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Abstract. Controlling the hydraulic heads along the coastal aquifer may help to effectively manage saltwater intrusion,
improve the conventional barrier's countermeasure, and ensure the aqastals longterm viability. This study proposed a
framework that utilizes a decisienaking model (DMM) by incorporating the results of two other models (physical and
numerical) to determine propeountermeasureomponents. The physical model is deypeld to analyze the behavior of
saltwater intrusion in unconfined coastal aquifers by conducting two experiments: one for the base case and one for the
traditional vertical barrier. MODFLOW is used to create a numerical model for the same aquifer, aimdestpedata is

used to calibrate and validate fthree countermeasure combinations, including vertieatier, surface, and subsurface
recharges, are numerically investigated using three model case categories. Category (a) model cases invedtigaticthe hy
headbés variation al ong t he loaaton.Urfder categones (@)eabdda), the effects of suefacd e s
and subsurface recharges are studied separately or in conjunction with a verticalAméaigreset of the DMM evduation

and classification ratios are created from the physical and numerical models, respektiadyaluation ratios are used to
characterize the model cases results, while the classification ratios are used to classify each model case as hést or wors
analytic hierarchy process (AHP) as DMM is built using the hydrdndad, salt line, repulsion, wedge area, @utharge as
selection criteria to select the overall best model desmording to the results, the optimum recharging location is itetigth

ratio (LR) from 0.45 to 0.55-urthermore, the DMM supports case3b (vertical barrier + surface recharge) as the best model
case to use, with a support percentage of 47.93%, implying that this casgdws rmumerical model classification wigh
maximum repulsionratio (Rr) of 29.4%,and an acceptabigedge areaatio WAR) of 1.25.The proposed framework could

be used in various case studies under different conditions to assist dewédiers in evaluating and controlling saltwater
intrusion in coastal aquifers.

Keywords: Saltwater intrusion Hydraulic heads Unconfinedcoastal aquiferVertical barrier - Surface recharge - subsurface

recharge - Decision makingAHP

1 Introduction

Due to the natural effects of losigrm climate bangesuch asea level change and tidal intensity fluctuations, seawater flows
toward the freshwater aquifers. In addition, increased water demands accompanied by anthropogenic activities such a
excessive pumping of freshwater in coastal areas ¢hasmwvering of water tables as well as saltwater intrugfsind-Elaty

et al. 2019Sutar and Rotte 2022%altwater intrusion lowers trevailability and quality of freshwater in coastal regipas

reported at many locations all over the wo@ and Qiu 2011Shi and Jiao 20%4Anderset al.2014; Cary et al. 2015;
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Srinivasamoorthy 201#bd-Elhamid 2016Eissa et al. 201&bd-Elhamid et al. 201®ramada et al. 202I)herefore, it is
important to control saltwater intrusion with efficient countermeasures to achieve susthiesimvater sources.

Traditional methods for controlling saltwater intrusion include reducing pumping rates, relocating pumping wells, changing
pumping patterns, constructing physical subsurface barriers, and saltwater abs{rsotigfihamid and Javadi 2011;
Kallioraset al.2013;Cai et al. 2015;Huang and Chiu 2@t Abd-Elhamid et al. 201;9Hussainet al.2019. The limitations

and high costs of the aforementioned methmmsesubstantial challenges to their implementation.

Artificial recharge techniques can be used for establishing hydraulic baderignisigate saltwateintrusion while recovering
SGD(Raja Shekar and Mathew, 20Z&lehi Shafa et al., 202@/adi et al., 2022)These techniqudsave several advantages
compared to traditional methods, including low ¢ost inundation storage space, less water evaporatiatimproved water

quality (Rios et al., 2023)Although artificial recharge has numerous advantages, it also has disadvantages, including
groundwate contamination from surface water, difficulty in implementation due to a lack of understanding of aquifer
hydrogeological properties, the potential for environmental damage and soil disturbance, and high maintengHesasts

et al., 2019) Surfacerecharge systemmclude ditches and furrows, recharge basins, stream augmentation, and runoff
conservation strctureqterracing, contour bunds, percolation tanks, gully plugs, Nalah bunds, and chegkMalinsa 2020b,

c; ASCE 2001)On the other hangubsurfaceecharge systemscludesubsurface injection wells, borewells, and recharging

pits and shaft@Maliva 2020a, dJASCE 2001) Combining traditional and artificial rechargehniquess one way to overcome

the disadvantagesf both Although many studies investigate saltwater intyasin coastal aquifers, only a limited number
study the control methods of saltwater intrugjiBobinson et al., 201&athi et al., 2022)

Physical and numerical models have not only proven to be more effective tools for selecting the optimum solutions for
controlling saltwater intrusion but can also be used to reduce the need for expensive hydrogeological and et@/ironme
investigations before constructing a fattale projec(Mantoglou 2003Zhou, et al. 2003Abarcaet al.2006; Sutherland and
Barfuss, 2011Singh 2015 Abd-Elaty et al. 2019Guoet al.2019 M Armanuoset al.2019.

Although physical and numerical models are usefuldtednining the optimum solutions for controlling saltwater intrusion,
deficiencies in the acquisition of appropriate evidence to support the final decision are discovered. Since the scenarios 0
hydrogeological models for a specific aquifer cannot agreminimizing intrusion, improving groundwater availability, being
environmentally friendly, and being cestfective It is necessary to use decision models in conjunction with physical and
numerical models to guide stakeholders toward sustainable resnaragement based on a set of criteria. The analytical
hierarchy process (AHP) is a decisioraking method that has been used alone or in conjunction with other techniques such
as GIS and fuzzy logic in a variety of groundwatglated fields. Based on adader set of criteria, this technique is used to
guide stakeholders involved in groundwater development and sustainable resource man@fedyenand Kumar 2006
Alwetaishi et al. 2017)The applications of AHh the field of groundwateinclude assessing groundwater vulnerability by
developing indices based on hydrogeological parameters and mapping groundwater potenti@raobese et al. 2021
Osiakwan et al. 2022hmadi et al. 202]1Castillo et al. 2022Achu et al. 2020Sajil Kumar et al. 2022Nithya et al. 2019;

