terminated
after 73 runs where a satisfactory match was reached at. At this
stage the slmulated heads were roasonably in accordance with the
initlal heads shown in Fig. (4.5). It is noted that the two maps
(Fig. 4.5 and Fig. 4.10) are in good accordance. A statistical
measure to the goodness of calibration is the root mean square

error defined by:

where:
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r = 1s the number of rows
c = is the number of colummns
h:]j = {s the simulated head at run number n at cell i,].
1
h; | = is the observed head at coll {,]§.
»

The values of RMSE at selected runs are shown In Table
(4.1). The difference of (20.2) in the RMSFE betwean the first and
final run indicates tho significant improvement in thoe transmissivity
distribution over the study area. The high RMSE at the first run
is probably due to the poor assessment of the initial input tran-
smissivity values obtained from pumping tests. Tig. (4.11) shows
the difference hetween observed and simulated heads. The call-
brated transmissivity distribution is shown in Fig. (4.12)., 1t is
noted that these transmissivity values are different from those
obtained from pumping tests which supports the assumption that
pumping tests were conducted in an improper way. It can also be
noticed that the transmissivily values are very high along the wells
running along the F-line. It Is balleved that these high transmis-
sivity values cause the bend in the plezometric head contour lines

shown in Figure (4.10).
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Table 4.1: The Values of RMSE
at Selected Runs

Run No.

1(initial)
2
10
15
20
50
72

73(final)

RMSE

21.

11.595

N

162
.635
1.312
.887

0.886
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4.4.3 Transient Calibration

Not only the spatial varlatlons In plezometric heads are
important, but also the temporal variations are of concern. “Tran-
sient callbration is carried out to ndequately describe the hydraulic
changes in the aquifer with time. ‘T'ransient calibration Involves
the change of aquifer parameters so that the historical records of
hoads match thosa obtainad from the slmulation. In this regard,

the model has been calibrated from 1984 to 1990.

The shnulation perlod has been divided Info 28 stress perl-
ods to match the Irrigatlon practice adopted by SHADCO. Every
single year has been divided into four siress periods. The first
stress period includes November, the second includes December,
January and February, the thlrd includes March and the [ourth
period includes April, May, June, July, August, September and
October. Each stress period has been divided into non-uniform
time steps to avold oscillations in the solution of the flow equation.
Starting heads were those obtalned in the final run of the steady
state stage. No changes In transmissivity values or boundary con-
ditions have been attempted at this stage. With the exiraction
rates discussed in Section (4.2.4), the transient calibration of the
storativity values was conductad. ‘The storntivity calibrated seems

to be of Ilittle spatial variations. Rashoeduddin (1989) supports

this fact by reaching to a constant storativity of 4 x 10 *'In an

9



area of 9100 squared kilometers. Fig. (4.13) shows the distribu-
tion of storativity in the study area. Appendix B contains the
graphs of the plezometric heads at the end of each stress period.
To verify the accuracy of the predicted heads, tha measured heads
from the three observation wells shown In Fig. (4.14) obtained
from a report submitited to SHADCO by King Fahd University of
Petroleum and Minerals ( KFUPM ) research team have been com-
pared to the simulated heads. The hydrographs of the water lev-
ela In wells BI1, F3, and 14 are shown (In Flgs.

(4.15-1,4.15-2,4.15-3).

The hydrographs show the simulated and the observed
heads at the threo observation wolls, It can bo noticed that the
model predicts increase In drawdowns until the end of March which
is the third stress perlod., The heads, then, siart to Incroase
during the fourth stress period as a result of harvesting all crops
except Alf-alf and Rhodus., This period is important for recovory
from the heavy pumping during the first three stress periods.
Comparing tho simulated and tho obsoerved heads, it can be noticed
that the model agrees to a very good extent with the observed
heads in the firat threo stress periods and underestimates the rate
at which recovery takes place at wells Bl and F3 while overpred-
icting the reccovery rate at well 14, 1t is, however, noticed that
the model agrees well with the observed heads with the difference

hardly exceeding onc meter at all times. 1t ts noted that the

80
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observation wells almost lie on a straight Hne. ‘T'he location of
these wells does not reflect the effects on the whole study area.
The observation wells should have been located so as full pleture

of the heads on the whole study area can be attained.

