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Abstract: Barrier walls are considered one of the most effective methods for facilitating the retreat
of saltwater intrusion (SWI). This research plans to examine the effect of using barrier walls for
controlling of SWI in sloped unconfined aquifers. The sloping unconfined aquifer is considered
with three different bed slopes. The SEAWAT model is implemented to simulate the SWI. For model
validation, the numerical results of the seawater wedge at steady state were compared with the
analytical solution. Increasing the ratio of flow barrier depth (db/d) forced the saltwater interface to
move seaward and increased the repulsion ratio (R). With a positive sloping bed, further embedding
the barrier wall from 0.2 to 0.7 caused R to increase from 0.3% to 59%, while it increased from 1.8% to
41.7% and from 3.4% to 46.9% in the case of negative and horizontal slopes, respectively. Embedding
the barrier wall to a db/d value of more than 0.4 achieved a greater R value in the three bed-sloping
cases. Installing the barrier wall near the saltwater side with greater depth contributed to the retreat
of the SWI. With a negative bed slope, moving the barrier wall from Xb/Lo = 1.0 toward the saltwater
side (Xb/Lo = 0.2) increased R from 7.21% to 68.75%, whereas R increased from 5.3% to 67% for the
horizontal sloping bed and from 5.1% to 64% for the positive sloping bed. The numerical results for
the Akrotiri coastal aquifer confirm that the embedment of the barrier wall significantly affects the
controlling of SWI by increasing the repulsion ratio (R) and decreasing the SWI length ratio (L/La).
Cost-benefit analysis is recommended to determine the optimal design of barrier walls for increasing
the cost-effectiveness of the application of barrier walls as a countermeasure for controlling and
preventing SWI in sloped unconfined aquifers.

Keywords: saltwater intrusion; numerical modeling; embedment depth; barrier wall; coastal aquifer
sustainability; groundwater pollution

1. Introduction

Water has a significant role for human beings. Unluckily, water has been deteriorating with
respect to quantity and quality over time. The problems identified with the quantity and quality of
water have been expanding everywhere throughout the world, including saltwater contamination.
Consequently, issues identified with seawater contamination (as saltwater intrusion) have come to be
a significant issue for human beings [1]. The groundwater abundance introduces its role as the major
freshwater source to satisfy the need of the human population. Unluckily, the impact of urbanization
and industrialization toward groundwater systems leads to groundwater contamination [2].
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In general, the categorization of groundwater contamination sources is due to either natural or
anthropogenic sources. The first category “natural sources” is related to the geological formations
with shallow groundwater mass (the chemical interaction between water and rock in cold waters),
infiltration process from the surface water bodies with low quality (rivers, canals, and lakes),
saltwater intrusion, and impact of geothermal liquids (the interaction between water and rock
in hot waters) [3]. The anthropogenic sources are mainly attributed to outrageous utilization of
agricultural, pesticides, herbicides, wastes from mining activities, removal of wastes from industries,
landfill sites, and imperfect well construction [4].

Seawater intrusion is one of the kinds of groundwater contamination [5]. The groundwater
abstraction and human activities results in distribution of the balance naturally found in between
the freshwater and saline water in the coastal aquifers. In addition, it minimizes the flow of freshwater
to seaside and reduces the volume of freshwater. Further, saline water intrudes more into coastal
aquifers, and as a result it becomes not accessible to use. The contamination of groundwater is basically
brought about by human activities, particularly because of groundwater exploitation for settlement,
shrimp cultivating, and the fisheries on the seashore [1]. Saltwater intrusion as a kind of groundwater
contamination that happens in the interface among the groundwater and the saltwater [6]. The density
of seawater is exceeding the freshwater, so the saline water pushes the freshwater in the groundwater
system [2].

Among several freshwater sources, groundwater in coastal regions is one of the significant sources
all around the globe. The development of regions near the shoreline of coastal areas, in addition
to a limitation of surface water in these areas, increases the pressure on fresh groundwater [7,8].
In addition, abstraction from groundwater systems in coastal aquifers becomes essential to cover
the demand, leading to groundwater level depletion and reduced groundwater flow to the sea [9,10].
As a result of that, saline water intrudes further inland into coastal aquifers [11,12]. Saltwater intrusion
(SWI) deteriorates the groundwater quality, decreases fresh groundwater volume, and threatens
the groundwater itself [13–17]. SWI is the major environmental problem in the systems of coastal
aquifers [18,19]. The rise in the seawater level has an important effectiveness on the SWI process, as it
accelerates the SWI degree. The IPCC has reported that the seawater level is expected to rise in a range
from 0.52 to 0.98 m before the end of the current century [20,21]. Several studies have suggested
different strategies for preventing or controlling the SWI in coastal aquifers [22–25]. These methods can
be summarized as the following measures: (i) a decrease in groundwater abstraction [26,27], (ii) artificial
recharge through recharge wells and spreading basins [28,29], (iii) freshwater injection in the coastal
area to maintain the freshwater ridge [30–33], (iv) abstraction of saltwater along the coast [34,35],
(v) construction of underground barriers [36,37], (vi) optimization of the rate of abstraction [38–40],
(vii) land reclamation, and (viii) a combination of different techniques [41,42]. These approaches are
described in the following paragraphs.

Anwar (1983) examined the impact of using cutoff walls to control seawater intrusion. An analytical
solution was established according to the sharp interface approach to determine the saltwater interface
location with the use of a cutoff wall [43]. The coefficient values in the analytical relationship were
derived based on the laboratory experiments. Basri (2001) developed two new methods based
on implicit and explicit simulation-optimizing methodologies to increase the cost-effectiveness of
controlling SWI using an underground cutoff wall [44]. Several scholars have implemented laboratory
experiments to investigate the effectiveness of installing barrier walls to control SWI [28,36,45–47].
Luyun et al. (2011) did experimental tests to investigate the use of underground barrier walls with
different embedding depths and locations to control SWI [28]. The results showed that embedding
the underground barrier wall more in the aquifer and nearer to the seawater side led to a retreat of SWI
and an increase in repulsion ratio of saltwater intrusion (R). Allow (2012) utilized the SEAWAT code to
simulate the consequence of using injection through wells or a subsurface flow barrier in controlling SWI
in a Damsarkho (Latakia, Syria) coastal aquifer [48]. The results showed that using subsurface barriers
or injection wells was effective in preventing SWI. Kaleris and Ziogas [46] implemented numerical
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simulations to investigate the effectiveness of a cutoff wall to control SWI and keep groundwater
abstraction for a wide selection of wall geometries and aquifer hydraulic parameters. Designed charts
and empirical formulas were presented for use in the field to assess the effectiveness of the flow
barrier. Abdoulhalik and Ahmed (2017) implemented a numerical analysis and laboratory study on
the control of SWI in aquifers with stratification [47]. Abdoulhalik et al. (2017) established a modern
mixed flow barrier that combines a cutoff wall and a semi-pervious dam [45]. The established wall
maintained the SWI transport to the seawater side and attained a significant repulsion ratio of SWI.
Armanuos et al. (2019) implemented laboratory tests to investigate the effectiveness of using an
underground barrier wall, freshwater injection through wells, and a combining together of methods to
control the advancement of SWI [32]. Lu et al. (2016) used the Dupuit–Forchheimer approximation to
develop an analytical solution to describe SWI in confined and unconfined sloped aquifers. The results
confirmed that the SWI interface tip depended on the bed geometry layer [49]. Armanuos et al. (2020)
utilized SEAWAT to explore the consequence of using freshwater recharge out of underground wells for
controlling the SWI in unconfined sloped aquifers [33]. A sensitivity examination was accomplished to
investigate the effect of changing the aquifer bed slope and hydraulic parameters on the repulsion ratio
of SWI. The results confirmed that injection at the toe position achieved higher repulsion ratio values.