Phin et al.2022 Zghibi et al., 2020(Mallick et al., 2019)Shao et al., 2020)n the field of saltwater intrusion, a Gl&ased

AHP weighted index overlay analysis technique has been demonstrated to determine the distribution of groundwater
vulnerability (Gangadharan, Nila, et. 8016 G¢ | | ¢ and Ka & wzazyphilR é/aluatdr? Bojlel is developed for
analyzing the level of seawater intrusion in le¢egn monitoring data from multiple river basiang et al., 2022)The AHP

is also used to compute weights for the GALDIT parameters, which are used to assess the vulnerability of coastal aquifers t
saltwater intrusiorfPham et al., 2022)

According to the precedingverview both traditional and artificial techniques obfntrolling seawater intrusion have
limitations, and using physical, numerical, anccid®n-making models is crucialThe unconfined coastal aquifer is
investigated in this study, and physical, numerical, and deemaking models are utilized to investigate surface and

subsurface recharge methods, either alone or in combination witlaltyprtical barriersOn the other handhé behaviors of
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saltwater intrusion, groundwater flow, and hydraulic head are numerice#igtigatecdusing threecategorie®f model cases:
categoies (a), (b), and (c)Category (a) model cases explore the variation of hydraulic head along the aquifer itborder
determinethe appropriate recharging location. The impacts of surface and subsurface recharges are explored separately or i
conjunction with a vertical barrian categories (b) and (cT.he aims of this study are: (i) to examine experimentally the
behavior of saltwater intrusion via coastal unconfined aquifers with and without vertical barrier countermeasures; (i) to
develop a validated numerical model regagdine experimental findings of transitory saltwater intrusion); to identify the

optimal recharging location utilizing the location of the minimum hydraulic head; (v) to determine the optimal vertieal barri
depth for saltwater intrusion managemeiu) {o identify the components of an effective countermeasure system, such as a
vertical barrier, surface recharge, and subsurface recharge, either alone or in combinatiode{g)ojee DMM model to

aid decision makers in the selection among sevalaiater countermeasures and picking the most appropriate one depending

on various demanding scenarios.

2 Materials and Methodologies

Saltwater intrusion is investigated experimentally in this study by developing a laboratory physical model of an dnconfine
coastal aquifer. Two experiments are carried out in this partliem@hsionlesguantitiesare formed, namely evaluation ratios.

These evaluation ratios are used to analyze and characterize the saltwater line and hydraulic head variations ofahe numeric
model cases, as forthcoming later. A numerical finite difference model is created, and the validation and calibratiea process
are carried out using the experimental resitslowing that, numerical methods are utilized to investigate how to control
saltwater intrusion, taking into account the combined effect of using vertical barriers with surface or subsurface recharge
systems, as demonstrated by model cases divided into three categories (a, b, and c), each with s@ategmyegs) model
caseqre used to determine the location of the minimal hydraulic heads, which are suggested to be the locations of the indicate
artificial recharge systemg&ategories (b) and (c) investigate the impacts of surface and subsurface recharges on saltwater
intruson at the indicated locations, either alone or in conjunction with a vertical barigassification process is then
implemented to classify model cases in each categahedest or worst model case using a developed set of ratios, namely
classificdion ratios. Because each model case is expected to have benefits and drawbacks, as well as several criteria governi
the model cases, the benefits and drawbacks of each model case should be quantified in order to identify the most effectiv
one. Followimg that, the most effective model case is decided on using a new DMM model based on the AHP technique. To
make the final decision, two selection levels (levels 1 and 2) are considevetl1 is used to select the best model case from
each category (thremodel cases)While level 2 is utilized for selecting the best overall model cBgpire 1 illustrates a

flow chart for the framework of the study.
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Figure 1: Flow chart shows the proposed frameworko identify most effective modektase usinghe physical,numerical, and decisionr
making models

2.1 Experimental Setup
2.1.1 Drainage and Seepage Tank (Dx@nk)

The DS Tank is used in this stuttyvisualizegroundvater flow through permeable porous media. The model of theabiS

thatis used in the current study HM 169 GUNT HAMBURG(G.U.N.T, 2023) The DS tank consists of a porous media
containeralower water tank as a water source, a pump for the waigr divalve to adjust the water supply, and measuring
connections in the experiment section, which are connected to 14 glass tube manometers to display and measure hydrau
heads along the DS Tank. The sand container consists of an aluminum rectangulaithaa transparent front side
(methacrylate material) to visualize groundwater flow aptimizeobservation of the experiments through the porous media.

In the DS Tank, two fine mesh screens are used to create feed and discharge chambers and tiveseyxpesitaental section

from these two chambers. There are two adjustable overflow pipes in the DSofadfusting the water levels in the
mentionecchambes and measuring the water flow. To prevent seawater intrusion, an aluminum sheet pilessausatical

barrier. As a result, the DS Tank has a closed water circuit with a storage tank and pump. The DS Tank and its component

are depicted ifrigure 2 and Table 1

Ay 148.00

— Q.ﬁ =|16.00=25.00=— 92.50 —14 50—
1) | |
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/\_ _
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Figure 2: DS Tank and its components(a) Drawing of details, (b) Photo



132 Table 1: DS Tank components and descriptions

133

134
135
136
137
138
139
140
141
142
143
144
145

No. Component Description No. Component Description
Name Name
The DS Tank's frame Vertical Vertical barrier tacontrol
1 Steel frame 11 | aluminum sheet| saltwater intrusion
pile
Experimental| Tank with porous media for The primary source of
2 Fs)ection monitoring saltwater intrusion 12 Storage tank seawater
Feed Source of saltwater Befpre the next experiment,
3 Chamber 13 | Draining pipe2 | drain the saltwater from the
storage tank.
4 Discharge | Source of freshwater 14 PUmp Pumping saltwater to the feeq
Chamber chamber
5 | Porous medig Silica sand (0.7411.18mm) 15 Pump valve | Pump flow rate adjustment
Changing the saltwater level . Connecting with a pump to
6 Oqtﬂoi/v in the feed chamber 16 Saltwa?er inflow allow saltwater to flow from
pipe pipe the pump to the feed chambe
Outflow Changing the IeveI_ of Connecting the outflow pipe 1
7 pipe2 freshwater in the discharge 17 Hosel to the storage tank
chamber
Draining Beforebeginning a new Linking the saltwater inflow
8 . experiment, drain the water | 18 Hose2 pipe to the pump
pipel from the experimental section
9 Vertical Separating the feed chamber 19 14 glass Hydraulic headnonitoring
screenl from the experimental section manometer tubey along the experimental sectiq
Vertical Separating the discharge Measuring linked to the 14 glass
10 chamber from the 20 . manometer tubes
screen2 . . connections
experimental section

