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Abstract

Saltwater intrusion is a prevalent global environmental issue that detrimentally impacts coastal groundwater aquifers. This
problem is exacerbated by climate change and increased groundwater abstraction. Employing physical barriers proves
effective in mitigating saline water intrusion. In this study, a validated numerical simulation model is utilized to assess
the impact of aquifer stratification on the effectiveness of mixed physical barriers (MPBs) and their response to structural
variations. Additionally, the performance of MPBs was compared with that of single physical barriers in a laboratory-scale
aquifer. Three different configurations were replicated, comprising two stratified aquifers (HLH and LHL) and a homogenous
reference aquifer (H). The results demonstrate that MPBs are efficient in decreasing the saltwater penetration length in the
investigated cases. The reductions in penetration length were up to 65% in all cases. The removal efficacy of residual saline
water for MPBs exceeded that of the subsurface dam by 2.1-3.3 times for H, 2.1-3.6 times for HLH, and 8.3 times for LHL
conditions, while outperforming the cutoff wall by 38—-100% for H, 39-44% for HLH, and 2.7-75% for LHL. These findings
are of importance for decision-makers in choosing the most appropriate technique for mitigating saline water intrusion in
heterogeneous coastal aquifers.
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Abbreviation Case LHL  Stratified aquifer grouped from three layers
AMZ Area of the mixing zone with different hydraulic conductivities (low
GW Groundwater K - high K - low K)
Case H Homogenous aquifer with high hydraulic MPB Mixed physical barriers

conductivity PB Physical barrier
Case HLH  Stratified aquifer grouped from three layers SWI Seawater intrusion

with different hydraulic conductivities (high
K - low K — high K)
Introduction

Seawater intrusion (SWI), or contamination of coastal
groundwater with saline seawater, poses a main challenge
for coastal regions worldwide, particularly when groundwa-
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the overexploitation of groundwater (Ketabchi et al. 2016;
Abdoulhalik and Ahmed 2017a; Emara et al. 2023a, 2023b).

The existence of heterogeneity within aquifers can exert
varying degrees of influence on solute transport mecha-
nisms and flow dynamics, contingent on the degree of aqui-
fer heterogeneity (Werner et al. 2013). Dagan and Zeitoun
(1998) studied the influence of aquifer heterogeneities on
the location of the saltwater-freshwater interface using the
sharp interface technique. Lu et al. (2013) conducted labo-
ratory investigations on steady-state saltwater intrusion in
heterogeneous aquifers with various stratification patterns.
They observed that the scenario with a homogeneous aqui-
fer exhibited a significantly greater extent of the saltwater
wedge compared to the layered scenarios. Further insights
into the influence of aquifer stratification on SWI were pro-
vided by Etsias et al. (2021), who examined three homo-
geneous strata and six stratified aquifers through numeri-
cal simulations and laboratory experiments. Their findings
revealed that when the lower permeability layer is positioned
either above or below the more permeable layer, the mixing
zone expands, whereas in aquifers with higher permeability
strata, the mixing zone becomes thinner. In a more recent
investigation, Gao et al. (2022) employed variable-density
coupling with reactive transport numerical models to explore
and quantify the dynamic changes in salinity and nitrate
levels within layered heterogeneous coastal aquifers in the
presence of cut-off walls. The comprehensive simulations
conducted in their study suggest that nitrate accumulation
is primarily governed by aquifer heterogeneities.

Seawater-contaminated groundwater becomes unsuit-
able for residential, agricultural, or industrial use (Zhang
et al. 2019; Yu et al. 2019). To safeguard groundwater qual-
ity in coastal zones by preventing SWI, researchers have
developed a range of practical engineering solutions. These
include optimizing the layout of pumping wells (Yang et al.
2018; Liu et al. 2019; Fan et al. 2020; Ranjbar et al. 2020),
utilizing positive hydraulic barriers like artificial recharge
by infiltration or injection (Clark et al. 2014; Hussain et al.
2016; Motallebian et al. 2019; Armanuos et al. 2020a),
employing negative hydraulic barriers, such as pumping
saltwater inland (Javadi et al. 2012, 2015; Mehdizadeh et al.
2019), and constructing underground physical barriers (Kal-
eris and Ziogas 2013; Abd-Elaty et al. 2019; Armanuos et al.
2019, 2020b).

Relocating pumping wells inland to establish a proper
seaward hydraulic gradient is a common practice to combat
seawater intrusion. However, meticulous planning of well
locations is crucial. This approach can be constrained by
factors such as land availability and potential conflicts with
other projects. The use of high-quality water, like desali-
nated water, for recharge barriers, can be costly and may face
challenges due to water scarcity in certain regions. Extrac-
tion barriers protect aquifers by creating a seaward hydraulic

gradient but may result in excessive freshwater extraction,
diminishing aquifer storage. Controlled pumping rates can
make this method suitable for temporary management in
cases of limited intrusion or as a preliminary step in salinity
control before applying other methods (Hussain et al. 2019).

Hydraulic and physical barriers are two major approaches
for preventing SWI in aquifers (Werner et al. 2013; Zhang
et al. 2019). When compared to other methods, underground
physical barriers (PB) efficiently manage SWI while also
preserving freshwater supplies (Yan et al. 2021). Despite
their relatively high cost, many underground barriers have
been proposed to control SWI in various locations across
the world, such as Mugla, Turkey (Onder and Yilmaz 2005),
Florida, United States of America (Abd-Elaty et al. 2019),
and the Zakaki area, Cyprus (Armanuos et al. 2020b).

Subsurface dams and cutoff walls represent two prevalent
physical barriers in addressing saltwater intrusion. A subsur-
face dam is typically situated in the lower part of an aquifer,
leaving a space at its upper portion to allow the natural flow
of freshwater towards the sea (Fig. 1b). This arrangement
effectively hinders the encroachment of saltwater towards
the land (Luyun et al. 2009; Hussain et al. 2019). On the
other hand, cutoff walls, which extend from the aquifer's
surface to a certain depth, demonstrate enhanced effective-
ness, particularly when deployed in proximity to the shore-
line and with considerable penetration depth (Luyun et al.
2011; Armanuos 2017; Armanuos et al. 2020b).

Several numerical simulations and laboratory experi-
ments have been conducted to assess the effectiveness of
subsurface barriers in controlling SWI (Senthilkumar and
Elango 2011; Abdoulhalik and Ahmed 2017a; Armanuos
2017; Robinson et al. 2018; Armanuos et al. 2019). Kaleris
and Ziogas (2013) conducted numerical investigations that
examined various parameters such as wall shape, hydrau-
lic characteristics, and aquifer properties, evaluating their
impact on reducing saltwater intrusion and safeguarding
groundwater withdrawal. Using numerical simulations and
laboratory experiments, Abdoulhalik and Ahmed (2017b)
demonstrated that the effectiveness of subsurface dams
(Fig. 1c) in preventing saltwater intrusion and removing
residual saline water is strongly connected to the stratifica-
tion degree of the aquifers. Zheng et al. (2022) investigated
the dynamic behavior and desalination process of intruding
seawater following the construction of a cutoff wall. This
research utilized a numerical model validated through labo-
ratory experiments. The quantity of remaining saltwater pri-
marily depends on both the depth and hydraulic conductivity
of the cutoff wall, while the timeframe for seawater retreat is
notably influenced by the wall's placement.