Underground physical barriers can be characterized as underground impermeable or
semi-impermeable hydraulic structures built in the coastal aquifers to preserve groundwater,
for saltwater prevention, increasing the freshwater volume, and increasing capacity of groundwater
storage. Two types of underground physical barriers exist relying upon the opening area for
the groundwater flow starting from the freshwater side to the coast [14]. Subsurface dams are
considered underground storage dams including a base fixed on the foundation of the aquifer and an
opening crest on the upper aquifer region. On the other hand, subsurface flow barriers are not implied
for groundwater storage yet may essentially be physical barriers embedded throughout the direction
of groundwater flow to change the flow. Subsurface flow barriers penetrated the aquifer partially
and have openings below the barrier wall at the lower aquifer. Subsurface flow barriers are implied
essentially to increase the groundwater level and control the saltwater intrusion. Underground dams
were built in the Roman times by the ancient civilization in Sardinia and in the Northern area of
Africa [50]. As of late, groundwater dams with small scale have been constructed in the Southern and
the Eastern parts of Africa, India, Brazil and Japan. Japan has come to be the prominent supporter of
underground dam innovation.

Prof. Kachi is considered the first researcher to suggest the full-scale of underground dam, which
was constructed in Japan in the year of 1945, yet the first part of the built dam was not constructed
until 1974, on Kabashima Island of the coastal area of Nagasaki [14]. The Kabashima underground
dam was constructed with a 24.8 m height, its length at crest was 58.5 m, and was introduced utilizing
grouting techniques. From that time, the development of underground dams has improved increasingly.
For example, in Miyakojima Island, the Fukuzato dam has a height of 70 m, a crest length of 2.9 km,
and was constructed with a reservoir capacity excess of 10 million m3. There are currently around 15
underground dams constructed in Japan, seven of which were explicitly built to prevent and control
SWI inland into coastal aquifer systems [14]. There is a shortage of data and evidence on current
partially embedded underground flow barriers built for SWI control. Be that as it may, the advantages
and disadvantages, the requirements of design might be patterned after subsurface dams.

The feasibility of a subsurface barrier relies on different geographical and hydrogeological factors.
Subsurface dams are recommended to build in limited areas, where valleys lie beneath by an aquifer
bedrock or formation with low conductivity. This diminishes the expenses of construction and makes
it conceivable to evaluate the volume of storage and to control conceivable leakage losses. Hanson and
Nilsson (1986) detailed that regions with slope range from 1 to 5% are extremely practical [50].
Underground barriers are ideally built at sites with high permeability, for example, sand and gravel
riverbeds, the zones of watershed, and deep alluvial layers. While the embedment of underground
barriers includes subsurface works, the construction cost turns out to be genuinely high contrasted
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with different techniques. While numerous groundwater engineers accept that cost of construction is
a significant restriction for construction of an underground barrier, engineers in Japan have prevailing
research with regards to decreasing the expense by using advanced construction systems, for example,
the soil mixing wall (SMW) or trench-cutting remixing deep wall (TRD) techniques for the construction
of barrier walls. Over the long haul, low costs of operation may adjust the significant expense of
underground barriers construction [14]. The Komesu concrete subsurface dam (cutoff wall) located
in Japan, with length of 2320 m, with width of 0.54 m and 70 m depth below the mean sea level,
can be introduced as a good case for underground physical barriers constructed with a large scale for
protecting a groundwater aquifer system from SWI.

The following sentences present the approximate bed slope values of different coastal aquifers
according to published papers and reports: Nile Delta aquifer (Egypt) 0.30–0.40% [51], Cyprus aquifer
(Carpus) 1.7% [52]), Mediterranean aquifer (Mediterranean coastal area) 1.0% [53], Gaza aquifer (Palestine)
1.33% [54], Tripoli aquifer (Libya) 2.0–2.5% [55], Buraydah aquifer (Saudi Arabia) 0.72% [56], Laizhou bay
aquifer (China) 0.27% [57], Biscayne aquifer (USA) 0.0% [58], Karst Coastal aquifer (Central Italy) 0.0% [59],
Gulf coastal aquifer (USA) 1.46% [60], Ethiopian coastal aquifer (Ethiopia) 1.25% [61], Maryland coastal
aquifer (USA), 1.26% [62], Germasogeia aquifer (Cyprus) 1.0% [63], Ravenna aquifer (Italy) 0.1% [64],
North Carolina aquifer (USA) 0.55% [65], and Hypothetical aquifer (from −244% to 2%) [49].

To the best knowledge of the current research, the reviewed literature studies did not investigate
the effectiveness of using a barrier wall for controlling SWI in sloped unconfined aquifers and considered
only horizontal aquifers. Therefore, the primary research aim of the current study is to evaluate
the effect of using an underground barrier wall on the control of SWI in sloped unconfined aquifers.

2. Materials and Methods

2.1. Numerical Modeling Approach

In this research, SEAWAT code was applied to simulate the SWI interface and the repulsion of SWI
interface after installing a barrier wall to control SWI. The utilized model was followed to established
research by [66]. The main advantage of the SEAWAT model is that it can apply both MODFLOW
and MT3DMS. In addition, it is capable of solving integrated formulations of groundwater and solute
transport flow. Conceptually, it implements Variable Density Flow (VDF) computations. Based on
the reported literature, SEAWAT has been extensively employed to solve different experimental
problems (for example, see [67,68]). The following variable-density groundwater flow equation,
in terms of the equivalent freshwater head, was solved by the (VDF) process in SEAWAT [66,69]:

∇
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where ρ0 is the density of fresh groundwater (ML−3), ρ is the density of saline groundwater (ML−3), µ0 is
the freshwater dynamic viscosity (ML−1T−1), µ is the saline groundwater dynamic viscosity (ML−1T−1),
h0 is the hydraulic groundwater head (L), Ss,0 is the specific storage (L−1), K0 is the hydraulic conductivity

tensor of material saturated with the reference fluid (LT−1),
′
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a density of ρs, θ is the porosity (M0L0T0), t is the time (T), and C is the salt concentration (ML−3).

