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Abstract

A nonlincar optimization problem based on both single and multiple objective management
functions for sustainable utilization of heterogeneous coastal aquifers was formulated and
solved. The sharp interface approach was assumed within this work. Finite Element Mecthod
(FEM) was applied on Strack’s formulation to simulate the hydraulic response of the steady-
state heterogeneous aquifer under different objectives. The LU-decomposition method was
exploited to inverse the conductance matrix, that enhanced the computation time. The
constraint technique was used to simplify. without any approximation, the mulli objective
management problem to single objective management prablem. Genetic Algorithm {GA) was
used (o solve the nonlinear optimization problem. A Fortran program was written and verilicd
against a problem that has an analytical solution. A hypothetical example was solved [or one
and three objective functions. These func tions are maximum magnitude of exlracled
freshwater, minimum drop in water table level, and minimum increment in volume ol
intruded saltwater.
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1-Introduction

Due to the increased extracting of need (o us derivatives. Single and
freshwater from coastal aquifers, multiple  objective  functions  were
saltwater intrusion may causes Serious applied here, that represent oplimal
impacts in terms of environmental and extraction of freshwater, minimum
economic  impacts.  To  extract increment of intruded sea water volume
maximum  amount  of  {reshwatcr and, minimum drop in water tiable
without  salinization, a  powerful level. The control variables were the
optimization technigue must be applied pumping rates from the wells and the
to catch best strategy. In this rescarch constraints  were upper and lower
Genetic Algorithm method (GA) was pumping limits of cach well.

used. GA can handle easily a nonlinear To evaluate the proposed objective
constrained objective function without functions, a simulation model is
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needed. Several methods have been
developed to analyze, predict, or
control the seawater tntrusion and to
manage coastal aquifers, based on two
approaches to simulate the saltwater-
freshwater interface. In first approach
that named by the sharp interface
approach, both fresh and salt water
zones are separated by a distinct sharp
interface (1, 2]. Consequently there is
no need to deal with the spatial
distribution of concentration. Two flow
equations must be solved
simultaneously, one for freshwater and
the other for seawater. The second
approach is to consider the transition
zone between freshwater and seawater
using a density-dependent model of
groundwater flow and salt transport [2,
3, 4]. In this case the concentration
varies continuously over space.

In 1976, Strack presented a linear
formulation. He wused the Dupuit’s
Forhheimer assumption for dynamics
of freshwater flow under steadiness
condition in combination with static
(stagnant) seawater [5. 6]. Ghyben-
Herzberg approximation was used with
Strack’s formulation to specify the
locus of the sharp interface, between
the freshwater and the seawater zones.
That formulation was used in this work
instead of the nonlinear flow equations,
that needs a special algorithm for toe
tracking the sharp interface at the
impervious bed {2}.

To handle any practical aquifer,
different  hydraulic  conductivities
representing  different zones of that
aquifer must be measured. Generally
most of the aquifers are heterogeneous.
The goal of the present paper is to find
optimal solution of different objective
functions for a heterogeneous coastal
aquifer using the Finite Element
method (FEM) for simulating the

aquifer in combination with GA for the
optimtization procedure.

In spite of the great amount of
researches concerned with multiple
management and  remediation  of
ground walter, only few papers
designated to coastal aquifers. Das [7]
used the embedding technique through
a gradient optimization method with
the density dependent approach to
study various conflicting objective
functions under transient condition.
Hallaji [8], used seven groundwater
management functions to determine
optimal planning of coastal aquifer in
southern Turkey. He adopted the sharp
interface approach to simulate the
aquifer.

2- Problem Formulation

Strack derived a single potential theory
such that a single linear equation could
be applied to both of the saltwater and
the freshwater zones under steady
condition, sce [5, 6], as:
E(K@]+£[K %J+R+

ax\ ox, oyl Oy

L

> 5(x-x)08(y-y)=00 (1
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where, ¢ is the potential function (L7,
K is the hydraulic conductivity (£/7), x
and y are rectangular coordinates (L),
0, is pumping or recharging rate at well
i (LT, 8(z) is Dirac delta equal to 1 if
z is zero otherwise equal to 0.0, R is
rate of water infiltrating from rain fall
(L/T} (for unconfined aquifers only),
and nw is number of wells through the
studied domain. [t is of interest to
remark that once the well is pumping
saliwater, the static saltwater
assumption used to calculate interface
location is violated.