The highly concentrated saltwater that remains in the
aquifers upstream of the physical barrier once the barrier
is in place is referred to as residual saltwater. This issue
poses a significant challenge, as it restricts the use of fresh
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Fig. 1 Diagrams depicting the
Saltwater Intrusion (a), Cutoff
Wall (b), Subsurface Dam (c¢),
and Mixed Physical Barrier
(MPB) (d). The dashed line
denotes the initial position of
the saltwater wedge
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groundwater in coastal areas (Luyun et al. 2009). As a
result, a crucial aspect of SWI control involves addressing
this lingering saline water within the aquifer. However,
research suggests that the saltwater wedge trapped by the
physical barrier remains stationary because the residual
saltwater cannot be easily flushed out (Oswald and Kin-
zelbach 2004). Using numerical and experimental models,
Luyun et al. (2009) discovered that the residual seawa-
ter retained by the underground barrier can be gradually
removed by groundwater flow. Nevertheless, this removal
process takes substantially longer than the duration of
saltwater intrusion. Zheng et al. (2021) were the first to
reveal the mechanism for eliminating residual saltwater
in the presence of subsurface dams. They also examined
how the structure of the dam and the characteristics of the
aquifer influence the effectiveness of removing the remain-
ing saltwater retained upstream of the dam. Their find-
ings revealed that under conditions of high-concentration
gradients, the lower-concentration mixing zone serves as

@ Springer

a crucial pathway for saltwater to migrate over the subsur-
face dam and reach the saltwater edge. In essence, residual
saltwater is continuously disseminated from the higher-
concentration mixing zone to the lower-concentration mix-
ing zone.

In addition to the previously mentioned physical barri-
ers, Abdoulhalik et al. (2017) introduced a novel approach
known as a mixed physical barrier (MPB), which involves
combining a semi-permeable dam wall with a cutoff wall
(Fig. 1d). This innovative combination proved to be highly
effective in significantly reducing the extent of saltwater
intrusion by facilitating the upward movement of saltwa-
ter toward the coastline. To investigate the applicability of
MPB, Gao et al. (2021) studied the dynamics of groundwater
flow and residual saltwater subsequent to the construction
of an MPB under homogeneous conditions. Their research
provided compelling evidence of the advantages associated
with employing MPBs, particularly in terms of groundwater
discharge and removing residual saltwater.
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The inevitability and widespread occurrence of coastal
aquifer heterogeneity have been well-established. Notably,
the presence of stratified heterogeneity, as documented in
various instances (Gao et al. 2022), exerts a substantial influ-
ence on both groundwater flow and the intrusion of saltwa-
ter. Previous research has predominantly utilized physical
barriers to control saltwater intrusion in homogeneous media
(Gao et al. 2021; Zheng et al. 2022). In this research, a pio-
neering effort was made to investigate the combined impacts
of stratified heterogeneity and the implementation of mixed
physical barriers on groundwater flow and the enrichment
of saltwater intrusion within coastal unconfined aquifers.
To achieve this, a series of 2D numerical simulations were
executed, incorporating various configurations of mixed
physical barriers, considering the effects of aquifer strati-
fication. The outcomes of this research are anticipated to
offer valuable guidance for designing mixed physical barri-
ers tailored to the specific challenge of saltwater intrusion
management in stratified coastal aquifers.

Materials and methods

In this study, the SEAWAT model was used to simulate
groundwater variable-density flow based on the numerical
finite difference GW flow simulation model MODFLOW.
To the best of our knowledge, the current research is the
first attempt to explore the combined effects of a cutoff
wall and a subsurface dam on the removal of residual saline
water in a heterogeneous condition. Previous investigations,
such as the study by Gao et al. (2021), only examined the
impact of MPBs in homogeneous conditions. The efficacy
of mixed physical barriers in controlling SWI in heteroge-
neous soil formations was a central focus of this study. The
dimensions of the experimental unconfined aquifer used
by Gao et al. (2021) served as the basis for validating the
numerical model. Various scenarios were generated within
a vertical 2D cross-section domain to assess the efficiency

of residual saline water removal following the installation
of MPBs. To quantify this efficiency, parameters such as
the overall efficacy (n), the reduction rate of the saltwater
wedge length (R;) upstream of the MPBs, and the average
correlation coefficient (R%) were employed to compare and
evaluate the agreement between numerical and experimental
results. The study also introduced dimensionless parameters,
including the dimensionless subsurface dam height (H,*),
dimensionless cutoff wall depth (H.*), and dimensionless
MPB spacing (L;*), to determine the most effective dimen-
sions for MPBs.

Conceptual Model

SEAWAT was used in the current study to develop numeri-
cal models for simulating solute transport in GW flow. The
primary objective was to investigate how the presence of
mixed physical barriers (MPBs) impacts the removal of
residual saline water in heterogeneous soil formations. The
study examined the mechanisms of saltwater intrusion and
retreat both before and after the installation of MPBs. To
streamline the problem and facilitate the modeling process,
several assumptions were made:

1. The concentration of salt mass is the sole factor influenc-
ing variations in fluid density.

2. The aquifer media is consistently saturated.

3. The groundwater is incompressible.

The simulation area in the SEAWAT model is a verti-
cal 2D section with dimensions of 90.0 cm by 28.0 cm,
and it is uniformly discretized into a finite-difference mesh
using quadratic elements with grid spacing of AxxX Az=0.5
cm X 0.5 cm (Fig. 2). To ensure numerical stability, the
grid spacing and dispersivity must satisfy the Péclet num-
ber criterion (Voss and Souza 1987). The Péclet number
(Pe,, ~ Ax/ay) is a dimensionless parameter that quantifies
the proportion of local advective transport to local diffusion
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Fig.2 Boundary conditions for the numerical simulations
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and dispersive transport, where a; is the longitudinal disper-
sivity of the porous media. For this study, a longitudinal dis-
persivity (o) of 0.15 cm was assigned to the porous media, a
value commonly used in laboratory experiments (Sun et al.
2019; Chang et al. 2019; Gao et al. 2021). In this study, both
the dispersivity value and the grid spacing satisfy the Péclet
number criterion (Pe,, = (;)_‘15;21 = 3.33 < 4.0), indicating
that the numerical setup maintains sufficient stability.

In the numerical simulations, the boundary conditions
were set as follows:

e On the right-hand side, there was a saltwater bound-
ary with a fixed salt concentration (C,) of 36 g/L. This
boundary had a constant head (h,) of 26.50 cm.

e On the left side, a freshwater boundary was established
with a fixed salt concentration (Cy) of O g/L.

e The densities of saltwater and freshwater were 1025 g/L
and 1000 g/L, respectively.

e A hydraulic gradient of 0.0111 was applied to the system
by adjusting the freshwater level (h;=27.5 cm), resulting
in a head difference of 1.0 cm. This value falls within the
typical range of hydraulic gradients employed in prior
laboratory-scale research of a similar nature (Chang and
Clement 2012; Abdoulhalik and Ahmed 2017a).

e No-flow boundary conditions were imposed at both the
top and bottom boundaries of the aquifer.

Figure 2 represents the boundary conditions of the numer-
ical simulations, where the MPB dam and wall, depicted as
black bars, were located 14.0 and 22.0 cm away from the
saline water boundary, respectively. The parameters for the
wall depth, dam height, and spacing are denoted as H,, Hy,
and L, respectively.