The Integrated MT3DMS Transport (IMT) process in the SEAWAT program solves the following
solute transport equation [69]:1 +
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where θ is the porosity (M0L0T0), Ck is the concentration of species k (ML−3),
′

qs is a source or a sink
(T−1) of a fluid with a density of ρs (ML−3), ρb is the bulk density (ML−3), Kk

d is the value of distribution
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coefficient of species k (L3M−1), D is the value of hydrodynamic dispersion coefficient (L2T−1), q is
the value of specific discharge (LT−1), and Ck

s is the value of source or sink concentration of species k
(ML−3).

2.2. Sloping Unconfined Coastal Aquifer

In this study, the sloping unconfined aquifer by [49] was utilized to investigate the effect of using
a barrier wall for controlling the SWI in an unconfined sloped aquifer. Figure 1 shows the sloping
unconfined coastal aquifer and boundary conditions. The dimensions of model cell were set to
∆x = ∆y = 1.0 m. The defined dispersivity in longitudinal and transverse directions was 1.0 and
0.10 m, respectively. Three values of sloping bed (tan β) were studied: 0.02, 0.0, and −0.02 for
positive, horizontal, and negative slops, respectively. The defined seawater head (hs) was 40.0 m,
and the freshwater head (hf) was defined in a variety from 41.50 to 43.00 m with a step of 0.50 m.
The defined density for the freshwater head boundary was 1000 kg/m3 with a constant salt concentration
equal to zero. The defined density for the seawater head boundary was 1025 kg/m3 with a constant salt
concentration equal to 35,000 mg/L. The defined hydraulic conductivity was 10 m/day in all directions,
where the domain was assumed to be a homogenous and isotropic aquifer. The defined porosity is
0.43. The parameters descriptions of the studied case are shown in Table 1, and the defined parameters
of SEAWAT are presented in Table 2.

Table 1. Parameter definitions.

Parameter Definition

d Aquifer depth
La Aquifer length
Lo The initial length of SWI wedge
L The length of SWI wedge after embedding the barrier wall

L/La SWI length ratio
R The repulsion ratio R = (Lo − L)/Lo
Xb Distance of barrier wall measured from the seaside

Xb/Lo The wall distance ratio
db The wall depth

Tan β Bed slope value of the aquifer
db/d The wall depth ratio

hs The defined head of saltwater
hf The defined head of freshwater
i Hydraulic gradient
ρf The defined density of freshwater
ρs The defined density of saltwater
K The defined Hydraulic conductivity
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Figure 1. Dimensions and specifications of the hypothetical unconfined aquifer: (a) Horizontal aquifer;
(b) positive sloping; (c) negative sloping; (d) sloping bed values of the unconfined aquifer.

Table 2. Input parameters for numerical simulation of the flow barrier.

Input Parameter Values

Domain length 1000 m
Domain height 45.0 m

Porosity 0.43
Freshwater head 41.50 m
Saltwater head 40.00 m
Aquifer length 1000 m

Freshwater density 1000 kg/m3

Saltwater density 1025 kg/m3

Freshwater concentration 0.0 mg/L
Saltwater concentration 35,000 mg/L
Hydraulic conductivity 10 m/day
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Table 2. Cont.

Input Parameter Values

Longitudinal dispersivity 1.0 m
Transverse dispersivity 0.1 m

Molecular diffusion coefficient 1 × 10−6 cm2/s
Cell size 2.0 × 2.0 m

Solution of the flow equation
Matrix solution techniques (Pre-conditioned Conjugate-Gradient) PCG

The value of head convergence 1 × 10−7 m
The value of flow convergence 1 × 10−7 kg/day

Advection term (Third-order total variation diminishing) TVD
Courant number 0.10

Dispersion and source terms (Generalized Conjugate-Gradient) GCG
The value of concentration convergence 1 × 10−7

The SEAWAT code was initially calibrated by comparing the SWI interface of the analytical
solution with that of the numerical one (SEAWAT model) for the following two cases, which were
presented in [49]. The first case was a positive sloping unconfined aquifer with tanβ = 0.02, hs = 40.0 m,
and three different values for the freshwater head: hf = 41.50, 42.0, and 42.50 m. The second case
was a negative sloping unconfined aquifer with tanβ = −0.02, hs = 40.0 m, and three different values
for the freshwater head: hf = 41.50, 42.0 and 42.50 m. The correlation coefficient and RMSE value
were computed to compare the SWI interface in the numerical results with that in the analytical
solutions [17,70]. The values of the simulation parameters used to study the sensitivity of the hydraulic
parameters and barrier wall parameters are shown in Tables 3 and 4, respectively.

Table 3. Tested numerical simulation range of hydraulic parameters to test the effect on saltwater
intrusion (SWI) length.

Parameters Range

Bed slope: tan β
Negative slope: −0.02, −0.015 and −0.01

Horizontal slope: 0.0
Positive slope: 0.01, 0.015 and 0.02

Hydraulic conductivity K 10, 15, 20 and 25 m/day
Head of saltwater hf 40.00 m

Head of Freshwater hs 41.50, 41.75, 42.00, 42.25, 42.50, 42.75, and 43.00 m

Hydraulic gradient i 0.0015 (1.5/1000), 0.00175 (1.75/1000), 0.002 (2.00/1000), 0.00225
(2.25/1000), 0.0025 (2.50/1000), 0.00275 (2.75/1000) and 0.003 (3.00/1000)

Saltwater density ρs
1022, 1025, 1027 and 1030 kg/m3 with defined salt concentration equal to

30,000, 35,000, 37,500 and 40,000 mg/L, accordingly

Table 4. Tested numerical simulation range of hydraulic parameters to test the effects on the repulsion
ratio R.

Parameter Range

Bed slope: tan β
Negative: −0.02
Horizontal: 0.0
Positive: 0.02

Hydraulic conductivity K 10, 15, 20 and 25 m/day
Head of saltwater hf 40.00 m

Head of Freshwater hs 41.50, 41.75, 42.00, 42.25, 42.50, 42.75 and 43.00 m

Hydraulic gradient i 0.0015 (1.5/1000), 0.00175 (1.75/1000), 0.002 (2.00/1000), 0.00225
(2.25/1000), 0.0025 (2.50/1000), 0.00275 (2.75/1000) and 0.003 (3.00/1000)

Saltwater density ρs
1022, 1025, 1027 and 1030 kg/m3 with defined salt concentration (Cs)

equal to 30,000, 35,000, 37,500 and 40,000 mg/L, accordingly
Barrier wall depth ratio db/d 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 and 0.8

Barrier wall distance ratio Xb/Lo 0.2, 0.4, 0.6, 0.8 and 1.0
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2.3. Model Calibration

