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Abstract

Groundwater development in coastal areas induces saltwater intrusion. In many cases amount of
groundwater resources available for development is limited by a pre-specified limit of additional
saltwater intrusion. In this paper a simple equation is developed to assess available groundwater
resources which depends on the constraint of acceptable additional saltwater intrusion. Strack’s
single-potential analytical solution is used to derive the equation. Available groundwater increases as
more additional intrusion is allowed. However, critical points limit both the maximum pumping rate
and the allowed saltwater intrusion limit. The equation is presented in the form of design curves from
which the maximum pumping rate can be read off quickly. The equation and the design curves are
suitable for preliminary estimation of available groundwater resources in coastal areas.

keywords : saltwater intrusion, available groundwater resources, design curves, Strack’s single-

potential analytical solution

At Aqe] wAoNA Ak A A5t AReh] B A9 By A9 A5 bR H89
- SRR ALz A B ATNE T 818 7} AFEE ADS e ek a4
go] Aske A bsEe BAE £ d FAL IS AFY e AF FAe) ol Stracke]
w A AMa} ol gHth PR F7b 518 SR AE Sl weh S/ critical point

25 AANEAT frEE A e AAFAS

M0 - HTEF, XSk WLUIsT, HASM, Strack's £H ZHIA 5l A5l

¢ BojujstiL Bl EEFEY uAHA
Ph.D. Student, School of Civil Engineering, Dong—-A University, Busan, 604-714, Korea
(e-mail: dazzle_linsong@msn.com)

o Amst Fakgel B4 ek s
Associate Professor, Dept. of Environmental Engrg., Daejin University, Gyeonggi—do, 487-711, Korea
(e-mail: chlee@daejin.ac.kr)

wex BolUlEl UG ERFER WS
Professor, School of Civil Engineering, Dong—A University, Busan, 604-714, Korea (1LA1#=})
(e-mail: nspark@dau.ac kr)

BALE H19F 20084 1H 27



1. INTRODUCTION

Groundwater is an important source of freshwater
in coastal areas in many regions around the world.
Inadequate development or management may cause
depletion or contamination of groundwater resources.
Thus, accurate estimation of available groundwater
resources 1s the important first step for rational
management. In Korea groundwater resources
available for development is generally estimated as a
certain percentage of total recharge. Generally the
same percentage is used regardless of site-specific
characteristics. However, groundwater available for
development depends strongly not only on natural
conditions such as recharge rate, hydrogeologic
variables, etc. but also on design parameters such as
number and location of wells.

In coastal areas saltwater intrusion phenomenon is
an additional, if not most important, feature that
needs to be considered for proper development of
groundwater. In general groundwater development
induces saltwater intrusion. In many design problems
for groundwater development there may be a preset
limit for tolerable saltwater intrusion. For these
problems the maximum pumping rates need to be
determined without violating the constraint on
saltwater intrusion. For wells distributed in an
irregular pattern a combined approach of simulation
and optimization techniques is required to obtain the
solution.

Saltwater intrusion phenomenon is complex and
accurate simulation is difficult. Nevertheless modeling
techniques are available. The techniques can be
grouped into two categories; (1) The density-
dependent flow—and-transport approach (Voss, 1984;
Kim, 199)
concentration on the fluid density. This is by far the

accounts for effects of solute
most physically accurate method. However, data
requirement and computational efforts are expensive.
(2) The sharp-interface approach (Reilly and
Goodman, 1987) assumes immiscible freshwater and
saltwater separated by abrupt (sharp) interface. As
the transition zone between two waters is ignored, it
is not as accurate as the aforementioned approach.

The approach is suitable for regional groundwater
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development. Reilly and Goodman (1987) compared
their solutions with those obtained by Bennett et
al.(1968), based on the sharp interface approximation
supported the validity of the

assumption for analyzing the behavior of systems

sharp—interface

with thin saltwater-freshwater transition zone. Park
et al. (2004) found that salt concentrations can be
estimated with reasonable accuracy. Therefore the
sharp-interface approach is a viable alternative to the
flow—and-transport approach.