Two different stress periods were established for each
aquifer simulation to represent both the SWI process and the
subsequent removal process following MPB construction.
The duration of these stress periods was determined through
preliminary runs to ensure that the saltwater interface
reached a stable state. The first stress period had a length
of 7.0 h, while the second lasted for 10 h. To investigate the
influence of MPBs on SWI, three different aquifers were
simulated, including a homogenous aquifer and two strati-
fied aquifers. The stratified aquifers consisted of three layers
with varying hydraulic conductivity (K) arranged as high
K - low K - high K and low K — high K — low K), as shown
in Fig. 3. The first heterogeneous scenario involved the crea-
tion of a low hydraulic conductivity layer (K=0.16 cm/s) in
the central portion of the aquifer (Abdoulhalik et al. 2020;
Ahmed et al. 2022). In contrast, the second heterogeneous
scenario was characterized by low hydraulic conductivity
layers established in both the upper and lower sections of the
aquifer, enabling the assessment of heterogeneous effects in
distinct flow conditions. As a benchmark, simulations were

@ Springer

conducted for the three aquifers without MPBs to establish
an initial stable saltwater interface. The simulation proce-
dures for both the baseline and MPB scenarios were nearly
identical. To simulate MPB in the model, the cells encom-
passed by the dam and wall were set as inactive (Luyun et al.
2009; Gao et al. 2021).

The three layers of the stratified aquifers have specific
thicknesses: the middle and lower layers are 8 cm thick,
while the upper layer, which contains the water table, has
a thickness of 12 cm. In the reference MPB construction,
the dam height was set at 10 cm, measured from the aquifer
bottom, the wall depth was established at 24 cm, measured
from the ground surface, and the barrier spacing was main-
tained at 8 cm. In the simulation, only one variable was
modified at a time for a comparison with the reference MPB
scenario. A total of 60 sets of simulations were conducted,
including three different aquifers, with 20 simulations for
each aquifer. These simulations were carried out based on
the model parameters outlined in Table 1. Table 2 presents a
summary of the specific cases investigated for each aquifer,
outlining the variations in model parameters for the differ-
ent scenarios.

Evaluation methods

To evaluate the effectiveness of residual saline water
removal subsequent to the installation of MPBs in the inland
aquifer upstream of the MPBs, key performance indicators,
specifically the overall efficacy (1) and the saltwater wedge
repulsion ratio (R ), were employed (Luyun et al. 2011;
Armanuos et al. 2019; Motallebian et al. 2019; Gao et al.
2021). The indices were calculated as follows:

L-L
=T

ey

i

) }

L-L
R = —— @)
L;

} . .. .

where L; and L, represent the initial length of the residual
saltwater wedge measured from the subsurface dam and the
saltwater boundary on the right side, respectively, and L and

]i refer to the length of the residual saline water wedge after

MPB construction measured from the subsurface dam and
the saltwater boundary on the right side, respectively. To
track the position of the toe, measurements were taken every
ten minutes until the saltwater wedge reached a steady-state
condition, defined as the point when the variation in saltwa-
ter penetration length remained less than 1.0 mm for a con-
tinuous 30-min period. The location of the toe was deter-
mined using the 50% saltwater salinity isoline, specifically
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Fig.3 Schematic design of the
investigated aquifer settings: a
homogeneous, b stratified HLH,
and c stratified LHL
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at 18,000 mg/L, which is also used to delineate the geometry
of the saltwater-freshwater interface (Ahmed et al. 2022).

Results and discussions

To investigate the efficacy of mixed physical barriers in miti-
gating SWI in heterogeneous soil formations, several sce-
narios were studied using the SEAWAT model, as described
below. First, the SEAWAT model was validated by compar-
ing the numerical results with the experimental data from
Gao et al. (2021). Then, the influences of cutoff wall depth,
subsurface dam height, and MPB spacing were investigated
in three different aquifers, including a homogenous aquifer
and two different layered aquifers. Finally, the performance
of MPB was compared with that of a single physical barrier.

T
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| HighK (Ky=0.48cmis)
_ Low K (K. =0.16 cm/s)

Model validation

The temporal change of saltwater wedge length, as observed
in the experiment carried out by Gao et al. (2021), was used
to validate the numerical model, particularly in the context
of a homogeneous configuration, as shown in Fig. 4. The
figure depicts the consistency between the numerical and
experimental results before (a) and after (b) the installation
of MPBs for the reference structure (Hy=10 cm, H =24
cm, and L,=8 cm). In Fig. 4, the length of the 50% saltwa-
ter salinity isoline (equivalent to 18000 mg/L) is shown, a
widely utilized criterion in numerical simulations to identify
the extent of the saltwater wedge (e.g., Strack et al. 2016;
Abd-Elaty et al. 2019; Gao et al. 2021). The average signifi-
cant correlation coefficient (R?) was calculated to evaluate
the match between the numerical and experimental results.
The numerical simulations demonstrate a strong agreement
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Table 1 Model parameters

utilized in the numerical Parameter Value Unit

simulations (modified after Gao Aquifer length (L) 90 cm

etal. (2021) Aquifer height (H) 28 cm
Freshwater head (hy) 27.5 cm
Saltwater head (h,) 26.5 cm
Freshwater density (py) 1000 g/L
Saltwater density (p) 1025 g/L
Salt concentration in freshwater (Cy) 0.0 g/L
Salt concentration in saltwater (C,) 36.0 g/L
Investigated aquifer settings case H; case HLH, case LHL -
Hydraulic conductivity (K;) High K layer 0.48 cm/s
Hydraulic conductivity (K;) Low K layer 0.16 cm/s
Porosity (n) 04 -
Longitudinal dispersivity (o) 0.15 cm
Transversal dispersivity (o) 0.015 cm
Specific yield (S,) 0.2 -
Depth of cutoff wall (H,) 12, 16, 20, 24, 26 cm
Height of subsurface dam (H,) 7,10, 13, 16, 19 cm
Spacing of MPB (L,) 2,4,6,8,10 cm
Hydraulic gradient (J) 1.11 %

Dimensionless subsurface dam height (Hy*= l:—)

Dimensionless cutoff wall depth (H *= 1 —

Dimensionless MPB spacing (L *

d

0.264, 0.377, 0.491, 0.604, 0.717 -

H-H,
=)

0.396, 0.547, 0.698, 0.849, 0.925 -

s

% 0.051, 0.103, 0.154, 0.205, 0.257 -
L)

}

L; is the residual saltwater wedge initial length measured from the subsurface dam

with the experimental data, yielding R? values of 0.997
and 0.967 for the pre- and post-MPB installation cases,
respectively.