Figure 2a compares the results of the analytical and numerical SWI interfaces for the positive
sloping bed unconfined aquifer (tanβ = 0.02). The analytical results of SWI length in the steady
state were 280, 225 and 185 m for a freshwater head of 41.50, 42.0 and 42.50 m, compared with 265,
220 and 175 m correspondingly in the numerical solution, as shown in Figure 2a. The comparison
between analytical and numerical results depicts a good agreement, with correlation coefficients
equal to 0.995, 0.993 and 0.998 and RMSE equal to 1.93, 1.76 and 1.54 m for hf equal to 41.50, 42.0
and 42.50 m, respectively. Figure 2b displays the relationship among the analytical and SEAWAT
outcomes for the steady-state SWI wedge interface for an unconfined aquifer with a negative sloping
bed (tanβ = −0.02). The lengths of the SWI wedge in the analytical solution were 622, 285 and 205 m,
while the corresponding lengths in the numerical results were 525, 275 and 200 m, as shown in Figure 2b.
The comparison between numerical and analytical solutions shows a good agreement, with correlation
coefficients equal to 0.948, 0.991 and 0.995 and RMSEs equal to 4.52, 1.73 and 1.33 m for hf equal to
41.50, 42.0 and 42.50 m, respectively.
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3. Results and Discussion

3.1. Sensitivity Analysis of the Effect of Hydraulic Parameters on SWI Length

3.1.1. The Impact of the Hydraulic Gradient (i) on the SWI Length Ratio in Sloping Unconfined Aquifers

In this part, a sensitivity analysis of the SWI length ratio resulting from variations in the hydraulic
gradient was performed for seven different values of the hydraulic gradient (0.0015, 0.00175, 0.002,
0.00225, 0.0025, 0.00275 and 0.003), along with five different unconfined aquifer slope values (0.02%,
0.01%, 0.0%, −0.01% and −0.02%). Increasing the hydraulic gradient led to a decrease in the SWI length
ratio. In the case of negative tan β equal to −0.02, the SWI length ratio decreased from 52.4% to 16.4%
when the i value increased from 0.0015 to 0.003. The effect of the hydraulic gradient on the SWI length



Water 2020, 12, 2403 9 of 30

ratio was less significant for positive values of tan β. The decrease in the SWI length ratio was smaller
(from 26.4% to 16.4%) for a positive value of tan β equal to 0.02 than that for a negative slope of −0.02
(see Figure 3a). In comparison with a horizontal unconfined aquifer bed slope, negative values of tan β

led to further movement inland of the SWI interface, while positive values of tan β caused the saltwater
interface to be pushed more seaward.

3.1.2. The Impact of Bed Slope on the SWI Length Ratio in Sloping Unconfined Aquifers

In this analysis, the impact of the unconfined aquifer bed slope tan β on the SWI length ratio
was explored for seven different bed slopes (−0.02, −0.015, −0.01, 0.0, 0.01, 0.015 and 0.02), with five
different hydraulic gradient values (0.0015, 0.00175, 0.002, 0.00225 and 0.0025) (Figure 3b). The SWI
intruded into the aquifer further inland in the case of negative values and positive values of tan β

compared with a horizontal slope. Decreasing tan β from 0.02 to −0.02 cause the SWI to advance more
inland in the aquifer, and the SWI length ratio increased from 26.4% to 52.4% when the hydraulic
gradient was equal to 0.0015. In addition, for the highest value of the hydraulic gradient (0.0025),
the saltwater intruded less inland when L/La decreased to 17.6%, as shown in Figure 3b.
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3.1.3. The Impact of Hydraulic Conductivity (K) on the SWI Length Ratio in Sloping Unconfined Aquifers

The impact of (K) on the SWI length ratio was tested for four K values (10, 15, 20 and 25 m/day)
and for seven values of the hydraulic gradient (0.0015, 0.00175, 0.0020, 0.00225, 0.0025, 0.00275 and
0.003) (Figure 4). Three different bed slope values for the unconfined aquifer (0.02, 0.0 and −0.02)
were considered. Increasing the values of hydraulic conductivity caused the seawater to move more
toward the aquifer. For an unconfined aquifer, the ratio of the SWI length increased more for a negative
tan β value equal to −0.02 compared with horizontal and positive slopes (0.00 and 0.02), as shown
in Figure 4a,b. In the case of a positive slope (0.02%), increasing K from 10 to 25 m/day caused the
L/La ratio to increase from 26.4% to 30.0% with i = 0.0015 and from 15% to 23% in case of i = 0.002.
Moreover, the highest value of the L/La ratio was observed in the case of negative tan β equal to −0.02,
where L/La increased from 52.4% to 62.4% when K was changed from 10 to 25 m/day in the case of
i = 0.0015, as shown in Figure 4c.
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3.1.4. The Impact of Saltwater Density on the SWI Length Ratio in Sloping Unconfined Aquifers

To visualize the impact of saltwater density on the SWI length ratio, four values of saltwater
density were tested. This was done for seven different hydraulic gradient values (0.0015, 0.00175,
0.002, 0.00225, 0.0025, 0.00275 and 0.003) and for three values of unconfined aquifer bed slopes tan β

(0.02, 0.00 and −0.02), as demonstrated in Figure 5. The SWI length ratio increased with the increase in
saltwater density and concentration. For an unconfined aquifer, the negative value of the bed slope
led to more inland migration of SWI with high density compared with a horizontal bed and positive
slopes, as shown in Figure 5a,b. Increasing ρs from 1022 to 1030 kg/m3 caused the SWI to further
intrude into the unconfined aquifer, where the SWI length ratio increased from 33.4% to 100% with
a low hydraulic gradient value (equal to 0.0015), and the aquifer became fully intruded with a negative
bed slope, as shown in Figure 5c. In the case of tan β equal zero, the SWI length ratio increased from
28.4% to 40% with a hydraulic gradient equal to 0.0015, as shown in Figure 5b. On the other hand,
the SWI length ratio decreased with a hydraulic gradient of 0.003, whereas it increased from 12.8% to
18% when ρs increased from 1022 to 1030 kg/m3, respectively.
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3.2. Sensitivity Analysis of Hydraulic Parameters on the Repulsion Ratio (R)