There are a number of optimization techniques
available to be used in conjunction with simulation
methods. The genetic algorithm is one of the popular
global optimization methods. The method is heuristic
but is capable of escaping local extrema, which may
be difficult for derivative-based optimization method.

The simulation—optimization technique is the most
versatile tool to determine optimal pumping rates
with constraints. Park and Hong (2006) developed a
general-purpose computer program to solve design
problems. Although versatile, the technique requires
large amount of computing time. To reduce the
computing time for repeated simulations, required for
optimization, the sharp-interface analytical solution
developed by Strack (1976) can be used when
simplifying assumptions are applicable (Cheng et al.,
2000; Park and Aral, 2003).

In this work a direct solution of the maximum
pumping rate is obtained for design problems,
without the use of an optimization technique. Strack’s
solution 1s commonly used to determine the response
of an intruding saltwater wedge to groundwater
pumping. In this work his solution is recast in such a
way that the maximum pumping rate, subject to a
preset limit on saltwater intrusion, can be determined
directly. The solution is simple, but comprehensive in
that practically all relevant parameters are accounted
for. The solution is also presented as design curves.
Direct solution is possible only when wells are
distributed in a regular pattern. In practice such
distribution of pumping wells may not be possible.
Therefore, the method proposed herein must be
regarded as a tool for preliminary assessment of

potential groundwater resources in coastal areas.

BEKEREERHNE



2. MAXIMUM PUMPING RATE
2.1 Strack’s Single Potential Solution

Strack (1976) developed an analytic solution for
interface problems in coastal aquifer. A single
governing potential equation was used to solve the
problems across two zones of the costal aquifer.
(Fig. 1)

Strack(1976) defined a potential ¢ for confined and
unconfined aquifers as follows:

For confined aquifers

(s—1)D*

5 sDd  for zone 1 1

¢=Dh;+

B [hf+(5—1)D—5d]2
b= 261 for zone 2 2)

For unconfined aquifers

where h; is the freshwater head, D is the confined
aquifer thickness, d is the elevation of mean sea level
above the aquifer base, and s, which equal to p,/ Py
is the density ratio of the saltwater and freshwater,

p, and p; are the saltwater and freshwater densities,

respectively.

The potential functions satisfy the Laplace
equation

V=0 ®)

The interface location 6 can be defined through
the use of proper boundary conditions:
For confined aquifers:

ez,/ﬂﬂz—y 6)
s—1

For unconfined aquifers:

_ 2¢

The toe of the saltwater wedge is located at
# =d, from Eqgs. (6) and (7)

h:—sd
=1 25 for zone 1 3

s(h;—d)*
= m fOI' zone 2 (4)
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Fig. 1. Cross-sectional Views of Coastal Aquifers
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For confined aquifers:

d)toe = %DQ (8)

For unconfined aquifers:

d)toe = 5(527_1)(12 (9)

The freshwater potential for multiple wells, in an
aquifer with uniform flow, can be obtained using the
method of superposition(Strack, 1976; Cheng et. al,
2000)

10)

N —;)% 4+ (y—y,)?
¢:iz+ QL ln (J) xz)Q (y yz)Q
K A K | (p+a)? +(y—y,)
where @, is the pumping rate from well i; (z;, y,) is
well coordinate.
By combining Eq. (8) or Eq. (9) and Eq. (10), we
can get equations for toe positions:
For confined aquifers:
¢tae = 8;1 02 (11)
(w_x,:)Z +(y_?!7:)2
(z +x1-)2 +(y*yi)2

g @
= %7 + Z}l 471_Kln

For unconfined aquifers:

¢toe = 5(527_1)d2 (12)

(«73_377‘,)24—(?/_.%‘,)2
(z+2,)"+(y—y,)?