2.1.2 Configuration and Experimental Set

The DStank and thessociated materials, including saltwater, freshwater, and porous media -se¢ fprethe experiments

A horizontal and vertical scale of 5cm x 5¢cm is drawn on the transparent front side oftdrekx% shown irrigure 3. The

left chamber is configed as a saltwater feed chamber with a width of 16dra.right chamber is configured as a freshwater
discharge chamber with a width of 14.5cviertical screen barriers separate the experimental section of tken$ength
117.5cm) from the feed and dischagi@ambes. The experimental section is filled to a depth of 40cm with porous media soll
(graded silica sand with grain sizes ranging ft@miltol.18mm (sed-igure 3). The filling process is done in layers of 5cm
each, with a falling height of 50 cm for each layer, to ensure a homogeneous hydrogeological property of the media sand. It
the filling process, funnels are used, which are disteidbaiong the experimental section as showFiguire 1b.

The seawater used in the experiments is collected from the Red Sea, and its density, as well as that of the freshwater,
calibrated using a sensitive scale and a standard flaskige® 4). Accarding to the calibration, the densities of saltwater

and freshwater are 0.99 and 1.@2@n7, respectively. In saltwater, a 0.15 g/L concentration of green food dye is used to easily

visualize the saltwater line and measure the intrusion distance insideettia sand (sddgure 3).



Silica Sand

Experimental Scetion

(Silica Sand)

Horizontal
&Vertical

Feed Chamber
(Saltwater)

Scale

Saltwater + Green Dye

146
147 Figure 3: DS Tank pre-set for experimental procedures

Green dye
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CEEPOE
V1a5k=1000ml Wiasi=338 8 Wriask+ freshwater=1328 8 Wilask s sattwater=1360 g
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Wriask+sattwater (weight of flask filled with saltwater) Vsattwater=1.022 gfcm?
‘freshwater (freshwater specific gravity)
Vsaitwater (Saltwater specific gravity)

148
149 Figure 4: Saltwater and freshwater calibration

150 2.1.3 Experimental Procedures

151 The experiment procedures include the following five steps:

152 1-Freshwater saturation of the media saaidthe start of the experiment, the outflow pipes 1 and 2 for both the feed and
153 dischargechambes are set to be at the same level as the media sand surface (40 cm from the DS Tank bed). Following that,
154 fresh wateiis discharged at a constant rate into badthmbes until the media sand in the experimental section is saturated.
155 The hydraulic heads along the experimental section are monitored by the 14 glass tube manometers until the waterdevel reach

156 the sand surfze in all the manometers to verify the saturation condition.
157 2-Feeding the experiment with colored saltwateithe feed chamber, an aluminum sheet pile is used to block water seepage

158 through the experimental section. Following that, the feed chambéfiawopipe 1 is moved to the DS Tank bed level to
159 empty it of freshwater. The outflow pipe is then returned to its previous level (media sand surface level), and thardtorage t
160 is subsequently emptied and filled witie greerdyedsaltwater. When the pup is turned on and the pump valve is opened,
161 saltwater begins to fill the feed chamber all the way to the top of the outflow pipel. Following that, the pump valvalig manu

162 adjusted to maintain the saltwater level at the surface of the media sand.
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3-Adjusting the water levels in the feed and dischatgenbes: the first step in this process is to remove the aluminum sheet

pile from the feed chamber. Furthermore, to achieve a suitable flow through the media sand, the difference in water levels
between th feed and discharge chambers is tested several times and finally adjusted to 10 cm, resulting in a hydraulic gradier
of 0.085. To accomplish this, the outflow pipe 2 for the discharge chamber is adjusted to be 10 cm below the media sanc
surface.

4-Monitoring of saltwater intrusiorin the experimental section, saltwater begins to infiltrate through the media sand and can

be observed through the transparent front side of the DS Tank. The temporal saltwater intrusion could be measured using tt
horizontal &ad vertical scales drawn on the transparent front side. The saltwater intrusion is measumihate3htervals.

Photos for each time interval are taken with a higgolution digital camera and used to validate the observed saltwater lines
with AutoCAD software. During the experiment, the freshwater level inside the discharge chamber rises until it reaches its
maximum level by adjusting the outflow pipe2 level above the media sand surface level until it reaches a steady state.

This experimentabart ofthe study considers twexperiments

Experiment 1 (Bas€as@: this is the case in which the saltwater intrusibrough the media sarid studied without any

countermeasures. In this case, the procedures from steps 1 to 4 are carried out.
Experiment2 (usinga vertical barrier)through this experiment, the media sand is removed from the experimental section.

Then, the vertical aluminum sheet pile (vertical barrier) is used as a countermeasuresaljaistintrusion and placeih
the experimental section25cm from the feed chamber. Hereafter, media sand is refilled in the experimental section. The
penetration depth of the vertical aluminum sheet pile is set below the silica sand surface by a depth of 30cm. Then, the stey

from 1 to 4 ae implemented.

2.2 Evaluation Ratios

Based on the geometry and experiment design given in the preceding $égtiom,5 andTable 2 list variables, parameters,
and constants that affect saltwater intrusion. Following that, three dimensionless quantities are proposed for evaluating th
results (se@able 3):

(1) Three variables, namely evaluation ratios, will be used to analyze the output results.

(2) One parameter thaperatess experimental run constraints is referred to amditional parameter.

(3) Two geometric parameters are used to assign the hydraulic gradient and saltwater profile.