3.2.1. The Impact of Barrier Wall Distance on the Repulsion Ratio (R) in Sloping Unconfined Aquifers

In this part, a sensitivity analysis of variations in the repulsion ratio (R) in response to the distance
ratio of the wall Xb/Lo was performed for five various location ratios (0.2, 0.4, 0.6, 0.8 and 1.0). This was
done for six different barrier depth ratios (db/d = 0.2, 0.3, 0.4, 0.5, 0.6 and 0.7). The fixed values were K
= 10 m/day, ρs = 1,025 kg/m3, Cs = 35,000 mg/L, and i = 0.0025 for three different bed slopes tan β of the
unconfined aquifer (0.02, 0.0 and −0.02) (Figure 6). Decreasing the barrier wall distance ratio Xb/Lo led
to a reduction in the SWI and a rise in the R ratio. In the case of the negative bed slope, installing the
wall near the seawater part achieved a higher repulsion ratio compared with horizontal and positive
bed slopes. With respect to db/d ratio, a combination of small db/d and a higher value of db/d caused
the saltwater to retreat more to the seaside and caused the ratio R to increase. In the case of the negative
bed slope aquifer, R decreased from 68.75% to 7.21% when the barrier wall distance ratio increased
from 0.2 to 1.0, and these values decreased from 67.0% to 5.3% and from 64% to 5.1% for horizontal
and positive slopes, respectively, as shown in Figure 6a,b. In addition, embedding the barrier wall
with a ratio ranging from 0.2 to 0.4 achieved an R of below 20% for all barrier wall locations, as shown
in Figure 6.
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3.2.2. The Impact of the Barrier Wall Depth Ratio on the Repulsion Ratio (R) in Sloping Unconfined Aquifers

In this part, the sensitivity of db/d on R was tested for six various ratios of db/d (Table 4) (Figure 7)
with fixed values of K = 10 m/day, ρs = 1025 kg/m3, Cs = 35,000 mg/L, and i = 0.0015 for five barrier
wall depth ratios (Xb/Lo = 0.20, 0.4, 0.6, 0.8 and 1.0) and for three bed slope values (tan β = 0.02,
0.0, and −0.02). Increasing db/d forced the seawater interface to retreat further to the seawater side.
With increasing db/d, the SWI wedge length decreased, and the R ratio increased. A positive bed
slope achieved a greater R compared with that obtained with horizontal and negative bed slopes.
With respect to the wall location, embedding the wall near the seaside forced the seawater to attenuate
back toward the seaside and achieved higher repulsion ratio values. In the case of a positive bed slope,
the R increased from 0.30% to 59.0% when the barrier wall was installed more towards the aquifer and
when db/d increased from 0.2 to 0.70, as shown in Figure 7a. Moreover, in the case of negative and
horizontal slopes, R increased from 1.8% to 41.7% and from 3.4 to 46.9%, respectively, as shown in
Figure 7b,c. When increasing Xb/Lo to 1.0, no repulsion of SWI was observed in the case of positive
and horizontal slopes; only a negative slope achieved lower values of R.
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3.2.3. The Effect of Hydraulic Conductivity (K) on the (R) Ratio in Sloping Unconfined Aquifers

The impact of K on R was explored for four various K values (10, 15, 20 and 25 m/day) (Figure 8);
the fixed values were the barrier wall distance ratio Xb/Lo = 0.2, ρs = 1025 kg/m3, Cs = 35,000 mg/L,
and i = 0.0025. This was performed for six different barrier wall depths (db/d = 0.2, 0.3, 0.4, 0.5, 0.6
and 0.7) and three different bed aquifer slopes tan β (0.02, 0.0 and −0.02). Increasing the value of K
caused the saline water to advance more into the aquifer and decreased the value of R. With respect to
the bed slope of the unconfined aquifer, placing the barrier wall through the aquifer with a positive
value of tan β had a significantly greater impact compared with horizontal and negative slopes.
Embedding the barrier wall with a high ratio db/d and low values of K increased the value of the ratio
R, and the seawater interface attenuated back toward the seaside. With db/d = 0.7, the ratio R declined
from 59% to 42.6% when K values rose from 10 to 25 m/day with tan β equals 0.02; R declined to
a greater extent for tan β of 0.0 and −0.02 (from 54% to 41.4% and from 46.5% to 27%, respectively),
as shown in Figure 8a. In addition, the repulsion ratio R was just under 10% for the three bed slopes
when hydraulic conductivities ranged from 10 to 25 m/day and when db/d ranged from 0.2 to 0.4.
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3.2.4. The Effect of the Hydraulic Gradient (i) on the (R) Ratio in Sloping Unconfined Aquifers

The effectiveness of the hydraulic gradient (i) on R was evaluated for four hydraulic gradient values
(0.0015, 0.002, 0.0025 and 0.003), with fixed values of K = 10 m/day, ρs = 1025 kg/m3, Cs = 35,000 mg/L,
and Xb/Lo = 0.2 and for six barrier wall depth ratios db/d = 0.2, 0.3, 0.4, 0.5, 0.6 and 0.7 (Figure 9)
according to three different bed slope values. Increasing the value of i caused the seawater interface to
retreat back to the seawater side and increased R values. The R obtained in the case of positive slopes
was higher compared with those obtained for horizontal and negative slopes, as shown in Figure 9a,c.
Increasing db/d, combined with increasing the i value, caused the SWI interface to move further back
to the saltwater part. Rising i from 0.0015 to 0.003 increased R from 58.7% to 73.3% when tan β was
equal to 0.02 (Figure 9a), while R increased from 54.2% to 69% and from 46.1% to 71.3% when tan β

was equal to 0.0 and −0.02, respectively (Figure 9b,c). Furthermore, the achieved value of R remained
below 25% with small db/d values that ranged from 0.2 to 0.4 in the three studied cases of bed slopes.
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3.2.5. The Effect of Saltwater Density on the (R) Ratio in Sloping Unconfined Aquifers

The impact of ρs on R was explored for four values of seawater density. This was performed
for different six barrier wall depth ratios (db/d), with fixed values of the barrier wall location ratio
Xb/Lo = 0.5, K = 10 m/day, and i = 0.0025 for three different bed slope values, as shown in Figure 10.
Increasing the value of seawater density led to an increase in SWI and a decrease in the repulsion
ratio R. The achieved R was quite similar for different values of the bed slope, while the lowest R
was obtained for the negative bed slope (Figure 10c). Moreover, the ratio R decreased from 36.7%
to 24.4% with db/d = 0.7 when ρs increased from 1022 to 1030 kg/m3 with tan β = 0.02 (Figure 10a),
and R decreased from 36.6% to 20% and from 23.6% to 0.0% in the case of tan β equal to 0.0 and −0.02,
respectively (Figure 10b,c). Low values of db/d from 0.2 to 0.5 resulted in an R of less than 20% in
the three cases of bed slopes.
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3.2.6. The Impact of the Bed Slope on the (R) Ratio in Sloping Unconfined Aquifers

The impact of the bed slope tan β on the R values was performed for five various bed slope values
(−0.02%, −0.01%, 0.0%, 0.01% and 0.02%) with six wall depth ratios (db/d = 0.20, 0.30, 0.40, 0.50, 0.60
and 0.70). This was tested for two barrier wall distance ratios (Xb/Lo = 0.20 and 0.40) with fixed values
of K = 10 m/day, ρs = 1025 kg/m3, Cs = 35,000 mg/L, and i = 0.0015 (Figure 11). Increasing the value of
the bed slope decreased the SWI advancement and increased the R values. Regarding different values
of Xb/Lo, embedding the wall near the saline water part with Xb/Lo = 0.2 achieved a higher R compared
that obtained with Xb/Lo = 0.40. In addition, increasing the bed slope from −0.02 to 0.02 with db/d
equal to 0.70 caused R to increase from 3.5% to 59% and from 20.8% to 42% for Xb/Lo equal 0.2 and 0.4,
respectively, as shown in Figure 11. A decrease in the depth of the barrier wall db/d from 0.2 to 0.4
resulted in values of R that were less than 15% for different values of tan β (from −0.02 to 0.02).