Mechanism of residual saltwater removal

Following the successful validation of the numerical model,
the subsequent results were obtained through simulations.
The time-dependent evolution of saltwater wedge length for
the three cases (H, HLH, and LHL) is illustrated in Fig. 5,
for both pre- and post-MPB installation. In Fig. 5a, it is evi-
dent that the saltwater wedge length experiences an initial
rapid expansion over time before stabilizing. The advance-
ment of saltwater in the homogeneous and HLH aquifers
occurs at a faster rate than in the LHL case. Once the sea-
water intrusion reaches a steady state, the removal process
starts with the construction of the MPBs. According to the
removal rate of the residual saltwater, as shown in Fig. 5b,
the removal process can be divided into two distinct stages.
During the first stage, within the first hour of the removal
process, the MPBs exhibit high efficiency, resulting in a
rapid reduction of the saltwater wedge penetration length
by 48.1% (H), 44.9% (HLH), and 43.4% (LHL). This demon-
strates the significant efficacy of removing residual saltwater
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during this first stage. Additionally, the area of the mixing
zone (AMZ) between the 10% and 90% salinity contour lines
of seawater (as defined by Gao et al. 2021) is significantly
increased in the first stage (Fig. 7). Upon the implementa-
tion of the MPBs, the freshwater flow becomes constrained
to the region beneath the cutoff wall. Initially, this region is
predominantly occupied by saltwater. Consequently, there
is an instantaneous expansion of the mixing zone, spanning
between the 10% and 90% isolines of seawater salinity. This
expansion signifies an enhanced level of interaction and
blending between saltwater and freshwater, a phenomenon
consistent with the findings of Kaleris and Ziogas (2013).
This widening of the mixing zone, coupled with the influ-
ence of the fresh groundwater flow, results in a rapid retreat
of the saltwater wedge and an efficient removal of residual
saltwater during the first stage. These observations align
closely with the research conducted by Gao et al. (2021) in
the context of a homogeneous aquifer scenario. In the second
stage, after 1.0 h, the rate of residual saltwater removal is
significantly slower in all cases until reaching a steady state.
Finally, the residual saltwater penetration length recedes,
leading to a decline in removal efficiency and mixing inten-
sity (Fig. 5). For case HLH, the residual saltwater wedge
held in the inland aquifer upstream of the subsurface dam
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Table 2 Summary of the investigated cases for each aquifer

No Cutoff wall depth Subsurface dam height MPB
(H,, cm) (Hy, cm) Spacing
(L, cm)

1 - - -

2 26 10 8

3 24 10 8

4 20 10 8

5 16 10 8

6 12 10 8

7 24 7 8

8 24 13 8

9 24 16 8

10 24 19 8

11 24 10 10
12 24 10 6

13 24 10 4

14 24 10 2

15 24 - -

16 20 - -

17 16 - -

18 - 7 -

19 - 10 -

20 - 13 -

is removed after 6.0 h, while in the homogeneous case, it
takes 9.0 h. In the case of LHL, the residual saltwater wedge
shortens by 48.7% in about 1.5 h, after which it reaches a
steady state at that position.

The repulsion ratio (R, ) exhibited a decreasing trend dur-
ing the first 10 min of the removal process (Fig. 6). The
negative value of R; implies that the penetration length of

N
w

Length of saltwater wedge (cm)

20

15 ——Numerical results

10 ¢ Experimental Gao et al. (2021)
5

the residual saltwater wedge expanded rather than decreased.
This phenomenon can be attributed to the constrained space
available for the MPBs, which in turn impeded the rate of
fresh groundwater discharge. As a result, it took a longer
period to reestablish the equilibrium between saltwater and
freshwater, as explained by Gao et al. (2021) (Fig. 7).

Impacts of subsurface dam height

In this part of the study, the depth of the cutoff wall (H.) and
the spacing of MPB (L,) remained fixed, set equal to the
reference case, while the height of the subsurface dam (H,)
was subjected to simulations with different values (7, 10, 13,
16, and 19 cm). The dynamic behavior of residual saltwater
after MPB construction is shown in Fig. 15, Fig. 16, and
Fig. 17, for the cases H, HLH, and LHL respectively, with
subsurface dam heights of 7, 10, and 13 cm for different
periods. When the subsurface dam was taller in all aquifer
conditions studied, it posed a greater challenge for highly
concentrated saline water to refill the residual saline water
(Fig. 15c, Fig. 16c¢, and Fig. 17c). The dam height remained
above the 90% isoline, and as a result, the residual saltwater
with a salinity exceeding 10.0% was completely eliminated
after 10 h. At this point, the seawater wedge had been pushed
seaward to the other side of the subsurface dam.

Figure 8 shows the R; change over time for various dam
heights in the three different aquifer configurations under
investigation. The R; values for Hy = 7.0, 10.0, 13.0, 16.0,
and 19.0 cm after 10 h from MPB construction for the
investigated cases are provided in Table 3. In the first two
cases (H and HLH), approximately one hour following the
installation of the MPB, the repulsion ratio (R; ) climbed to
over 75% and then continued to rise at a diminishing rate
until it approached stabilization, reaching R; = 100% after
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Fig.4 Comparison of the numerical and experimental (Gao et al. 2021) temporal change of saltwater wedge length before a and after b MPB fit-
ting for the reference structure (Hy=10 cm, H,=24 cm, and L,=8 cm) in the homogeneous case
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removing all the residual saltwater from the aquifer upstream
of the subsurface dam. For case H (homogeneous aquifer),
the dam height of 13 cm was the first to attain a steady state
after 5.5 h from the start of the removal process. In contrast,
the increase in dam height had no significant effect on the
efficiency of the MPB in the case HLH.

In the third case (LHL), the R; value increased to more
than 75% after approximately 1.1 h from the construc-
tion of MPBs. However, it's worth noting that the efficacy
of the MPBs in removing residual saltwater decreased as
the dam height increased. This decline in efficiency was
attributed to the significant increase in the height of the
subsurface dam, which extended the path for the drainage
of residual saltwater (Table 3). Notably, the existence of
the bottom low conductivity layer (LHL) was found to
impede the fresh GW discharge in the bottom section of

@ Springer

the aquifer. This restriction had the effect of reducing the
repulsion capacity and prolonging the time required for
removal.

Figure 9 presents the relationship between the repulsion
ratio (R; ) and dimensionless subsurface dam height (H;*)
for the three investigated aquifers. H;* is obtained by divid-
ing the height of the subsurface dam (H,) by the saltwater
head (hy). The curves in the graph illustrate that the MPBs
with an Hg* value greater than or equal to 0.377 can com-
pletely remove the residual saline water in case H. For case
HLH, all H,* values examined resulted in a repulsion ratio
of 100%. In the case of LHL, R values exhibit a positive
correlation with Hy* values spanning from 0.26 to 0.5 and
a negative correlation with H;* values ranging from 0.5 to
0.72. It appears that an MPB with H;* equal to 0.5 achieves
the maximum repulsion ratio for all investigated cases.
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Fig.7 Dynamic changes of concentration field and the area of the mixing zone (AMZ) after MPB installation with reference dimensions for

various periods for the three distinct aquifer settings

Impacts of cutoff wall depth

To investigate the impact of the cutoff wall depth on removal
efficacy, the height of the subsurface dam (H,) and the MPB
spacing (L) values were maintained at reference values,
while several cutoff wall depths (12, 16, 20, 24, and 26 cm)
were applied, as illustrated in Table 1. The temporal progres-
sion of residual saltwater removal following the construction
of MPB with various cutoff wall depths, spanning 0.017,
0.17, 1, and 10 h, is shown in Fig. 18, Fig. 19, and Fig. 20
for the cases H, HLH, and LHL respectively.