————— X
S - L media
| |
Vertical
Barrier |a
Y _
Porous Media Surface
I\ R M _
D, D T HGL
D L _____ | st ;“ Qi'g"’afer ) D =
| SS Sl Hs
| | NN Y,
e max.L(m) -
Section S-S S« Elevation

Figure 5: Geometric characteristics of the experiments
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Table 2: Definition of the geometric characteristics of the experiments

Type
No{ Quantity Definition
Constar|ParametdVariable
1 Hsw a HydraulicHead of the saltwater boundary
2 D a Sand media depth
3 Limedia a Sand media lengtfexperimental section length)
~ Maximum length of saltwater intrusion (attained for experiment 1 (K
4 | max.Ln) a
case))
5 Dy a Vertical barrierdepth
6 X 5 Horizontal distance from the saltwater boundary meadorethy embedded
point in the media sand
~ Vertical distance measured from the experimental section bed for,
7 Y a L .
embedded point in the media sand
8 Yisw) a Observed saltwater intrusion depth at any X distaneespecifictime (t).
9 Hn a Observed hydraulic head at any X distanca specifictime (t).
10 Lin) a The observed length of saltwater intrusiom &pecifictime (t)

Taking into account the characteristics listedTable 2, the dimensionless quantities that will be used in this study as
evaluation ratios, conditional, and geometric parameters for examining the output findings are preJahiedin

Table 3: Suggestecetvaluation ratios, conditional parametersand geometric parameters

Quantities

Definition (Abbreviation)

Physical meaning

Evaluation
Ratios

L(m)/max. L(in)

Intrusion Ratio (IR)

Variation of intrusion length over time (t) wit
reference to the maximum intrusion length (b
case)

Y(sw)/ H sw

Salt Line Ratio (SLR)

A function demonstrates the variation in intrus
depth as a function of distance X and time (t) du
saltwater boundary head. In the comparative ana
of the results, the average SLR value (SRwill
be used.

Hn/Hsw

Hydraulic Head Ratig

(HHR)

A function demonstrates the variation of t
hydraulic head due to the influence of the saltw.
boundary head at a particular distance X and timg
In the comparative analysis of the results,
minimum value of HHR and its location will be tak
into account.

Conditional
Parameter

Do/Hsw

Barrier Ratid

(BDR)

Depth

The ratio of barrier depth to saltwater boundary h
depth. This ratio operates as an experimental r
constraint.

Geometric

Parameters

X/Lmedia

Length Ratio (LR)

The horizontallistance X for a certain location in th
experimental section to the length of the sand me

Y/D

Depth Ratio (DR)

The vertical distance Yor a certain location in th
experimental sectioto the total media sand depth

2.3 Conceptual Model

A proper conceptual model could be provided as sptfr developing a numerical model based on the experimental set and
procedures previously presented in sections 2.1 and 2.2. The numerical investigation of saltwater intrusion will be conductec
usingeither a traditional vertical barrier or artificial recharge approaches. To control seawater intrusion using a vesdigal barri
various penetration depths will be simulated. Surface and subsurface recharge systems will be used as artificial recharg
methals. To determine tlireeffectiveness in controlling the saltwater intrusion problem, each of the management techniques
is evaluated independently and in combinatidgth vertical barrier Error! Reference source not fourghows the numerical

model cases being exploredder differentonstraintsThe suggested conceptual system is presentédume 6, taking into



205 account the boundary heads, initial hydragiiade line (HGL), barrier depth and location, and artificial recharge methods.
206 When there is no vertical barrier, two water zones can be identified: zone 1 (saltwater zone) and zone 2 (freshwader zone), ¢
207 shown inFigure 6a. After using a vertical barniezones 1 and 2 are further partitioned into two zones: zone 1a and zone 1b
208 for saltwater and zone 2a and zone 2b for freshwater, as shdviguire 6b. The key features of the conceptual system are

209 outlined below.

210 1. A constarthead saltwater boundary.

211 2. Atime-variant head freshwatepbndarythatadvance$rom the initial head to equilibrium with the saltwater boundary in

212 thesteadystate condition.

213 3. A vertical barrier of variable depths at a certain location

214 4. A source of surface arglibsurface artificial recharge.

215 Table 4: The studied cases using numerical simulation
Category (a)using vertical barrier
Model Description
Cases

Casela Base Case
(Verification of experimentl)

Case2a BDR=0.875
Case3a BDR=0.75

(Verification of experiment2)

Case4a BDR=0.625
Caseba BDR=0.50
Caseba BDR=0.375
Case7a BDR=0.125
Category (b): using vertical barrier and surface
recharge
Model Conditional Parameters
Cases
Caselb Casela Surface Recharge
Case2b Case2a Surface Recharge
Case3b Case3a Surface Recharge
Case4b Caseda Surface Recharge
Casebb Caseba Surface Recharge
Case6b Caseba Surface Recharge
Case7b Case7a Surface Recharge
Category (c): using vertical barrier asgbsurface

recharge
Model Caseg Conditional Parameters
Caselc Caselar borewellsRecharge
Case2c Case2a borewells Recharge
Case3c Case3a borewells Recharge
Case4c Case4ar borewells Recharge
Casebc Casebar borewells Recharge
Case6c Case6a borewells Recharge
Case7c Case7a borewells Recharge
1 1 1 1 1
|
I i -
Borewells Surface Recharge I _ Borewells Surface Recharge -
@ Recharge’ Steady-state HGL | i) @ _ Recharge’ — Steady-state HGL o
‘g" T N .' 3 “ : {m,__.'j‘{é = I g+ g" Z T == '!ﬁitiul'!{g,_",","_ ] g*
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Figure 6: Saltwater intrusion conceptual model: (a) freshwater and saltwater zones without barrier, (b) freshwater and saltwex
zones with barrier

2.4 Numerical Model Development

MODFLOW-2005, in conjunction with the SWI2 package, is used in this study for numerical modeling of saltwater
intrusionHarbaugh, 2005)SWI2 is a software package used talgpe threedimensional groundwater flow, model saltwater
intrusion, and calculate hydraulic he@gizkker et al., 2013)The main advantage of using the SWI2 package is that it requires
fewer cells for the simulation process than variatdasity groundwater flow packages like SEAWAThe ability of SWI2

to represent each aquifer as a single layer of cells results in significant motiete@wsavings

MODPATH is a posprocessing package for particle tracking that computes and disptag-dimensional pathlines based

on MODFLOW outpu{Pollock, 2016) The MODPATH packageareused to visualize the flow behavior of both freshwater
and saltwater thrggh the sand media by visualizing the expert trangpajetctoriescoming from the saltwater boundary, the
freshwater boundary, and the flow path from the recharge area for the cased uifimor! Reference source not foun@he

particle tracking in the MODPATH package is simulated in the forward tracking direction using cylindee gdadeiment

as illustrated irFigure 7b.