The results of this study confirm that the embedment of the barrier wall deeply into the horizontal
aquifer and close to the coastal shore line can achieve about 60% of repulsion of SWI, this confirms
the outcomes from Luyun et al. [28] and Armanuos et al. [32]. Also, the results of the horizontal
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aquifer confirms that embedment of the cutoff wall with a depth of more than half of the aquifer depth
has a great impact in controlling SWI and reducing the advancement of saline water moving into
the freshwater aquifer; this confirms the results of [28,32].Water 2020, 12, x FOR PEER REVIEW 17 of 31 
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The results of sensitivity of parameters for controlling SWI in sloped unconfined aquifers using
the flow barrier confirmed that among the checked parameters the depth of barrier wall and the barrier
wall locations have a significant impact in controlling SWI. Installing the flow barrier with more
depths minimize the movement of saline water to move additional water into the freshwater aquifer.
With respect to the tested values of the bed sloping layer, it seems that the barrier wall controls SWI
and achieved high R% in the case of the positive sloping aquifer, followed by horizontal bed and
negative sloping bed. This confirms the point that the slope of the aquifer firstly is a vital parameter
on determining the intrusion length in the sloping bed aquifer compared with the horizontal one.
The results also confirm that the variations of density of saline water have a significant impact on both
intrusion length and how the barrier wall controls the SWI. The saline water intrudes the aquifer more
in the case of the negative sloping bed aquifer than the horizontal and positive sloping aquifers.

The dense saline water moves and intrudes more with negative slope aquifer; here, the saline
water moves downward with slope, and the slope values have a crucial effect on results compared
with horizontal aquifer as there is no effect on slope and positive slope aquifer where the saline water
moves upward on the slope layer. With the high density of saline water and negative sloping aquifer,
the barrier wall has a small effect on controlling the SWI, on the other hand its effect on reducing
the SWI wedge is greater in the horizontal aquifer than the positive sloping aquifer. With the high
depths of the barrier wall and installing closer to the coastal area, SWI can be controlled more and
a higher repulsion ratio R can be achieved with a positive sloping bed rather than a horizontal and
negative sloping bed. Changing the hydraulic gradient values increases the flow from the freshwater
side and helps more to increase the freshwater volume in the aquifer by forcing the saline water
to move back towards the seaside. Regarding the hydraulic gradient values, the achieved R ratio
seems to be similar in the three cases of the sloping bed of the aquifers. In addition, with the high
depths of the barrier wall combined with low distance from seaside to barrier wall, R ration increased
more in the case of higher gradient values compared with low gradient. It should be mentioned that
the results introduced in this study are related to 2D, and in 3D, the barrier wall should be extended
along the coast shoreline.
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It should be considered that in this study the impact of a barrier wall on controlling SWI was
investigated in positive and negative sloping bed aquifers compared with a horizontal bed aquifer
without including pumping from wells. This study only introduces the protection of groundwater
in sloping unconfined coastal aquifers and a highly protective potential was observed in the case of
installing the physical barrier with greater depths and closer to the coastal line. It is recommended for
future studies to study the impact of an underground barrier wall on the movement of seawater intrusion
in sloping unconfined coastal aquifers considering different scenarios with and without groundwater
pumping. In the case of the existence of groundwater abstraction, the ability of an underground cutoff

wall to control and retreat the saltwater intrusion wedge could depend on the number of groundwater
wells, distances between wells, abstraction rates, and well locations. Impact of underground cutoff

walls for mitigation of SWI in sloped unconfined aquifers could be considered for future studies for
low and highly anisotropic groundwater systems.

3.3. Case Study: The Akrotiri Coastal Aquifer, Cyprus

The SWI interface in the Akrotiri coastal aquifer, Zakaki area, Cyprus, as well as the application of
using an underground barrier wall to control SWI were simulated using the SEAWAT code. The map
of the aquifer and the profile concept are presented in Figures A1 and A2 in the Appendix A,
respectively [52]. The figures present the conceptual profile of the Akrotiri aquifer. The length and
the depth of the aquifer model domain were equal to 3000 and 100 m, respectively. The defined cell
dimension is set to 6 × 6 m in the X- and Z-directions. The defined seawater head on the seaside was
50 m, the bed slope of the Akrotiri aquifer was about 1.7%, and the recharge rate was 83 mm/year.
The hydraulic aquifer parameters and the inputs of the SEAWAT code are presented in Table 5.
The defined hydraulic conductivity is 28 m/day; the assigned specific yield is 0.2, and the defined
freshwater and seawater densities were 988 and 1024 kg/m3, accordingly. The SEAWAT was tested
for the steady-state condition for a recharge rate of r = 83 mm/year, and the assigned flow inland
boundary was 314 m3/year/m. The length of the SWI wedge in the steady-state using the SEAWAT
code was equal to 480 m, compared to 435.9 m for the sloping aquifer model by [52]. The results of
the steady-state SWI in the investigated case study showed a good agreement among the SEAWAT code
and the estimated value of the sloping aquifer model by [52]. After the model reached the steady-state
condition, the SEAWAT was tested for different cases considering different depths and locations of
the barrier wall to control SWI.

Table 5. Parameters of Cyprus aquifer [52] and SEAWAT numerical model inputs.

Parameter Value

Slope of aquifer bed tan β = 0.0170025
Inland inflow boundary 314 m3/year/m

Aquifer hydraulic conductivity 28 m/day
Mean specific yield 0.20
Length of aquifer 3000 km

depth of aquifer at coast 50 m
Discharge rate 0.0 m3/year/m

Natural recharge 83 mm/year
Sloping SWI toe location Lt (m) 435.9 m

Freshwater density 988.275 kg/m3

Saltwater density 1024 kg/m3

Solute concentration base 100 mg/L
Concentration of freshwater 0.0 mg/L

Salt Concentration 35,000 mg/L
Dispersivity in longitudinal direction 2 m
Dispersivity in transverse direction 2 m