Notably, in case H (Fig. 18), it is evident that follow-
ing 1 h of MPB construction, the mixing zone extended
from 69 to 130 cm?, 104 cm?2, and 86 cm? for cutoff wall
depths equal 26, 24, and 20 cm, respectively. In the case
of HLH (Fig. 19), after 1 h of MPB construction, the
mixing zone extended from 83 to 165 cm2, 125 cm?2, and
102 cm? for cutoff wall depths equal 26, 24, and 20 cm,
respectively. Likewise, in the context of LHL (Fig. 20),
following 1 h of MPB construction, the mixing zone
expanded from 55 to 170 cm2, 143 cm2, and 97 cm?2 for
cutoff wall depths equal 26, 24, and 20 cm, respectively.
These results underscore the impact of the cutoff wall,

which enhances the speed of groundwater flow beneath
the cutoff wall and augments the intensity of mixing
between freshwater and saltwater. These effects become
more pronounced as the cutoff wall depth increases. The
evolution in R; values over time is depicted in Fig. 10.
For all the investigated aquifers, when the depth of the
cutoff wall was relatively large, the repulsion ratio value
exhibited a clear and significant increase, as observed,
for example in the first hour in the case of H.= 24 cm.
However, the growth rate of R; rapidly dropped with
the reduction of the cutoff wall's depth, indicating that
the MPB's capacity to remove residual saltwater was
less effective. The R; values associated with cutoff wall
depths H, = 26, 24, 20, 16, and 12 cm after 10 h of MPB
construction for the investigated cases are provided in
Table 4.

Figure 11 presents the relationship between the repulsion
ratio (R} ) and the dimensionless cutoff wall depth (HC*) for
the three investigated aquifers. Hc* is calculated using the
formula H; =1 - ;H where H represents the aquifer
thickness, H, is the cutoff wall depth, and h, the saltwater
head. Increasing the dimensionless cutoff wall depth results
in an increase in the repulsion ratio of saltwater intrusion.
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Table3 The Ry and 7 values Case H,=7cm H,=10cm H,=13cm H,=16cm H,=19cm
for H,= 7.0, 10.0, 13.0, 16.0,
and 19.0 cm after 10 h of MPB R.(%) n(% RL(%) n(% R(%) n(% R (% n(% R.(% n(%)
construction for case H, case
HLH, and case LHL H 74.4 48.4 100.0 64.6 100.0 64.6 100.0 64.6 100.0 64.4
HLH 100.0 64.1 100.0 64.1 100.0 64.1 100.0 64.1 100.0 64.1
LHL 75.0 47.4 77.1 48.7 91.7 57.9 87.5 55.3 83.3 52.6
This relationship holds for a range of H." values ranging  Impacts of MPB spacing

from 0.4 to 0.85, with the achieved repulsion ratio (R;)
ranging from 14.6% to 100%. The curves illustrate that the
MPB with HC* value equal to 0.85 appears to attain the
maximum repulsion ratio in all the cases under
investigation.
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In this section of the study, the height of the subsurface dam
(H,) and the depth of the cutoff wall (H,) remained consist-
ent with the reference case, while various spacing values for
MPB (L,) (2.0, 4.0, 6.0, 8.0, and 10.0 cm) were utilized to
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Fig.9 The relation between the repulsion ratio (R;) and dimension-
less subsurface dam height (Hy*) for case H, case HLH, and case
LHL

investigate the impact of MPB spacing on saltwater removal
efficiency. The position of the MPB was determined based
on the location of the subsurface dam, which was held con-
stant, while the placement of the wall was adjusted to alter
the distance between the barriers. The dynamic behavior of
residual saltwater following the construction of MPBs with
10, 8, and 6 cm spacing over intervals of 0.017, 0.17, 1, and
10 his shown in Fig. 21, Fig. 22, and Fig. 23 for case H, case
HLH, and case LHL, respectively.

In case H, the wedge of the residual saltwater shrunk from
25.5 to 6.5 cm within the first hour for Li= 8 cm. When the
MPB spacing was reduced to 6 cm or when the cutoff wall
was shifted 2 cm closer to the coast (Fig. 21c), the residual
saline water wedge shrank from 25.5 to 4.5 cm within the
first hour. This is a result of freshwater flowing beneath the
cutoff wall, which effectively washed over the residual salt-
water wedge more comprehensively. In the case of HLH,
the wedge of the residual saltwater shortened from 25 to
7.5 cm within the first hour when the MPB spacing was 8
cm. Likewise, when the spacing was further reduced to 6
cm, the wedge shrunk to 7 cm within the first hour. Notably,
the residual saltwater held upstream of the subsurface dam
was eliminated after 4.5 h for L, = 6 cm and after 6.5 h with
an 8 cm spacing (Fig. 12b). For the LHL case, the residual
saltwater wedge diminished from 24 to 5.5 cm in about 1.5
h when the MPB spacing was 8 cm, eventually reaching a
steady state at this position. On the other hand, when the
MPB spacing was reduced to 6 cm, the residual saltwater
trapped upstream of the subsurface dam was washed away
after 7.0 h (Fig. 12¢).

The rate of R, growth exhibited a slowdown after 1.0 to
1.1 h for L=8 cm. This pattern was consistent across all
cases, indicating that for L,=8 cm, the rates of R; increase
began to decelerate after 1.0 to 1.1 h. In contrast, with
smaller spacing, the rates of R; increase remained relatively

high until the wedge of residual saltwater vanished. As a
result, the residual saltwater retained upstream of the sub-
surface dam was effectively eliminated within 10 h, under-
scoring the exceptional removal efficiency of this particular
MPB setup (Table 5).

Figure 13 presents the relationship between the repul-
sion ratio (R; ) and dimensionless MPB spacing (LS*) for
the three investigated aquifers. Ls* is calculated by divid-
ing the MPB spacing (L,) by the initial length of the resid-
ugl saltwater wedge measured from the subsurface dam
(L;). The curves in the graph illustrate that the MPB with
an L, value less than or equal to 0.15 seems to achieve the
maximum repulsion ratio in all investigated cases.

MPB versus a single barrier

To evaluate the effectiveness of MPBs, their performance
was compared with that of single barriers, consisting of
a cutoff wall and a subsurface dam with varying lengths,
over a 10-h stress period. R; was utilized to assess the
capability of the physical barriers in removing residual
saline water.

The MPBs spacing and the depth of the cutoff wall
remained consistent with the reference values, while
various subsurface dame height values were modeled
(Fig. 14a). The subsurface dam’s capability in remov-
ing residual saline water during the reference period was
relatively low. The MPBs efficiency (R;) in removing
residual saltwater were 2.06—3.30 and 2.07—3.55 times
greater than that of the subsurface dam in cases H and
HLH, respectively, and 8.25 times greater in case LHL.
In another scenario, the cutoff wall was positioned in the
same location as the MPB wall, while the reference values
of subsurface dam height, MPB spacing, and various cutoff
wall depths were examined in the simulations (Fig. 14b).
The efficacy of MPBs (R;) in removing residual saline
water was 38—100% and 39—44% greater than that of
the cutoff wall in case H and case HLH, respectively, and
2.7-75% in case LHL. Significantly, the R, result of the
MPBs with HC*:O.394 in Fig. 11 was 52.9, 56.0, and
14.6%, whereas the comparable subsurface dam scenario
(Hd* =0.49 & Hy=13 cm) in Fig. 14b was only 23.4, 22.0,
and -1.5% for cases H, HLH, and LHL, respectively. This
comparison highlights that, despite the shorter cutoff wall
depth in the case of MPBs, they play a crucial role in expe-
diting the removal of residual saline water. The use of a
single physical barrier has limited potential to remove the
residual saline water trapped upstream of the subsurface
dam. The MPBs, on the other hand, demonstrate a higher
removal efficacy and a sustained removal impact, which
provides them with considerable benefits in the conserva-
tion and management of coastal GW resources.
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Fig. 10 Influences of cutoff wall
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Table4 The R, and 7 values for  cu0e ™ g —26cm H,=24 cm H,=20 cm H,=16cm H,=12cm
H.=26,24,20,16,and 12 cm
after 10 h of MPB installation R (%) n(% RL(% n(%) R (% n(% R (% n(% R (% n(%
for case H, case HLH, and case
LHL H 76.9 50.0 100.0 64.6 100.0 64.6 74.5 48.1 529 342
HLH 100.0 64.1 100.0 64.1 86.0 55.1 72.0 46.2 56.0 35.9
LHL 77.1 48.7 77.1 48.7 77.1 50.0 29.2 18.4 14.6 9.2
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Conclusions