On the basis of the conceptual model, the saltwater boundary cells are represented by théH6ath@&alindary (GHB)
package. The Tim¥ariant SpecifieeHead (CHD) package is applied to the model freshwater boymeg#s to obtain the

same results as the experiments, with an initial hydraulic gradient of Tl0&%echarge value for each recharge type will be
relevant to the flow across the saltwater boundary for each model case b, with the constraint tliaatiie hgads do not
exceed the medium sand level as a maximum v&agous discretization systems are also examined in order to provide an
accurate assessment of discrepancies in head drawdowns and water balances. In this study, 8 model layersedlith 2320
discretization are used, as shown in Figure 7a. Furthermore, as shown in Figure 7b, the flow direction will be chaaacterized
+VeY, vy, +veX| and-veX.
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Surface & Subsurface Recharge Mesh Cylindrical Particles Flow Directions

(a) (b)

Figure 7: Structure of the numerical model:(a discretization and boundary conditions,(b) particle tracking and flow directions

2.4.1 Calibration and Verification Processes

Many factors contribute to groundwater model inconsistency, including hydrogeological properties, discretization, potentially
spatial discretization, time step, and solver paramdtisiag the experimental resultsany trials are carried out to calibrate
the model using various hydrogeological properties, with referen@otoenico et al. 19980tz 2021) The transient stress

period, on the other handjll be assigned to benore tharthat needed fothe experimentwith a properequal interval time
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step The impact on the heads on the cells #melaccumulated volume water balanaee evaluated.Following that, a
verification procedure is implemented for:
1- Confirming the time when a steadtate condition occurs in based the results of experiment 1.

2- Fitting the observed saltwater line in experiments 1 and 2 for the transient andsstgadynditions.

2.4.2 Classification Ratios

As a starting point for selecting the best model case for controlling saltwater intrusion, four ratios are suggestégttreclass
model cases included in categories (a), (b), and (c). These ratios are calculated using the numerical results of Eecmodels
ratio is calculated for each model case and then classified by its value into best or worst. These ratidscagasbeof
saltwater ratio (SLR, repulsion ratio (Rr), wedge area ratio (WAR), and recharge ratio (RERYfoliheatios are computke
using theequations1, 2, 3, and4, respectively with the RER ratio computed only for cases in categories (b) andihg).
criteria for classifying the best model cases arettiet havdow values ofSLR, WAR, and RER, as well as the maximum
value ofRr. Onthe other hand, cases with high valueSbiR, WAR, and RER, as well as the lowest value of Rr, are classified
astheworst model caseandarenot recommended fazontrolling saltwater intrusionBecause of the difficulty of having
model case have all the best or worst values of classification ratios to be classified as the best or worst rfuwddhssifed

model case)it is important to use the DMM models to use the values of these idassii ratios to make #final decision.

YO 'Y YO 'Y "YO 'Y Q)
Y OY 0Y 2
woY — €)
YOY “)

Where casdy) is any case included at any category (a, b, and c), and case(j) is the cases included at category (b) and catego

(c).

2.5 DecisionMaking Model (AHP technique)

The AHP technique is commonly employed in decisimaking systems designed to aid in decigioaking and rate options

(Saaty, 1986)Actual metrics such as pricing, headcount, or subjective opinions are used as inputs into a numerical matrix in
AHP. Ratb scales and consistency indices derived from eigenvalues and eigenvectors are among the results. The AHP modk
is a decisiommaking framework that assumes decision levels have a unidirectional hierarchical relatiPrssligy, 2006)

AHP can study the interrelationships among all criteria using the hierarchical ap(Boaginet al., 2007)

According to (Albayrak and Erensal, 2004}here are three processes that go into creating AHP: model structure
(decomposition), comparative judgment of alternatives and criteria, and priority synthesis. These methods can be broken dow
into four stages.

In the first stage, AHP divides a complex ndititeria decision problem into a hierarchy of interrelated elements (criteria,
decision alternatives). The criteria and alternatives are arranged in a familikdréeerarchical structe. The next stage,

after the problem has been decomposed and a hierarchy has been established, is to begin the comparison judgment proces
evaluate the relative importance of the criteria within the grade. The criteria are compared pairwise atledudsgrhon

their degrees of influence and the criteria provided at the higher grade. Pairwise comparisons are basegboimiasoade,

with 1 indicating "equal importance," 3 indicating "slightly more important,” 5 indicating "much more importantti¢ating

"highly more important,” and 9 indicating "extremely more importdrgsa et al., 2020Abdelwahab et al., 2021Yhese
alternatives and criteria are evaluated based on the subjectivenspiri experts represented by a point scale, including any
intermediate value (2, 4, 6, and 8).

As demonstrated in Ecp), the result of a pairwise comparison on n criteria can be summarize8 in.a evaluatiormatrix.
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WhereA= 1, 2thesBtéfcriteriad (i j = 1i,the ®eight uétiem of the criteri®@ =1, @=1/ @;@ ™

The third stage, which comes after the dual comparison matrices, is to calculate the eigenvector, which shows the importanc
of each elemennithe relevant matriwith respect to the othefalbayrak and Erensal, 2004)

In Egs 6) and(7), the % importance distribution of criterion is computed as follows:

© 3 (6)

0

(7)
Where:A i the values of the normalized matrices; . i the percentage importance distriloutiof criteria; ni the

number of criteria.