Dimension of model cell 6 × 6 m
Width of aquifer 1 m
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Figure A3 shows the seawater distribution in the Akrotiri coastal aquifer for the steady-state
condition and for the embedment of the barrier wall with a distance ratio Xb/Lo = 0.4 and with seven
different barrier wall ratios db/d = 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 and 0.8. Embedment of the barrier wall in
the Akrotiri coastal aquifer led to the retreat of SWI and a decrease in the length SWI ratio. The R values
increased with the deeper embedment of the barrier wall into the Akrotiri coastal aquifer. As the barrier
wall was embedded closer to the seawater side, the SWI retreated further and the R ratio of SWI
increased. Installing the wall at the distance Xb/Lo = 0.4 led to a decrease in the length of the SWI
wedge from 480 m to 474, 432, 366, 324, 322 and 186 m for depth ratios db/d = 0.2, 0.3, 0.4, 0.5, 0.6, 0.7
and 0.8, respectively. Figure A4 presents the seawater distribution in the Akrotiri coastal aquifer for
the steady-state condition and for an embedded barrier wall with a distance ratio Xb/Lo = 0.6 and
seven different barrier wall ratios (db/d = 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 and 0.8). Embedment of the barrier
wall in the Akrotiri coastal aquifer at the distance Xb/Lo = 0.6 led to a decrease in the length of the SWI
wedge from 480 m to 479, 468, 456, 414, 384, 306 and 282 m for depth ratios db/d = 0.2, 0.3, 0.4, 0.5, 0.6,
0.7 and 0.8, respectively. Figure A5 shows the saltwater distribution in the Akrotiri aquifer for the
steady-state condition and for an embedded barrier wall with depth ratio db/d = 0.5 and five different
barrier wall distance ratios (Xb/Lo = 1.0, 0.8, 0.6, 0.4 and 0.2). The saltwater wedge length decreased as
the barrier wall was embedded closer to the seaside with a barrier wall length ratio of less than 1.0.
Installing the barrier wall at a distance that exceeded the SWI toe had no effect on the retreat of SWI.
Embedding the barrier wall with depth db/d = 0.5 for distances Xb/Lo = 1.0, 0.8, 0.6, 0.4 and 0.2 forced
the SWI wedge to retreat to lengths of 474, 444, 414, 366 and 294 m, respectively. Figure 12 shows
the saltwater distribution in the Akrotiri aquifer for the steady-state condition and for an embedded
barrier wall with depth ratio db/d = 0.7 and five different barrier wall distance ratios (Xb/Lo = 1.0, 0.8,
0.6, 0.4 and 0.2). Embedment of the barrier wall with depth db/d = 0.7 for distances Xb/Lo = 1.0, 0.8,
0.6, 0.4 and 0.2 forced the SWI wedge to retreat more compared with db/d = 0.7, with the SWI wedge
length decreasing to 462, 384, 306, 222 and 138 m, respectively.

Figure 13a shows the relationship between the repulsion ratios of SWI in the Akrotiri coastal
aquifer with different values of Xb/Lo considering eight different values of db/d. Figure 13a confirms
that the embedded barrier wall has an important effect on the control of SWI in the aquifer. With db/d
equal to 0.2 and Xb/Lo ranging from 0.2 to 1.0, a low repulsion ratio R was achieved. On the other
hand, with a deep barrier wall with db/d = 0.9 and Xb/Lo = 0.2, the maximum value of R could be
achieved. Figure 13b presents the relationship between the repulsion ratios of SWI in the Akrotiri coastal
aquifer with different depth values db/d considering five different distance ratios Xb/Lo. Figure 13a,b
confirms that installing the barrier wall in the Akrotiri coastal aquifer near the seaside and deep into
the aquifer achieved higher repulsion ratio values R, forced SWI to attenuate further back toward
the seaside, and decreased the length of the SWI wedge. With db/d = 0.8, R decreased from 81.25%
to 3.75%, and when the barrier wall distance ratio increased from 0.2 to 1.0, these values decreased
from 38.75% to 1.25% in the case of db/d = 0.5. In addition, embedding the barrier wall with a ratio
ranging from 0.2 to 0.4 achieved an R of below 20% in all barrier wall locations. Figure 13c presents
the relationship between the SWI length ratio in the Akrotiri aquifer with different depths db/d and
different distances Xb/Lo. The SWI length ratio L/La decreased as the barrier wall was installed
further into the aquifer. On the other hand, embedding the barrier wall with low depths db/d and
farther from the seaside had no effect on the control and mitigation of SWI in the Akrotiri aquifer.
With db/d = 0.6, the SWI length ratio increased from 24.6% to 47.7% when the barrier wall distance
ratio increased from 0.2 to 1.0. The results confirm that barrier wall control SWI in the Akrotiri aquifer,
as the aquifer is considered a positive sloping bed aquifer with 1.7% slope, embedment of barrier wall
close the Mediterranean coast (Xb/Lo =0.2 to 0.4) with depth more than 0.5d achieved repulsion of
more than 50% of SWI in the Akrotiri aquifer. With db/d=0.8 and Xb/Lo=0.2, a highest value of R of
SWI about 81.25% can be achieved, as presented in Figures 12 and 13.



Water 2020, 12, 2403 20 of 30

Water 2020, 12, x FOR PEER REVIEW 19 of 30 

 

Figure A3 shows the seawater distribution in the Akrotiri coastal aquifer for the steady-state 
condition and for the embedment of the barrier wall with a distance ratio Xb/Lo = 0.4 and with seven 
different barrier wall ratios db/d = 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 and 0.8. Embedment of the barrier wall in 
the Akrotiri coastal aquifer led to the retreat of SWI and a decrease in the length SWI ratio. The R 
values increased with the deeper embedment of the barrier wall into the Akrotiri coastal aquifer. As 
the barrier wall was embedded closer to the seawater side, the SWI retreated further and the R ratio 
of SWI increased. Installing the wall at the distance Xb/Lo = 0.4 led to a decrease in the length of the 
SWI wedge from 480 m to 474, 432, 366, 324, 322 and 186 m for depth ratios db/d = 0.2, 0.3, 0.4, 0.5, 0.6, 
0.7 and 0.8, respectively. Figure A4 presents the seawater distribution in the Akrotiri coastal aquifer 
for the steady-state condition and for an embedded barrier wall with a distance ratio Xb/Lo = 0.6 and 
seven different barrier wall ratios (db/d = 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 and 0.8). Embedment of the barrier 
wall in the Akrotiri coastal aquifer at the distance Xb/Lo = 0.6 led to a decrease in the length of the SWI 
wedge from 480 m to 479, 468, 456, 414, 384, 306 and 282 m for depth ratios db/d = 0.2, 0.3, 0.4, 0.5, 0.6, 
0.7 and 0.8, respectively. Figure A5 shows the saltwater distribution in the Akrotiri aquifer for the 
steady-state condition and for an embedded barrier wall with depth ratio db/d = 0.5 and five different 
barrier wall distance ratios (Xb/Lo = 1.0, 0.8, 0.6, 0.4 and 0.2). The saltwater wedge length decreased as 
the barrier wall was embedded closer to the seaside with a barrier wall length ratio of less than 1.0. 
Installing the barrier wall at a distance that exceeded the SWI toe had no effect on the retreat of SWI. 
Embedding the barrier wall with depth db/d = 0.5 for distances Xb/Lo = 1.0, 0.8, 0.6, 0.4 and 0.2 forced 
the SWI wedge to retreat to lengths of 474, 444, 414, 366 and 294 m, respectively. Figure 12 shows the 
saltwater distribution in the Akrotiri aquifer for the steady-state condition and for an embedded 
barrier wall with depth ratio db/d = 0.7 and five different barrier wall distance ratios (Xb/Lo = 1.0, 0.8, 
0.6, 0.4 and 0.2). Embedment of the barrier wall with deply. 