The impacts of mixed physical barriers (MPBs) on removing
residual saline water in Multi-Layered unconfined coastal
aquifers were investigated using a validated numerical
model. In comparison to the experimental findings reported
by Gao et al. (2021), the SEAWAT model demonstrated
highly accurate predictions of the dynamic migration of
the saltwater wedge during both intrusion and removal
processes, yielding impressive R? values of 0.99 and 0.97,
respectively.

Three different aquifer configurations were investigated: a
homogeneous reference aquifer (H) and two layered aquifers,
namely HLH and LHL. The study aimed to assess the effec-
tiveness of MPBs.The process of removing residual saline
water can be divided into two distinct stages. Although the
first stage represents only 10% of the total removal process
duration, it exhibits substantial reductions in the length of
the saltwater wedge (R;) with rates of 74.5%, 70.0%, and
68.8% for cases H, HLH, and LHL, respectively. In the sec-
ond stage, the elimination of residual saltwater proceeds at
a significantly slower pace across all cases until it reaches a
steady state. These findings closely align with the research
conducted by Gao et al. (2021), particularly in the context
of a homogeneous aquifer scenario.

The effectiveness of the removal process following
the construction of MPBs is strongly affected by the
dimensions of the MPBs structure. To determine the
most efficient MPBs dimensions, dimensionless param-
eters such as the subsurface dam height (Hd*), cutoff wall
depth (HC*), and MPB spacing (Ls*) were employed. With
an increase in the cutoff wall depth, the efficiency of
removing residual saltwater also increased. When the
cutoff wall depth was reduced from 24.0 to 12.0 cm, the

repulsion ratio decreased by 47%, 44%, and 81% after
10 h for case H, case HLH, and case LHL, respectively.
Notably, The MPB with H_* value of 0.85 (equivalent to
H.=24 cm) exhibited the highest repulsion ratio in all the
cases investigated.

Among the investigated cases, it appears that an MPB
with H," equal to 0.5 (corresponding to Hy= 13 cm) offers
the highest repulsion ratio. In case H, the removal time for
residual saltwater was only 5.17 h, while for case LHL, it
took 10 h to achieve an RL reduction of 91.7%. In the case
of HLH, a dam height of 7 cm or higher (Hd* >0.264) proved
optimal, resulting in a residual saltwater removal time of 5.5
h. Generally, the depth of the cutoff wall had a more pro-
nounced impact on removal efficiency than the dam height.
For all the investigated cases, MPBs with an L, value less
than or equal to 0.15 demonstrated the maximum repulsion
ratio. An MPB spacing of L,* equal to 0.1 (corresponding
to L,=4 cm) was found to be the optimal value, resulting in
a rapid reduction in residual saltwater within 2.33 h for case
H, 3.67 h for case HLH, and 4.33 h for case LHL.

In contrast to single physical barriers sharing the same
physical properties, MPBs clearly demonstrated their advan-
tages in the removal of residual saltwater. In cases H and
HLH, the efficacy of MPBs (R;) in residual saline water
removal was 2.06 to 3.30 and 2.07—3.55 times greater than
that of the subsurface dam, respectively, while in case LHL,
it was an impressive 8.34 times more effective. Moreover,
in cases H and HLH, MPBs outperformed cutoff walls by
38% to 100% and 39% to 44%, respectively. In case LHL,
MPBs exhibited a 2.7% to 75% advantage in residual salt-
water removal. Even though the MPB's cutoff wall depth is
short, it is critical to speed up the removal process of resid-
ual saltwater. These findings align closely with the research
conducted by Gao et al. (2021), especially in the context of
a homogeneous aquifer scenario.

The removal of residual saltwater by MPB in the cur-
rent study was limited to a laboratory-scale aquifer, with
the complete removal process unfolded within a few hours.
This setup does not accurately reflect real-world conditions,
where the natural removal of residual saltwater can extend
over years to decades. Moreover, tidal fluctuations of sea-
water were not taken into account in this study. Real-world
aquifers are characterized by complexity, potential anisot-
ropy, and vulnerability to tidal and wave influences. Conse-
quently, the removal of saltwater intrusion in natural aquifers
is a much more intricate process, necessitating refinement of
the current model to accurately represent these complexities
and provide a more accurate representation of the real-world
dynamics involved.

To better address the practicality of MPBs in real-world
scenarios, future studies should consider a wider spectrum of
aquifer characteristics, including depth, breadth, and lateral
extent. Additionally, it is essential to undertake a thorough

@ Springer



4840

Environmental Science and Pollution Research (2024) 31:4826-4847

Fig. 12 Influences of MPB
spacing on MPB performance.
a case H, b case HLH, and ¢
case LHL

Table5 The R, and # values
for Lg= 10, 8, 6,4, and 2 cm
after 10 h of MPB installation
for case H, case HLH, and case
LHL
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LHL 68.8 43.4 77.1 48.7 100.0 63.2 100.0 63.2 97.9 61.8
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Fig. 13 The relation between the repulsion ratio (R;) and dimension-
less MPB spacing (L *) for case H, case HLH, and case LHL

analysis of rainfall infiltration in upcoming research. Fur-
thermore, the substantial impact of transient factors such as
seasonal variations and sudden freshwater influxes on salt-
water intrusion dynamics should be thoroughly investigated.

Appendix A

In Appendix A, the dynamic evolution of concentration
fields and the transformation of the Area of the Mixing Zone
(AMZ) in response to the installation of the Mixed Physi-
cal Barriers (MPB) are examined. Diverse scenarios are the
focus of this exploration, featuring variations in subsurface
dam height (H), cutoff wall depth (H,), and MPB spacing
(L,). The aim here is to conduct an in-depth examination of
how these critical parameters are influenced by the MPB
construction, affecting the distribution of solute concentra-
tion within the aquifer and resulting in changes in the AMZ.
See Figs. 15, 16, 17, 18, 19, 20, 21, 22, and 23
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@ Springer