¢ . \a @
=% +Z§ e Kln

2.2 Basic Dimensionless Equations

Determination of the maximum pumping rates
which would limit the saltwater intrusion to a
pre-specified location when wells are arbitrarily
distributed is generally a nonlinear optimization
problem, which requires a complex optimization
technique. However, when wells are placed in a
regular pattern maximum pumping rates can be
determined without optimization technique. To this
end the following conditions are assumed regarding
the well placement:

(D The number of wells is an odd number, equal

or greater than three;
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@ Wells are aligned in the parallel direction to the
coastline;

@ The well spacing between neighboring wells is
constant at 2b, the length of the coastal line is
B (b=5/[2(N,~1)]

@ All wells share the same pumping rate Q.

These assumptions always place a well along the

(Fig. 2)

distribution of wells with respect to x-axis.

T axis and guarantees symmetrical
Following above assumptions, well coordinates (z
y;) can be described as

++—2b,0,2b,--- 2nb and @, is equal to a constant Q.

i’

T, =x,, Y, =2nb,

Coastaline

' Xlnc: .".,J Q
Sea _"\u X, #

groundwater discharge

o]

RERRERERARY

X

Fig. 2. Plan View of Pre-development Toe (Xier)
and Post-development Toe in Response to
Pumping from Three Wells

From Egs. (11) and (12), they are very similar and
can be combined into one equation for both aquifer
types. We define two variables, A and I:

For confined aquifers: A\=s—1 and | =D

For unconfined aquifers: A=s(s—1) and I=d

Then the universal equation is obtained as follow:

A q 0 %m (z—=z,)+(y—y,)

=21 ="+
Proe ) K ArK (x+x7¢)2+(y_yz)2
(13)

Eq. (13) identifies toe coordinates (z, y) when N,
equally spaced wells are pumping at . Since the
wells are distributed symmetrically with respect to the
2 axis, it is clear from the superposition principle that

the maximum intrusion of saltwater wedge occurs
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along the z axis. Since the maximum intrusion occurs
along the z axis, it is straightforward to determine
the desired maximum pumping rate while limiting the
saltwater intrusion to a pre-specified location (say,
x =1,;,.,). The desired maximum pumping rate can be
obtained by solving for @ after substituting y =0 and
r=x,, in Eq (13). When wells are arbitrarily
distributed, the maximum intrusion location is not
known and thus, the maximum pumping rate cannot
be determined directly. The
optimization approach is needed.

simulation — and

Prior to groundwater development, fresh ground-
water discharge and intruding saltwater is in
equilibrium. For this condition the toe location can be
obtained by setting Q=0 in Eqg. (13). The

pre—development toe position is

AKI?

Ltoe1 — T2 (14)

Eq. (13) is normalized using the following

dimensionless variables:

N, = fC—w (15a)
N, = x;—j (15b)
=—2 (150)
A= iw: 2(Nwlj 1)z, 150

where ¢ is the dimensionless pumping rate, z,, is the
well position, and (3 is the dimensionless well
spacing.

Dimensionless form of Eq. (13) with y=0 and

T =Tipee

16)

77(}
P

i=—n

no 1)*+(2iB)
n,+1)*+(2iB)

The Eq. (16) can be solved for dimensionless
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pumping rate:

=N, n)?+(2i8)% "
&= Lgnln (1+7,)2+(2i8)° o

Eq. (17) determines explicitly the desired pumping
rate, ¢ that would limit the saltwater intrusion to the
region defined by » < z,,.,. The pumping rate £ is a
function of three

dimensionless predevelopment toe position 7,, the

independent  variables:  the

dimensionless post development toe 7,, and the well
spacing 3 (or equivalently the number of wells). ie
¢=¢(n,n,.3s). The density ratio s

considered constant.

can be

The pre-development toe position is determined by
natural conditions such as aquifer characteristics of
coastal groundwater discharge. The other two
variables are design parameters. There may be only
certain location to place pumping wells, otherwise
allowable maximum intrusion may be determined by

preexisting wells that exist near the coastal line.
2.3. Limitation of Maximum Pumping Rate

Eq. (17) shows that the dimensionless pumping
rate £ is proportional to additional intrusion length
n, —1,. Therefore, by allowing more intrusion more
groundwater can be developed. It is true to some
extent Fig. 3(a) and (b). But increase in pumping
rates is limited by a critical point(Strack, 1976).