 
(a) 

 
(b) 

 
(c) 

 
(d) Water 2020, 12, x FOR PEER REVIEW 20 of 30 

 

 
(e) 

 
 

(f) 

Figure 12. Saltwater distribution (in mg/L) in the Akrotiri aquifer for (a) the steady state and 
embedded barrier wall with db/d = 0.7 and (b) Xb/Lo = 1.0, (c) Xb/Lo = 0.8, (d) Xb/Lo = 0.6, (e) Xb/Lo = 0.4 
and (f) Xb/Lo = 0.2. 

Figure 13a shows the relationship between the repulsion ratios of SWI in the Akrotiri coastal 
aquifer with different values of Xb/Lo considering eight different values of db/d. Figure 13a confirms 
that the embedded barrier wall has an important effect on the control of SWI in the aquifer. With db/d 
equal to 0.2 and Xb/Lo ranging from 0.2 to 1.0, a low repulsion ratio R was achieved. On the other 
hand, with a deep barrier wall with db/d = 0.9 and Xb/Lo = 0.2, the maximum value of R could be 
achieved. Figure 13b presents the relationship between the repulsion ratios of SWI in the Akrotiri 
coastal aquifer with different depth values db/d considering five different distance ratios Xb/Lo. Figure 
13a,b confirms that installing the barrier wall in the Akrotiri coastal aquifer near the seaside and deep 
into the aquifer achieved higher repulsion ratio values R, forced SWI to attenuate further back toward 
the seaside, and decreased the length of the SWI wedge. With db/d = 0.8, R decreased from 81.25% to 
3.75%, and when the barrier wall distance ratio increased from 0.2 to 1.0, these values decreased from 
38.75% to 1.25% in the case of db/d = 0.5. In addition, embedding the barrier wall with a ratio ranging 
from 0.2 to 0.4 achieved an R of below 20% in all barrier wall locations. Figure 13c presents the 
relationship between the SWI length ratio in the Akrotiri aquifer with different depths db/d and 
different distances Xb/Lo. The SWI length ratio L/La decreased as the barrier wall was installed further 
into the aquifer. On the other hand, embedding the barrier wall with low depths db/d and farther 
from the seaside had no effect on the control and mitigation of SWI in the Akrotiri aquifer. With db/d 
= 0.6, the SWI length ratio increased from 24.6% to 47.7% when the barrier wall distance ratio 
increased from 0.2 to 1.0. The results confirm that barrier wall control SWI in the Akrotiri aquifer, as 
the aquifer is considered a positive sloping bed aquifer with 1.7% slope, embedment of barrier wall 
close the Mediterranean coast (Xb/Lo =0.2 to 0.4) with depth more than 0.5d achieved repulsion of 
more than 50% of SWI in the Akrotiri aquifer. With db/d=0.8 and Xb/Lo=0.2, a highest value of R of 
SWI about 81.25% can be achieved, as presented in Figures 12 and 13. 

Figure 12. Saltwater distribution (in mg/L) in the Akrotiri aquifer for (a) the steady state and embedded
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4. Conclusions

Groundwater contamination by saltwater intrusion is very common in the coastal aquifers.
The human activities and the increasing of groundwater abstraction from coastal aquifers accelerates
the degree of saline water pollution. Seawater intrusion causes deterioration of water quality and
quantity in coastal aquifer systems. SEAWAT was implemented to investigate the effect of using
barrier walls to control SWI in sloped unconfined aquifers. Three cases of bed slopes, namely, positive,
horizontal, and negative slopes, were tested. The impact of changing the hydraulic parameters of
the aquifer on the length of the SWI wedge was tested by varying the bed slope, hydraulic gradient,
hydraulic conductivity, and saltwater density. Secondly, the impact of changing the same parameters
on the R ratio of saltwater was tested, in addition to the depth of the barrier wall ratio and the barrier
wall distance ratio. The SEAWAT numerical model results of the saltwater intrusion wedge were
compared with the results of the analytical solution to validate the model. The ratio of R increased
from 0.30% to 59% as db/d increased from 0.2 to 0.7 for the unconfined aquifer with a positive bed slope.
On the other hand, lower values of R were achieved for negative and horizontal bed slopes, with R
increasing from 1.8% to 41.7% and from 3.4% to 46.9%, respectively, compared with values obtained
for positive ones. With respect to the bed slope of the unconfined aquifer, embedding the barrier wall
through the aquifer with a negative bed slope achieved a higher R ratio of SWI than that achieved with
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horizontal and positive bed slopes. On the other hand, embedding the barrier wall near the seawater
side in the unconfined aquifer with a negative bed slope forced the saltwater wedge to attenuate further
back compared with the results obtained for positive and horizontal slopes. The maximum repulsion
ratio R was achieved when the barrier wall was embedded near the seawater side. R values decreased
from 68.75% to 7.21% when Xb/Lo increased from 0.2 to 1.0 in the case of the aquifer with a negative
bed slope. On the other hand, R decreased from 67.0% to 5.3% and from 64% to 5.1% in the case of
horizontal and positive slopes, respectively. Increasing the hydraulic gradient caused R values to
increase. Increasing the saltwater density accelerated the advancement of saltwater inland into the
aquifer and embedding the barrier wall (db/d = 0.7) was required to achieve an R value of 20%. The SWI
wedge length increased with the increase in the hydraulic conductivity value when the barrier wall was
used to control SWI, and the retreat of the SWI wedge was greater for positive and horizontal slopes
than that for the negative slope. Application of the barrier wall to control the SWI in the Akrotiri coastal
aquifer confirmed that embedment of the barrier wall with db/d = 0.7 and 0.8 forced the SWI to retreat
and achieved maximum R values of 71.25% and 81.25%, respectively, with the length of the SWI wedge
decreasing to 138 and 90 m, respectively. It is recommended that cost–benefit analysis be integrated
with numerical analysis to determine the optimum depths of the barrier wall (db/d) and its locations
(Xb/Lo) to control SWI in sloped unconfined aquifers. Using the barrier wall as a countermeasure has
a substantial impact on the control of SWI in sloped unconfined coastal aquifers. The outcomes of this
study can be considered by decision makers for management and controlling of saltwater intrusion as
a kind of groundwater contamination in coastal aquifers. It is recommended for future research to
investigate the impact of an underground barrier wall on the movement of SWI in sloping unconfined
coastal aquifers considering different scenarios with and without groundwater pumping.
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