4842

Environmental Science and Pollution Research (2024) 31:4826-4847

28 280 280, S—— —
244/ - B = 0] AMZ =78 cm?
240 AMZ =77 cm?
= 2004 AMZ =78 cm? 200 200,
= 160 16.0. 16.0;
~ 12y 120 120
S 8.0 80 80 E—
ISR / I “ / 8 /
00 T T T T ¥ T T T 0.0. 0.0.
0 100 200 300 400 S00 600 700 800 900 0 100 200 300 400 500 600 700 800 0.0 0 100 200 300 400 500 600 700 800 0.
28.( 280, B804 —— p—
o 24 AMZ = 126 cm? 240 AMZ =126 2404 AMZ = 125 cm?
= 200] 200, - 2004
= 164 160 160{
PRENEX 120 120]
8.0 ] 80, 8.0
40 40 0]
4. T T T T T T T T 0.0. F aa —
0 100 200 300 400 S00 600 700 800 900 0 0 200 300 400 500 €00 700 800 50 0 100 200 300 400 500 600 700 600 __ 90
284 | 2 |
24.) = e - AMZ = 106 cm?
E G AMZ=103cm i
16 = cnr 200}
4 o AMZ = 104 cnm? =
1204 120 20.
8.04 . 30,
40 I “ -
00 E T TR T TR TR TR
00.
1 100 200 300 400 S00 600 700 800 50.0 .0 100 200 300 400 500 60.0 700 80.0 0
28, ECT) — — 280 — B
240 240 AMZ = 34 cm? 240
e AMZ =74 cm? 200 o AMZ =25 cm?
o 1604 160. 16.0.
— 120 120 1220
8.0 80. 80
40 | ‘@ ‘@
=| oo T T T T T T 4 T 00. 0.
é 0.0 100 200 300 400 S00 600 700 800 900 0 100 200 300 400 500 60.0 700 800 0.0 .0 100 200 300 400 500 600 700 80.0 0.0
N a b c
X(m) 10% Isoline 50% Isoline 90% Isoline

Fig.15 Dynamic changes of concentration field and the area of the mixing zone (AMZ) following the construction of the MPB with 7.0 cm (a),

10.0 cm (b), and 13.0 cm (c) subsurface dams’ height for the case H

28, XD — 0]
24.04 = N - 2 =l T
2ol AMZ =89 cm? s AMZ = 89 cm? / ull  AMZ =289 cm )
&0 00 200,
R 50. 160,
~ 12y 20 / 120,
5 8.4 80 80,
=3 :‘:‘ / I 40 / I 40. /
00 100 200 300 400 S00 600 700 800 0.0 5 0) 100 200 300 400 500 600 700 800 0 “ 0 100 200 300 400 500 600 700 80.0 0.0
28 80! 260 . = | [
s 24 AMZ =126 cm? o AMZ = 124 cm? Hof AMZ =123 cm?
< 200] 200, 200
>~ 160. 6. 16.0.
=S teof 20 120 I==a
(=3 » .
80. N 80. By 80.
00. T T T 1 T T T 0.0. 0.0.
.0 100 200 300 400 S00 €00 700 800 900 0 100 200 300 400 500 600 700 800 0, 0 100 200 300 400 500 600 700 800 0.0
zen- 280! 280 e
4 — — E————
2 240, = 2
_ sl 2 b AMZ = 125 om? |  AMZ=127cm
<= 160 AMZ =121 cm? s =
— 120] J ] o e , {
oa 80 I 80
4 /I 4.0. 490 ‘/
040. & aa
0.0 100 200 300 400 S00 600 700 €00 0.0 0 100 200 300 400 500 600 700 800 0.0 o 100 200 300 400 S00 600 700 800 00
28, 8., I — 80 -
24.0 24.0. — 2 . 240, il o
= AMZ-38em? 2 o AMZ =30 em w|  AMZ=25cm?
= 160 1620, 160.
— 1y // 120. / 1204
8.0 8.0. 80.
4 [ 4.0 I 4.0
— 04 T T T T T T 0.0 0.0.
£ 0 100 200 300 400 500 600 700 800 900 0 0 200 300 400 500 600 700 800 904 0 10 200 300 400 500 600 700 800  90¢
-
N a b c
X (m) 10% Isoline 50% Isoline 90% Isoline

Fig. 16 Dynamic changes of concentration field and the area of the mixing zone (AMZ) following the construction of the MPB with 7.0 cm (a),

10.0 cm (b), and 13.0 cm (c) subsurface dams’ height for the case HLH

Author contributions “This paper originated as a part of the PhD
thesis of the first author (Sobhy R. Emara) under the supervision of
Asaad M. Armanuos, Tamer A. Gado, and Bakenaz A. Zeidan. All
authors contributed to the study's conception and design. Data analy-
sis and numerical simulations were performed by Sobhy R. Emara,
Asaad M. Armanuos, and Tamer A. Gado. All authors contributed to

@ Springer

the interpretation of the results. The first draft of the manuscript was
written by Sobhy R. Emara. And all authors commented on previous
versions of the manuscript.”

Funding Open access funding provided by The Science, Technology
& Innovation Funding Authority (STDF) in cooperation with The



Environmental Science and Pollution Research (2024) 31:4826-4847 4843

28! 80. o B :8.0) o

D0  AMZ=62cem? ‘o AMZ = 60 cm? o AMZ = 60 cm?

*00. 200
= 1.0 60 60!
~ 1204 20 / 120
= 8o a0, 80,
S 40]
o | . — | : _—
00 100 200 300 400 S0O €00 700 €00 900 0 100 200 300 400 500 600 700 800 01 0 10 200 300 400 500 600 700 800 01

280 BO: e 28.0. i B

w24 AMZ =95 cm? 42 AMZ =93 cm? uof  AMZ =94 cm?
= 200 00. 200,
™~ 160 60, 160
S e 29, 120 —
< ao l) 80 1 80

40

o0 — | " = | w o

0.0 100 200 300 400 S00 600 700 800 0.0 0 100 200 300 400 500 600 700 80.0 0 0 100 200 300 400 500 60.0 700 80.0 04

28! i o 280 ]

24.0] 40, _ 2 240, = 2
= 200) AMZ = 146 cm? o AMZ = 143 cm o, AMZ = 147 cm
= 160 60 160

120/ F s (/ o (K

80. 80 1 80
40
. J | = U] - )
00 100 200 300 400 500 600 700 800 900 10 200 300 400 00 600 700 600 9. 0 10 200 300 400 %00 60 700 800  90¢

28.( = 80, 280]

24,0 _ —— 5 _ == e —
o AMZ=8Sem? N AMZ =80 cm? / af AMZ=30cm? /
o 84 60 160.

— 12y / 20 % 120) =
8.. 80 1 80
4.04
Au_ | I g i
E 00 100 200 300 400 S00 €00 700 80O 90« .0 100 200 300 400 500 600 700 800 0. 100 200 300 400 500 600 700 80.0 0.0
N a b
X (m) 10% Isoline 50% Isoline

90% Isoline

Fig. 17 Dynamic changes of concentration field and the area of the mixing zone (AMZ) following the construction of the MPB with 7.0 cm (a),
10.0 cm (b), and 13.0 cm (c) subsurface dams’ height for the case LHL