4.5 SENSITIVITY ANALYSIS

4.5.1 General

The need for a sensitivity analysis is dictated by the
uncertainty and Inaccuracy of the physical parameters of the aqui-
fer. Sensitivity analysls is performed by studying the changes in
the aquifer response corresponding to changes in certain input
parameters. A sensitivity analysls has been performed on the cali-
brated transmissivity of the aquifer. Sensitivily to boundary con-
ditions by changing the conductance values of the head-dependent
boundaries. Sensitivity to storativity values change has not been
conducted bocause of tho Inadoquate locations of the obsoerved
hoadas and consoequontly the poar assossmont of tho spatinl varin-
tions of the hydraulic heads. Perhaps the most reasonable quan-
tity to use in the sensilivity annlysis is the change in head. By
relating the changes in heads to the observed heads, the effects of
the parameters can be clearly noticed. To quantify the effects,

the root mean square error (RMSE) has been used.
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4.5.2 Transmissivity

The sensitivity to transmissivity study has been carried
out at the steady-state. Fig. (4.16) shows the relation between
the change in transmissivity values and the corresponding change
in RMSE. It can be noticed that transmissivity has a major impact
as an input parameter. Decreasing the transmissivity values by 10
times causes A corresponding jump in the RMSE value of more than
60 times. On the other hand, Increasing the transmissivity also,
tends to Increase the RMSE value. The iIncrease in the RMSE
value, however, stops at a certain level (Fig. 41.16). At this
level, the transmissivity values which reflect tho ease with which
water flows, bocome axcessively high. The easy passing of water
resembles the water running in pipes. At this stage, it does not
matter what the transmissivity value is. All values of transmissiv-
ity give the same result, This reasoning is the same as mathemati-
cally adding one to infinity. This effect can be noticed at the

right portion of Fig. (4.16).

4.5.3 Head-Dependent Boundary

The sensitivity to the conductance of the head-dependent
boundaries has been carried out by changing the conductance val-
ues and examining the corresponding change in the RMSE value.

Fig. (4.17) demonstrates the relatlon botween tha RMSE and the

87
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change of conductance. 1t can be noticed that an increase of 10
times In the conductacne values results in an Increase of more than
60 times in the RMSE value. Decreasing the conductance values,
however, results in decraesing theRMSE to a certain level. At this
lave!, the RMSE value iz maintained no matter what the decrease in
the conducrtance values is. When the conductance values are very
low, the volume of water entering from or leaving to the constant
head boundaries drops to a very minor amount (Fquation 4.28).
At this stage, the constant head boundaries act as no-flow bound-
artes. Since there Is no discharge from the wells, steady-states
are reached quickly. Fig. (4.17) supportis this reasoning by dis-

playing the horizontal left branch of the graph.
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Chapter 5

MANAGEMENT ALTERNATIVES

5.1 GENERAL

The goal of most computer simulations s to predict the
offocts of some proposed managemont scheme on a  particular
groundwater system. The prediction stage gives an early look into
the future as to select the best management altornatlve where sev-
eral factors such as cost and environmental aspects are considered.
Th.ere are many alternatives that can be considered at this stage.
However, few of these alternatives are feasible. The Important
task Is to formulate the alternatives based on realistic operational

practices.