The fourth step is to ensure that the consistency ratio (CR) for each comparison matrix does nd08keéétke most.

A CR greater thari0% indicates inconsistency in the decision maker's judgments. The judgments in this case should be
improved. Eqsg) and @) are used to compute the CR value:

0. o z 0 . (8)

z

- ©)
Where:1 is the matrix's largest eigenvector a@ . is the weighted matrix.

Random Index (RI) is another value required to calculatg@Rat, 2013provides the data, which includes the RI valwdsich

are constant numbers determined by the N value. 1By specifies the calculation of the CR value based on this information.

&Y —— (10)

Where CR is the consistency ralio, is the matrix's largest eigenvector,i®the random index, and n is the number of criteria.

In this study, it is suggested that an AH&sed model be used on two levels to find the best model case by comparing these
model cases with the help of many ratios as a selection crit@tioough tle AHP analysis, the model cases will be named as
alternatives. The three alternatives (cases 1a, 1b, and 1c) with no vertical barrier countermeasure will be eliminaged from t
total number of alternatives, 21 alternatives, reducing the total numbeenfatites to 18 alternatives (six cases in each
category). Level (1) involves the model dealing with three categories (a, b, and c) in order to select the best attamative f
each. There are four criteria in category (a) (Rr, SMimum HHR, and WAR)and five in categories (b) and (c), with
RERwhich isindicating the artificial recharge, which is exclusively utilized in categories (b) and (c). The top three alternatives
from each of the three categories that emerged from level (1) can be usededh&dimal choice for the best alternative at
level (2). Pairwise comparisons with other criteria aid in determining the relative importance of each criterion in the
hierarchical structuring of the problem. The model's first level consists of one idaitixfor category (a) alternatives and
onematrix (5x5) for categories (b) and (c) alternatives, reflecting the relative weights of the astetigputsMoreover, five
matrices (6x6) show the relative weight among the alternatives in the case afigaatn. The model, on the other hand,
takes the same matrix for criteria weights and five matrices, each of which isgBa¥)xpresses the relative weight among

the final three alternatives for each criterion in its second level.
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3 Results and Discussions
3.1 Calibration and Verification of the Numerical Model

The steadystate condition in experiment 1 (the base casels 90 minutes after the experiment begiAs a validation of

the numerical model steadyate simulationigure 8 shows the observed and simulated saltwater lines for various simulation
times greater than 90 minutes. The figure shows that the simul#itedtsaline closely matches the observed one, with RMSE
values ranging from 0.90 to 1.19 for time ranging from 90 to 120 mimdtésh confirm the occurrence of a steegtate

condition after 90 minutes

~
<)

Casela (Simulated,
t=90min,R"2=0.99.RMSE=1.15)
— - —(Casela (Simulated,

t=110min,R"2=0.99 RMSE=1.19)
--------- Casela (Simulated.,

t=115min,R"2=0.99 RMSE=1.01)
— -+ Casela (Simulated,

t=120min,R"2=0.99 RMSE=0.902)
— = = Casela (Experimental, t=90min)

[ I
[ = TR ]
L
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<
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(=]
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Figure 8: Observed and simulatedsaltwater lines for experiment 1 (Casela) under steaeltate conditions at intervals longer than
90 minutes.
For transient results, the saltwater line for experiments 1 &mdsinulation times of 30, 60, and 90 minutésused toverify

the corresponding results tife numerical modelas shown irFigure 9 and Figure 10. Both figures show that the model
produces reasonable simulated resultstlier saltwater lines (case3a) when compared to the observedTabés5 also
shows the calibrated hydrogeological properties of the verifigdericalmode| including hydraulic conductivities in X, Y,
and Z directionsk, ky, k), specific yield §), specific storageS), and effective porosity4& The upcoming analysis will

consider the results at 90 minutes as a stastatg condition.
40 1 40 1

——— Case la (Simulated, t=30min,R"2=0.966, RMSE=2.56) 15
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Figure 9: Observed and simulated saltwater lines for experimentl (Casela) for transientasé condition: (a 30min, (b §0min, (c )
90min
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Figure 10: Observed and simulated saltwater lines for experiment2 (Case3a) for transient state conditidi@) 30min, (b §0min, (c )
90min

Table 5: Calibrated values of the hydrogeological properties

Hydrogeological Properties | k(cm/9 | k/(cm/9 | kAcm/9 | S S yis

Values 0.0069 | 0.0069 | 0.03 0.04 | 0.0619] 0.0428

3.2 Behaviorevaluation of saltwater intrusion, flow, and hydraulic heads forcategories (a), (b), and (cinodel cases
3.2.1 Saltwater intrusion and flow behaviors in category(a) model cases

The modeling results of saltwater intrusion and the accompanying flow behavior fas#seic category (a) will be discussed

in this sectionTwo evaluation ratios are considered, including IR and thexgLRloreover, conditional parameters (BDR)

and geometrical parameters (LR and DR) will be considered through the disc&égioa.11 depicts these outcomes, and
Table 6 provides a summary of the results.

Figures fromFigure 11alto Figure 11glas well as

Table 6 reveal that case 2a, which uses a vertical barrier with higR B&lues, has the lowest evaluation ratio values (see
Figure 11b1). Case 7a's evaluation ratios, on the other hand, have the highest values when a vertical barrier with low BDR
values is applied (sdeigure 11dl). Given these findings, flow behavior through the media sand needs to be investigated as
an explanation for the variation in evaluation ratios.