The critical point is defined as a point where
stagnation point M induced by the pumping and the
toe of the interface coincide, shown in Fig. 3(c). The
pumping rate caused the two points coincide is called
the critical pumping rate .. When the pumping rate
¢ 1is increased even slightly from the critical pumping
rate, the saltwater would contaminate the well Fig.
3(d). Therefore, the maximum pumping rate is limited
by @., and the pre-specified limit of saltwater
intrusion (z,,,,) is also limited by the critical point.

The equation for the critical points can be obtained
by requiring that the stagnation point (z,, 0) to
correspond to toe point. We defined additional
dimensionless variables for critical intrusion toe point
(z,, 0) as:
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3. DESIGN CURVES-DESIRED PUMPING
RATES

Egs. (17) and (18) provide complete information on
Q.. Subject to z,,., However the maximum
pumping rate limited by the critical point is not
evident. When these equations are cast in the form of
design curves, the limit posed by the critical points
can be made obvious. Since the pumping rate is a
function of three independent variables, we need to
set one variable to derive design curves in a plane.
In this section, design curves for the designed
pumping rate are presented as a function of pre- and
post development toe positions when the number of
wells are 3 (Fig. 4(a)), 5 (Fig. 4(b)), 7 (Fig. 4(c)),
and 9 (Fig. 4(d)). The figures shows two trends as
more well are used:

(1) For a given set of pre and post development
conditions, pumping rate for an individual well
i1s decreasing.

(2) More intrusion is allowed without contami-

nating the pumping wells.
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Values of the contour lines in Fig. 4 represents the
pumping rates (£) for a combination of a
predevelopment of toe position (7,) and a maximum
allowable post development toe position (n,). The

region above the 45 ° line is invalid since the desired
development toe position must be less than the

¢

pre-development toe position. The ‘+  symbols
indicate the critical pints, therefore, the region below
the curve marked by ‘+ is also invalid. The curve
represents the maximum pumping rates and the
maximum allowable toe positions as dictated by
critical points. In other words, for a given
predevelopment toe position, intersection of the curve
and a horizontal line, passing through the given
predevelopment toe position, depicts the maximum
pumping rate and the maximum saltwater intrusion
location that would not contaminate the wells.

Fig. 5 illustrates the example toe position for the
case of (n, = 0.1, n, = 04 point A in Fig. 4(b)). In
this case, the design curves yields the dimensionless
pumping rate to be £=0.081. As we can see from
the figure the maximum saltwater intrusion position

is limited by 0.4, as desired.
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4. DESIGN CURVES-MAXIMUM PUMPING RATE

Figs. 4(a)~(d) identified the desired pumping rate
(§) for a given combination of pre- and post
development conditions. It is clear that for a given
predevelopment condition of the number of wells, the
maximum possible pumping rate (Fig. 6(a)) and the
maximum intrusion location (Fig. 6(b)) can be
determined.

5. CONCLUSION

A simple method is proposed to estimate potential
groundwater resources in coastal areas. Pumping
rates can be determined for a given set of
hydrogeologic and operational conditions. Practically
all the relevant variables are accounted for in

estimating the pumping rates, making the method
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comprehensive. Variables considered are: the toe
locations before and after groundwater development,
hydraulic

conductivity, aquifer thickness, and coastal ground-—

hydrogeologic ~ parameters such as
water discharge; and operational variables such as
allowable maximum intrusion length, number and
location of pumping wells.

To certain extent the available groundwater,
pumping can be increased by allowing more saltwater
intrusion. However, the maximum saltwater intrusion
is limited by so-called critical points that lie between
the pre-development toe and the pumping well. This
point then identifies the maximum pumping rate.
Design curves are presented for the pumping rates as
a function of pre and post development toe positions,
maximum pumping rates and maximum intrusion
locations as functions of pre development toe position
and well spacing.

As with other analytical solutions the equation
derived theoretically in this work needs to be validated

against field observations. Future study is desired.
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