The time span of historical data and the relatively short
period for which the project has been operated (7 years), lmits
the prediction period to a length of time equal to the simulation
period (7 years). The alternatives have boen chosen based on the
cropping practice adopted by SHADCO. Table (5.1) lists the
types of crops grown In each year since 1984/85. The {iable
reveals the trends In cropping practice In the last few years.
Although the dally irrigation Is the same for all crops (1686 gallons
per minute), certaln crops are not irrigated at certain times of the

yoar. Roferrving to Fig., (4.6), i in noted that water conwsumption
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in the year 1987/1988 was maximum. This can be explained by the
relatively large number of Rhodus and Alf-alf fields (20 fields)
compared to only 5 flelds In the last simulation year. DBecause Alf-
alf is irrigated continuously for the whole year and Rhodus iIs lrri-
gated for 9 months (irrigation stops in December, January, Febru-
ary), a considerable amount of water was used In 1987/1988 in
excess to that used in the last simulation year 1990/1991. Table
(5.1) also reveals the tronds In increasing the cropping of Barley
in the last three years. ‘T'he types of crops and their spatinl dis-
tribution I8 belioved to have stgnificant impacts on the distribulion
of plezometric hends In the study area. An expertmenl carrled out
last year by KFUPM research institute indleatod that the reduction

of 50% In Irrigation water had minor Impact on the yleld of fiolds.

Based on the above-mentioned discussion, {hree alterna-
tives can be sot. The first alternative assumes that the trends of
the last simulation year would continue. ‘The second alternative
takes into account the effects resulling from reducing irrigation
water by different percentages. According to SHADCO engincers,
a plan for cropping the area that was set in 1990 for the season
1991/92 was suddenly changed. It is understood that many factors
play roles In determining which crops are {o be grown in each seoa-
son. There are no iIndications of any kind of expansion on the
projact. Consequently, a third allernalive can be set In which

spatial distributions of the crops are consldered.
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To quantify the effects of the allernatives, four observa-
tion cells have been selected. ‘These are the wells numbered B1,
F3, 14 and D6, ‘The last has been chosen to reflect the spatial
changes in heads, Fig. (5.1). The heads in these wells will be
displayed throughout the prediction perviod for each alternative,
Drawdown and head maps for the whole study area wili be shown

for each alternative at the end of the prediction porioc,

5.2 ALTERNATIVE I

The existing trends in the year 1990/1991 are assumed to
conlinue for the 7-year prediction time. The prediction period has
been divided Into 28 stress periods based on the same reansoning
for dividing the simulation period. Fig. (5.2) shows the hends at
the observation wells for the period from 1991/1992 to 1997/1998.
The general decrease in heads is noticad For all obsorvation wells.
The spring-shaped graph Indicates the recovery stages In the
period from April to October in ench year. ‘The head distributlion
at the ond of the prediction poriod is shown in Flg. (5.3). Draw-
downs are shown in Flg. (5.4). ‘'T'he cone of depression is clearly
noticed. Tho area at the east part of the area suffers low heads,
The contral arca oxhibitas excessive drawdowns due to the accumu-
lation of drawdowns from each well. Although tho wells are
allowed to recover during a long period of time, the excessive dis-

charge rates and the close spacing of wells make it difficult to
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recover the relatively large losses in heads (Fig. 5.3).

It Is interesting to notice the importance of the relaxation
period from April to October. During the first three stress peri-
ods In every year, the aquifer water is exposed to heavy pumping. -
The rate at which the water level falls in the wells can be com-
puted from Fig. (5.2). If there were no relaxation pariod the

estimated head drop would bae 4 to 6 times greanter,

5.3 ALTERNATIVE 11

The experiment demonstrated that reducing the amount of
irrigation water by 50% had minor lmpacts on the yilelds of the
fields, was conducted on three fields. It Is not possible to gener-
alize this result to all the other flelds because of the many vari-
ables involved. ‘These iIncluda type of erop, environmental and
geological factors. To Insure maximum yields of fields, the crop
water requiremonts have 1o be met. To got maximum yields, it is
not necessary that excess water has {o be provided. Instead,
maximum yields are obtained at certain applied water (Linsley and
Franzini 1979). The besi way to cstimate the crop water requive-
ments s through experiments. The rosearch institute team at
KFUPM has developed a compuler program thal calculates the crop
water requirements depending on many factors such as weather and

soll molsture content. The rates at which crops are irrigated
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change from day to day. Cosequently, it is difficult to predict the
head changes within the next 7 years for cvery little change in the
trrigation practise. ‘Tharefore, fixed reduction percontages are sot

to evaluate the head changes.