Figures fromFigure 11a2to Figure 11 depict the flow behavior of freshwater and saltwdtggure 11a2 depicts the flow
behavior of casela, demonstrating that the flow in zonel takes two directionakfté¥Wsind +¢X. The+'¢Y flow conserves
hydraulic heads near the saltwater boundary at the media sand level. FurthermgfX; tlosv forces freshwater above the
saltwaer line to flow in the same direction as the saltwater. Freshwater flow directions in zonr&2 arel-'¢Y in the upper

half of the zone ang®X and-"¢Y in the lower half of the zone. Because of #& and-"¢Y flows in zone 2, a separation line

with a DR value in the range of 0.37 to 0.45 could be identifiedluatratedin

Table 6 andshown inFigure 11a2. Along zone2, the'¢Y flow direction conserves hydraulic hedwlthe upcoming analysis,

the DR value of the separation line will be ternb#keparation

14



368 Figure 11b2shows that the vertical barrier impedes freshwater flows from zone2a to zone2b, creating overlayingipressure
369 zonela, resulting in a dramatic drop and rise of the saltwater line shortly before and after the verticalloaeoeer as

370 shown in

371 Table 6, thevalue ofDRseparaioincreases to be in the range of 0.40 to 0.50 when compared to casela.

372 The flow of freshwater from zone2a to zone2b is boosted by continuing to decrease BDR values, producing fluctuations in the
373 saltwater line. Because of this flow, the overlying pressure of freshwater on zmredacel, leading the SLR value in this

374 zoneto rise (sed-igures 11¢2,11d2,11e2,11f2, 11g2). Furthermore, these figures and

375 Table 6 show thaDRseparatiovalues are increasing, indicating that the majority of the freshwater flow in zone 2b is'RYthe

376 flow direction, resulting in hydraulic head reduction through zbise.

377 Based on the given results, it is possioleoncludehat case2a has the lowest evaluation ratio values among the other cases.
378 Furthermore, larg®Rseparationvalues, such as caseTianit the hydraulic headscreatingan excess increase in the evaluation
379 ratios (sedrigure 11gl and Figure 11g® In addition adopting a vertical barrier with a high BDR ratio could effectively
380 manage the saltwater intrusion. Furthermore, management of saltwater intrusion will be ednsitlés study by managing

381 theDRseparaiords Well as the hydraulic heads along zone2b using groundwater artificial recharge in conjunction withfthe us
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a vertical barrier.
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401 Table 6: Values of the evaluation ratios and DR values for category (a) model cases

Conditional| Evaluation Geometrical
Cases | Parameters Ratios Parameters
BDR IR SLRan LRIntrusion DRseparation
Casela 0.97| 0.28 | 0.45 | 0.37.0.45
Case2a| 0875 |0.83| 0.20 | 0.39 | 0.400.50
Case3a 0.75 0.90| 0.23 | 0.42 | 0.500.68
Caseda| 0625 097| 0.25 | 0.45 | 0.600.70
Casesa 0.50 097| 0.31 | 045 | 0.690.75
Case6a| 0375 1.05| 0.29 | 048 | 0.71:0.78
Case7a|  0.125 1.05| 0.32 | 048 | 0.760.85
402 3.2.2 Hydraulic head variations incategory(a) model cases
403 As illustrated inFigure 12, the hydraulic head variations indicated by the HHR evaluation ratio are investigated for the
404 category(a) model caséghis figure illustrates the relationship between HHR and LR ragiaisplaying the minimuntHR
405 values andtheir locatiors alongthe aaifer. Figure 12 shows that the hydraulic head of case7a has the lowest HHRofalue
406 0.91 compareavith the other cases (cases@a)located ab LR valueof 0.55 (sed-igure 12g). On the other hand;asela,
407 has the higbst value of theninimum HHR (0.98)anda location has &R of 0.44, as shown iRigure 12a.
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Figure 12: Valuesand locations ofthe minimum HHR of the category (a)model cases (a) casela, b) case2a(c) case 3a(d) case4a,

(e) caseba(f gaseba(g gase7a

The above results can be summarizedlastratedin Figure 13, which depicts the effect of BDR on the locati@R), the

value of the minimum HHRand the IR ratios. The minimum hydraulic head is located at zone2b for all study cases (casela
case7a), wit LR values ranging from 0640 0.55 and corresponding minimum HHR values ranging from 0.91 to ©r98.

the other handhe maximum IRoccursfor both cases 6a and 7a with a value obIMenusinga BDR in thevaluerange

from 0.25t0 0.38. Given thesdindings, increasing the hydraulic hepresented bMHR could effectivelycontrol saltwater
intrusion when combined with the vertical barrier countermeasure. Bopuhposeusing groundwater artificial recharge,
whether by surface or subsurface recharge, at the location of the minimum HHRLRilimethe rangdrom 0.45 to 0.55),
combined with the use of a vertical barrier, could be usedrntrol saltwater intrusion, as will béiscussed in the following

sections of this study.
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Figure 13: Effect of BDR on the IR and minimum HHR values and locations
3.2.3 Saltwater intrusion and flow behaviors in categories (b) and (c) model cases

Groundwater artificial recharge is usecctintrol saltwater intrusion in zone2b along the LR rarfgen{ 0.45 to 0.55), which
has a minimum value of HHR for preserving its value at the unity value. Surface and subsurface ezemangerically
discussedeither separately or in conjunction with the vertical barrier, as shownran! Reference source not fourfdr
category (b) and category (ejodelcases. The recharge is applied alongwhele range of.R values from 0.45 to 0.55 for

surface recharge. In contrast, for subsurface recharge, the recharge is applied as a line of wells at the midpoirg &Rhe sam
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range at a value of 0.5. The resufscategory (b) and category (c) study cases will be compared with the base case results
(casela) and the corresponding cases of category (a) in the following discussidepicted ifrigure 14 and summarized

in Table 8.

As an analysis of the saltwater intrusion based on the evaluationfratioBigure 14alto Figure 14gl as well asTable 8,

it is found that case3b has the lowest IR vam®ngall themodelcasesncluded in categories (a), (b), and.(dpwever, the
SLRayg values of case2a and case3b are the lowest, with case2a having a lower value than case3b.

The saltwater and freshwater flolehavios could bedescribedfrom Figure 14& to Figure 14g2. In caselb, the surface
recharge works as a hydraulic barrier thaavents saltwater from flowg in the *¢X direction as well as forces it to flow
intensively in th&"eY direction. This behavior causes an increase irstti,g, compared with that of caselnd the majority

of recharged freshwater is forced to tak&“X direction (sed~igure 14a2. The flow behavior in caselc is similar to that in
caselb (seEigure 14a3, butits SLRay is higher, indicating that the countermeasure effect of subsurface recharging, which
is a line of wells, is less than that of surface recharge, which is a water mass.