While Strack assumes a constant
hydraulic conductivity in his
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calculations, his formulation can handle {p‘ ~-p, ]33

aguifers that have spatially variable and ¢ =Bkt , “‘ ‘(P.- e, )Bd
anisotropic hydraulic conductivities.

[igures la and 1b give a definition Jor zone | (2)
sketch in the vertical cross-section of (ﬂ ﬂ,](B e
confined and wunconfined aquifers, (p pf} AR
respectively. Distinction has been made for zone H (3)
between two zones, a freshwater zone '
(zone 1) and a freshwater-saltwater For unconfined aquifers:

zone (zone II), Strack demonstrated | '

that for a homogenous, isotropic ¢=E[h2—('0'/p" )u’z] Jorzone I (4)
aquifer with horizontal impervious bed,

a potential ¢, which is continuous ¢='2—(;:8:—;)T)[}7—d]2ﬁ)r zone I (S)

across the two zones, can be defined as,
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calculated from the numerical model
reaches to 99.24% of optimal pumping
achieved by the analytical solution, that
can  bc  considered  sufficiently
satisfactory. From the present results it
can be noticed that GA can reaches
very close to the global minimum. To
assure catching the optimal solution
another gradient optimization method
must  be applied on final fittest
individuals [18], or by repeating the
solution process with different seed
rnumbers.

7- Case Study I: (Single Objective
Function)

In this example a heterogeneous
unconfined aquifer was studied to find
optimal  pumping rate from a
preexisting well system. The following
parameters were used: d=/5.0m, nw =
number of wells = 15, YD=5500m, qu
=1.0 m’/day, p, =1.025 M/L’, p, =1.0
M/L?, mean of Y=y =2.0, standard
deviation of Y=oy =25 R=0.0 (no
rainfall), and Y is the logarithm of the
hydraulic  conductivity. The well
coordinates and their upper and lower

limits of pumping rates are shown in
table 2. The upper limits of pumping is
restricted  with  equipment  and
operational  conditions. The lower
limits arc determined from econontic
operation of the well.

The following data were used with
genetic  algorithm:  number  of
individuals="200, maximum nmumber of
generations = 100,  crossover
ratio=0.75, mutation ratio=0.13, seed
number = -90, penalty= 2000n" /day /
intruded well,

Figure 4-a, gives an aerial view of the
coast, locations of the pumping wells
and magnitudes for logarithm of
hydraulic conductivity (Y), that varied
from —5.5 at white color zones to 7.6 at
darkens zones. This indicate that as the
square zones transfer to be darken its
hydraulic ~ conductivity  increases.
Figurc 4-b, presents an aerial view for
both the sharp interface toc and the
well system. Shaded arcas represent
zones that have water table level
(piezometric head) less than #4,,.. These
shaded zones can be classified in two
groups:

Table 1, Rectangular coordinates, calculated pumping rates and corresponding analytical oney

Jor well system.

INPUT DATA QUTPUT RESULTS
Well | X-Coordinate | Y-Coordinate Calculated Optimal Analytical Optimal
Number (m) (m) Discharge m“/day Discharge m’/day

/ 4000.0 250.0 452.26 461.5

2 4000.0 750.0 468.53 461.5

3 4000.0 1250.0 449.007 401.5 ]
4 4000.0 1750.0 470.0 461.5

5 4000.0 2250.0 444.786 461.5

6 4000.0 2750.0 462.1609 461.5 §

7 4000.0 3250.0 463.202 461.5

8 4000.0 3750.0 450.659 461.5

9 4000.0 4250.0 460.471 4615

10 4000.0 4730.0 439.08 461.5
Optimal Total Pumping Rates m’/day 4580.1559 4615

(@)p.’mmd
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Figure 4. Layout of the studied aquifer, o) logarithm of hydraulic conductivity and well
system, b} salt water zone and well system (+ switch gff well, * working well).