Assuming that it is possible to reduce irrvigation water by
a certain percentnge, the axpected heads at the end of the pro-
diction period are certainly higher than those obtained in Alterna-
tiva 1. HNHoweaver, the relative changes in heads are worth investli-
gating. Alternative II is, therefore, to reduce the irrigation water
by 10, 20, 30, 10 and 50 por cent and evaluate the Increase in

heads.

The results of reducing irrigation water by different per-
centagoes at each observation well are shown in Figs. (5.5, 5.6,
5.7 and 5.8). It can be noticed that reducing irrigation waler by
50% results in Increase In heads by 5-6 meters at the observation
wells. This amount of head increase 13 considered to be large
especially in a confined aquifer such as the UEFER. Fig.5.9 shows
the heads at the last stress period with respect to different water
reduction values. It is noticed that the slope of the line at well
D6 is higher than the other lines. ’‘This may be due to higher
transmissivity value at the well and to its location near the cone of
depreasion, ‘The locatlon of well D6 makes it exposed to the
effects of the surrounding wells more than the other obsorvation

wells. Figs. 5.10 to 5.14 show the head distribution In the study
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area for each water reduction value. Figs. (5.15 to 5,19) show

the corresponding drawdowns.

The graphs presanted are important for the given poercont-
age reductions in irrigation water. If a different perceningo is
reached at, one can always Inferpolate the graphs to determine the
projected heads for that given value. Because the soil is more
than 90% sand, higher reductions in Irrigation waters are not

expected.

5.4 ALTERNATIVE II1

Upon investigating the heads predicted for Alfernative I,
one can conclude that the eastern part of the study area suffers
low heads. It Is loglcal to avold stressing the eastern part by
locating crops which are irrigated for a long period of fime in that
area. According to the management of SHADCO, the plans for
choosing crops each season Is made on yearly basis. ‘TThe manage-
ment, however, assures that the crops displayed in Table 6.1 for

the season 1991/1992 will be exposed to + 10% maximum changes.

Assuming that the statement made by SHADCO management
is true, Alternative | covers the prediction of the heads for the
nexl 7 years., However, it is alwnys wise {o expect the worst,
The same reasons that made SHADCO grow 1! Rhodus fields and 9

Alf-alf filelds In the season 1987/1988 can show up again.
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Therefore, Alternative IIl1 is to consider the cropping practise of
the season 1987/1988 would be continued for the next 6 years.
This {s because the season 1991/1992 has already been declded on.
The crops In season 1987/1988 were chosen for the prediclion
period due to the excess amount of water used to irrigate Rhodus

(9 months) and Alf-alf (12 months).

At this stage, the low heads at the eastern part of the
study area indicate the neced for a crop distribution plan as to
minimize the losses In heacds at that part., ‘T'wo distributions have
been selected. In the first distribution, the crops that need long
irrigation time (Rhodus and Alf-alf) are located within the cone of
depression Fig. (5.20). The second distribution locates the same
crops at the highest head lines in the study are (the western
part) Fig. (5.21). The heads at the end of the prediction periods
for Alt. 3-1 and Alt. 3-2 are shown in Figs. (5.22, 5.23). The

corresponding drawdowns are shown in Figs, (5.24, 5.20).