In contrast to Case 2b, the value of SLR rises due t°¥éow direction of surfae recharge towards the neck area beneath
the vertical barrier, preventing the saltwater line from intrudifigure 14b2). Because well recharge has a lower effect than
surface recharge, the IR and LR ratios are higher in case 2c¢ than in Gassh@lvnin Figures 14b2and14b3 andillustrated

in Table 8.

In the case3b flow behavior, freshwater flows intensively from zone 2a to zone Higiseel4c?), causingSLRaygto decline

to become the least among the category (b) model cases. Because of the poor influence of well recBaRyg, whkeie for
case3c is greater than that of case3b, as demonstratedl@8. By continuing to lower BDR for cases 4b, 5b, 6b, and 7b, as
well as the corresponding cases in category (c), the freshwater flows from zone 2a to zone ¥ dhection, which
reduces the effect slurface and well recharge, as showiiatle 8.

Because of the artificial rechargfeat appliesn categories (b) and (cdhe hydraulic heads along the experiment section are
unchangedor all model casesand the DR:paraioriS Nearly the same with a value range from 0.75 to 0.90.

Based on the findings, it is possible to conclude that artificial aquifer recharging aldrig Wiakuesfrom 0.45 to 0.55 which

has a minimum value dhe HHR ratio to conserve its value, agll asthe unity accompanied by usiagertical barrier, has

a significanteffecton controllingsaltwater intrusionFurthermore, because of its body massface recharge is more efficient
than well rechargeConclusively, thevalue of IR, as an evaluation ratimr caseb is the lowestamong the whole cases
included in categories (a), (@nd (c). However, the minimum value $if Ray is achieved in case2epnfirming the efficient
combination of the vertical barrier and surface recharge at the location of the minimum HHR (LR in theorards to
0.55).

Surface Recharge Zone
7] LR (XMLl

) 0.51 0.595 0.68 0.765 0.85 0935 1.00
T T T T T T T T T T

0.34 0.425
T T

— Casela(Simulated, t=90min) 3
0.9 ~ « — — Caselb(Simulated, Surface Recharge, t=90min)
\'\\— + = Caselc(Simulated, Borewell Recharge, =90min) A

[l ¥a

0 ST0 S0 SL0 00°T

(a2)

0 0.085 0.017 0.255 0.34 0.424 l 0,51 0.505 0.68 0.765 0.85 0935 100
T T T T T T T T T T T T T

S0 0T

[avalwa

‘-~
=~

0 01 0203040506070809 1 1.1 1.2)%5
IR [Lpymax. L) N Lo
(al)

M
0 STO0 S0

19



461

462

463

464

0.9
0.8
0.7
306
= 0.5
o 0.4
703
0.2
0.1

Surface Recharge Zone
! LR [X/Lyeal

lost 0.595 0.68 0.765
T T T T

Y Casela(Simulated, t=90min)

Case2a(Simulated, NAR=0.125,
BDR=0.875, t=90min)

v
i
1
I

NAR=0.125, BDR=0.875, t=90min)

- - = Case2c(Simulated, Borewell
Recharge. NAR=0.125, BDR=0.875 |

.

74
Voftical Barrier

— — Case2b(Simulated, Surface Recharge. ™

Borewell Recharge .
LR [)(f L'Illedﬂ]

0.595 0.68
T T

t=90min) T

‘E.K\

0 010203040506070809 1 1112

0.017
T

0.258 0.34 0.425
T T T

IR [Ljzymax. L)
( ) (in).

Recharge Zone
(17 ] RN

i
0.42: 0.51 0.595 0.68
T S 105 TR T

====Casela(Simulated, =90min)

Case3a(Simulated, NAR=0.25,
BDR=0.75, t=90min)

— Case3b(Simulated, Surface Rechalge:
NAR=0.25. BDR=0.75. t=90min)

Vertical Barrier

« = Case3c(Simulated, Borewell
Recharge, NAR=0.25, BDR=0.75. |

=
| (2)
Recharge
LR [X‘q-‘medm]

0.595 0.68
T T

~ =90min) T

oo

e
m

506070809 1
‘max. L)

0 010203 ?.4
IR [Ly

1T 1:2[%

|

(ch)

7
{0
3

ST0 S0 SLO opT

[avA] wa

§T0 §0 S0 00T

@Al ¥a

ST0 S0 S0 por

[avalaa

lasalaa

L
[

0

0

----- Casela(Simulated, t=90min)

Caseda(Simulated, NAR=0.375,
BDR=0.625. t=90min)

[— — Case4b(Simulated, Surface Recharge L.

NAR=0.375, BDR=0.625. t=90min)

+ = Casede(Simulated. Borewell

_ . _ Recharge, NAR=0.375, BDR=0.625,

L T =90min)
AY

Vertical Barrier

—_
o —

—_—

Recharge

LR [X/Lpeais]

0.505 0.68 0.765

S P e e

0351 0.85 0.935
AL - 0038 .

e

1.00
——

0 010203040506070809 1
IR [Liny/max. L)

1.1 12

(1)

{(d3)
Surface Recharge Zone

I ! | LR [X/Lyeqa]

0428 losi 0.595 0.68
T T T

----- Casela(Simulated, t=90min)

CaseSa(Simulated, NAR=0.5,
BDR=0.5, t=90min)

— Case5b(Simulated. Surface Recharge B

§0 S0 001

sT0
[aAl¥a

o

ST0 §0 5L gl

[avAl ¥@a

[

ST S0 S0 00t

[awAl ¥a

ertical Barrier

Vertica

NAR=0.5, BDR=0.5, t=90min)

= CaseSc(Simulated, Borewell
* Recharge, NAR=0.5. BDR=0.5,
t=90min)
A

Recharge IR [¥1,
ﬂ.‘Fl
]

med‘m]

0.595 0.68
T T

0 010203040506
R

?.7 0.8 09
Linymax. Liq)

(eD)

20

ST0 S0 SL0 001

[avalwa

[



465

466
467

468
469 Figure 14 Simulated saltwaterlines and groundwater flow behaviorof the category (b)and (c) model cases:(a) caselb &1c,(b )
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