Tabie 2, Pumping well, input daia and optimal solutions (case study 1)

_ INPUT DATA | OUTPUT RESULTS |
Wel :’T X- T Lower Upper Optimal rﬁwimm’
No. | coordinate | coordinate | Limit of Limit of | Solution Solution
(m) (m) Pumping | Pumping Withow With
(m’/day) (m’/day) Rainfall Rainfall
(m Yda 1) _{mj/.:_!q)f')
] 1000 5500 150 600 600 600.0 |
2 1700 4100 150 1300 1162.129 1300.0
3 1500 3850 150 1100 | 0.0 0.0
4 1200 3400 150 800 0.0
5 | 700 3200 150 1300 | 2969
6 | 1800 2700 150 1400 0.0
7 3500 2500 150 1500 FI57.5 - |
8 1600 2200 150 1200 0.0
9 1600 1800 150 1200 | 1766
10 1500 1400 150 1100 150.0
/1 2000 1000 150 1500 264.0
J2 | 1000 800 150 600 0.0 |
/3 1600 500 150 1200 604.0 !
14 3600 200 150 1500 590.0 | 1136.92
/5 J400 0 150 1000 0.0 0.0
Optimal Total Pumping Rates m’/day (Qopimat 5201.79 | 6080.631
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Figure 6, shows the trade off contours
between the three objective {unctions.
This figure 1s used in order to analyze
the interaction between the objectives
and is very useful in the decision
making process. It may enhance the
selection decision maker’s ability to
select the best compromise solution.
Depending on gconomic,
environmental, social, and political
aspects the decision maker can choose
a favorable solution. For exampie, if
maximum allowable drop in water table
level is taken equal to 4.0m and the
maximum allowable ratio for increment
of intruded volume of saltwater is
assumed cqual to 2.0, the optimal
solution for the extracted freshwater
will be cqual to 4600m°/day, sec igure
6.

It 15 observed from f{ig. 6, that
maximum exiracted water increases
rapidly as maximum permissible drop
in water table level increases or with
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increasing the permitted volume of
intruded seawater within the aquifer.

lf the present problem is subjected fo
only two objective functions, e.g..
maximum extraction of freshwater and
minimum drop of water table level, the
tfrade off curve between these (wo
functions can be determined directly
from fig. 6. This can be achieved by
taken the constrain ol the third
objective function at its upper limit (at
increment ratio equal to 3.75).

Figure 7-a shows the trade off curve
between only two objectives functions
Z; (maximum magnitudes of extracted
freshwater(mj/a’ay)) and Z, (Imaximum
drop in water level (m)), Ngure?-b also
shows (rade off curve between
objectives  functions Z; and Z;
(maximum increment ratio in intruded
volume ol sea waler). Il can be noticed
that objective function Z, has morc
influence than {unction Z;.
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Figure 6 Trade off contours between maximum magnitudes of extracted freshwater(n/day)

against maximum drop in warer level(m) and maximum incrementi ratio of intruded volumie
of sea waler.
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9- Summary and Conclusions

The FEM was used to simulate the
hydraulic response of  steady
heterogeneous coastal aquifer subjected
to pumping from well system by taking
into consideration Strack’s formulation.
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Figure 7. Trade off curves behween
w)maximum magnitudes of extracied
fireshwater(m’/day) against maximum drop
in walter level(m), and b) maximum
magnitudes of exiracted
Sreshwater(m’/day) against maximum
increment ratio in intruded volume of sea
waler.

This eliminate the non-linearity of the
fundamental equations that considers
the piezometric head as a dependent
variable. GA method was applied to
solve the optimization problem of

single-objective  funclion  (maximum
permissible  extraction  of  Ireshwaler
from the well systcm). l'o decrease the
compufation time the conductance/
stiffness malrix was inversed once and
used  rcpeatedly  through  the
optimization  process. A Fortran
program was wrilien to apply  the
present model. The model verified
against  analytical  problem  with
homogenous properties, then it used (o
solve hetcrogencous coaslal  aquiler
under single-objective functlion for two
situations, without and with rainfall.
The same aquifer was restudied under
three  objective  functions.  The
consiraints technique was applied (o
simplify that problem to a single-
objective problem. The simplified
problem was solved several times
under varied constraints to find the
trade off contours between different
objective  functions. The generated
trade off contours enhance the decision
maker's  ability (o sclect  the  best
development policy from a sel ol
alternative  polices by considering
technological, financial, and legal
conslrains.

Optimization problems handled in this
work are nonlincar, so it is not suitable
to solve these problems using the
gradient methods, that usually stop ai
local minimums. GA method used to
deal with the present problems. This
stochastic  nonlinear  oplimization
method can easily overcome both of
non-linearity and discontinuity through
the optimization space.

Using the LU-decomposition method (o
inverse the Conduclance matrix made
the solution of the multi-objective
problem possible, without matrix
inversion that problem needs several
days for the computation process.
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