the cone of depression is obviously located at the eastern
part of the study area Fig. (5.24). 1t is also, obvious that this
cone of depression has been effectively distorted by the reloecation
of the crops to the west of the study area Fig. (5.23). ‘This fact
is supported by the shift in the drawdown cone to the west of .l,hc
study area. Fig. (5.26) shows the difference betwoen the heads
resulting from locating the heavily irrigated crops at the west part

and the heads resulting from locating them at the ecast part of the
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study area. It can be clearly noticed that this relocation has
resulted In an increase In hoads. ‘The incroase takes maxhnum val-
ues at the east part of the study area. More than 5 melers dif-
ference In heads can be noted at that particular place. Conse-
quently, one can conclude that growing such types of crops should
take place only at the west part of the study area. [ligs. (5.27,
5.28) show the predicted heads at the observation wells B1, F3,
14, and DG. Beocause there is no relaxation period for the western
part of the study area, the spring shape of the head at well 14
shown in Fig. (5.27) disappears In Fig. (5.28). ‘This means that
the western area In Alternative II-1 Is continuously exposed to

head decrease.
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CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

From the results obtained from this study, the following

lImited conclusions can be drawn:

- Two-dimensional finite differonce model was used to simu-
Inte groundwator flow In the study aren,  Goodposs of it
and sensitivity analysis weroe two measures fto avaluate
the accuracy of the model. After adjusting the physical
parameters of the aquifer, the model showaed agreement
with thae observed stoady-state heads. 'Tha maximum dif-
ference was lower than 30 centimeters, High transmissiv-
ity values were gonerally obscerved during the stedy siate
calibration stage. The transiissivity was high along the

F-line running norih to south,.

- Transienl calibration resulted tn almost uniform storativity

valueas.

- The study showed thal the model is very sensitive to tran-
smissivity. The model becomes less sensitive to transmls-
sivity at high rathor than at low values. At this stage,
the flow of water through the geologic formations becomes

similar to the flow in open channels at which transmisstv-
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ity is of limited importance.

-  The study showaed that the aquifer is sonsitive to
changes In the conductance values of tho hoad-dependent
boundaries up to a limit where further decreases in the
conductance values result in converting the head-depen-

dent cells to no-flow boundaries.

- Piezometric heads are expected to be higher than those
predicted by Allernative 1 if irrvigation water is reduced.
Flve to six meters are expected to be saved if 30-50% of

irrigation water Is reduced.

- Piczometric heads are expected {o be higher than thoso
obtained from Alternative 1 by simply relocating heavily

irrigated crops o the western part of the study area.

RECOMMENDATIONS

- Pumping tests should be performed on the wells during
the relaxation period (April to October) so as to obtain

better transwmissivity and storativity values,

-  The location of the observation wells s not suitable for
monitoring water levels because all three wells lie on a

straight Hne. 'The observation wells should be well



distributed so that full picture of the water levels in the
study area can be obtained. The observation waolls aro

best located according lo a log scale.

The crop water requirements should be determmined.  ‘This
is useful in determining the amount of water that can be
reduced without affecting the quality and amount of the
crop ylelds. The expected falls In tho piczometric heads

can be interpolated from the given graphs,

The study showed that three to five meters of plezometric
head can be saved during the next seven years by slin-
ply relocating heavily irrigated crops at the western part
of the study area where the heads are high compared to
the heads at tho eastern part. Therefore |, these crops
should be located as far away from the low-head areas as

possible.

The study showed the tmportance of the relaxation period
{April to October) in giving the water levels in the wells
enough time to partly recover from the heavy pumping
during the irrigallon season. Crops such as Rhodus and
Alf-alf are Irrigated continuously throughout the year
which oliminates the rocovery period. ‘T'herfore , If eco-
nomical factors are of limited Ilmportance

, these crops

should always be kept mintmum.
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Three alternatives have been evaluated in this study. In
alternative I1, irrigation waler is reduced while in alter-
native IIl, physical relocation of crops resulted in signif-
feant saving In plezometrie heads, Consequently, a combl-
nation of these two alternatives would seem roasonable.
Once the crop water requirements are dotermined and
continuously irrigated crops are grown at the western
part of the study arean, better resulls can be oblained.
However , in order to get best results | optimization

technlques should be used
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