28 280, [ i
51 2 £ AMZ =77 cm? 240, AMZ =74 cm?
o o AMZ =77 cmy 200 200,
E 160 160 160
o 1 120 120
S &Y 80, 80,
S 4 == b = « =
00. T T T T T T T T 0.0. 0.0
0 100 200 300 400 S00 600 700 800 900 0 100 200 300 400 500 €00 700 800 900 0 10 200 300 400 500 €0 700 800 %0
28, 280! [ 80
£ 24 AMZ =123 em? #0 AMZ =126 cm? “f  AMZ=98 cm?
= 2004 200, w0}
= 160] 160 6]
o 12y 120 20f
80, 80 82]
a0 ) 40 | 4of |
oa T T T y — T 00. —_— 00,
00 100 200 300 400 SO0 600 700 800 S04 0 100 200 300 400 500 600 700 800 0. 0 100 200 300 400 500 600 700 800 0.
280 — 280
2440 240, o1 AMZ = 86 cm?
o 20 200 AMZ = 104 cm? 200
f 160 AMZ = 130 cm? i i
1204 120, 1220
804 80, 80
404 40, | 40, |
oQ T T T T T * T T 0.0. 0.0.
50 100 200 300 400 SO0 600 700 800 900 9 100 200 20 400 00 60 700 800 %0 100 200 300 400 500 600 _ 700 800 i
28! 28] - 80!
24.0] 240 = 2 48
£ 20  AMZ=8lcm? o0 AMZ =34 cm ] AMZ=31cm?
o 1649 160 58
— 124/ 120 20
8.0/ | 80, 82,
40 4.0, 40,
~T o0 . - . . . . £ v 00. 00,
é 0 100 200 300 400 SO0 600 700 800 900 o M0 20 300 40 %00 600 70 80 %0 0 10 200 300 400 500 60 700 80 %.
N a b
Xdm) 10% Isoline 50% Isoline 90% Isoline

Fig. 18 Dynamic changes of concentration field and the area of the mixing zone (AMZ) following the construction of the MPBs with 26 cm (a),

24 cm (b), and 20 cm (c) cutoff wall depths for the case H

Egyptian Knowledge Bank (EKB). “The authors declare that no funds,
grants, or other support were received during the preparation of this

manuscript.”

Data availability The data that support the findings of this study are
available on request from the corresponding author.

Declarations

Ethical approval Not applicable.

Consent to participate Not applicable.

@ Springer



4844 Environmental Science and Pollution Research (2024) 31:4826-4847
28, 80. - -} - 80,
2404 AMZ =93 cm? “ AMZ = 89 cm? / s AMZ = 86 cm? Q
20,0/ 00. 200,
= 160 60. 60.
~ 120 / o0 s
= 8. 80, o 1
5 40]
i I B 2 — 4 — |
.0 10.0 200 300 400 S00 600 700 800 90.0 0 100 200 300 400 500 60.0 700 800 0 .0 100 200 300 400 500 600 700 80.0 .
28. 0. — — __ 28.0.
5 24 AMZ =123 cm? P 4 AMZ = 124 cm? / aso]  AMZ =102 cm?
= 200] 200. 2004
l: 16.0. 6.0. 16,
o 12y 20. 120} ﬁ
80 1 80, By 80 1
p E— ¢ — | = _— |
.0 100 200 300 400 500 600 700 80.0 0.0 0 100 200 300 400 500 600 700 800 0. 0 100 200 300 400 500 600 700 800 0.0
28 P ——— 280
240]  AMZ =165 cm? _ 240 = 2
= 200 2 = o AMZ = 125 cm? N AMZ =102 cm
= 160 e 16.0.
120 ‘ J o H 120, /
8.0 | 80 [ 60,
a [ w 7]
0.0. T T T T T T : 4 T 0.0. 0.0.
.0 100 200 300 400 500 600 700 800 0.0 2.0 100 200 300 400 500 60.0 700 800 0.0 100 200 300 400 500 60.0 700 800 0.
28, 280! 280!
24.0) , - 2 i » AMZ = 2
= 200) AMZ = 30 om? e AMZ =30 cm / s 39 cm
o 16.0. 16.0. 16.0.
— 120] V 120 // 120 /
840 8.0, 80,
404 4.0, I 4.0, A
= 0.0. 0.0, 0.0
g 0.0 100 200 300 400 S00 600 700 800 0.0 .0 100 200 300 400 500 600 700 800 0.1 0 100 200 300 400 500 600 700 800 00
N a b
X (m) 10% Tsoline 50% Isoline 90% Isoline

Fig. 19 Dynamic changes of concentration field and the area of the mixing zone (AMZ) following the construction of the MPBs with 26 cm (a),
24 c¢m (b), and 20 cm (c) cutoff wall depths for the case HLH

284 80. — 80} .
Z;-: AMZ = 63 cm? 40 AMZ = 60 cm? ;: AMZ =58 cm’
: 00. 20,
E 160 60 169
~ 120 / 20 / 120 /
= 80
o 80. 8.0.
s Y o i —1 ] ¢ I
00. T T T T T T T T 0.0.
0 100 200 300 400 S00 600 700 800 900 % 100 200 300 400 500 600 700 800 01 0 100 200 300 400 S00 600 700 600 04
28.0] 80 B 0.
5|  AMZ=93cm? “l AMZ=93cm J w  AMZ=73 o’ —/J
& 0.04
: 16.0. 6.0. 6.
ISR 20. 20] /_/
84 1 80. 1 80, 1
40 e | “ !» I 0 / I
oo, T T T T ¥ T T T 0.0. 0.0
0.0 100 200 300 400 S00 600 700 800 0.0 0 100 200 300 400 500 600 700 800 0 0 100 200 300 400 500 600 700 800
>
o - , ] -
wa]  AMZ=170cm? “l AMZ= 143 om? el AMZ =97 cm?
£ ea D) A ?:f
—_
1204 (K 20. (/ 120,
8.0. 1 a8l 1L a0 1
A ) | w ] ‘» |
T T T T 7 T v T 00. o
0 100 200 300 400 500 600 700 800 0.0 .0 100 200 300 400 500 600 700 800 0. ) 100 200 300 400 500 €00 700 800
28, 80] 280]
24.0) 40! N 2 I = 2
& a AMZ = 107 cm? oo AMZ = 80 cm :: AMZ =46 cm’ '
= 160 60. 160,
= 120 (/ 20 / 120) /
8.0, 1 80. 1 80,
40 )) I 4.0, 4.0,
= oo b 00.
§, 0.0 100 200 300 400 S00 600 700 800 90C 100 200 300 400 500 600 700 800 0. 0 100 200 300 400 500 600 700 80.0 0.0
N a b c
X(m ; : ’
(m) 10% Isoline 50% Isoline 90% Isoline

Fig. 20 Dynamic changes of concentration field and the area of the mixing zone (AMZ) following the construction of the MPBs with 26 cm (a),
24 cm (b), and 20 cm (c) cutoff wall depths for the case LHL

Consent for publication Not applicable.

Competing interests “The authors have no relevant financial or non-
financial interests to disclose.”

“All authors read and approved the final manuscript.”

@ Springer

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are



Environmental Science and Pollution Research (2024) 31:4826-4847 4845
284 200 280, 5
240 = T > AMZ =77 cmy
240 AMZ =77 cm? 240
. 200 AMZ =78 cm? 200 200
= 160 160 16.0.
o 12 120 120,
S ey 80 80.
S 4 0 4.
0.0. T T T T T T T T 0.0 0.0.
0.0 100 200 300 400 500 600 700 800 0.0 0 100 200 300 400 500 600 700 80.0 0.0 0 100 200 300 400 500 60.0 700 800 0.
28. 8.0, 80
5 2 AMZ =125 em? 9 AMZ = 126 cm? ‘o AMZ=125cm?
= 200 200 200{
= 1e0] 160 60
o 120 120 20]
8./ 0 80]
) o |
00. T T T 7 T T T 0. — 0..
0.0 100 200 300 400 S0.0 600 700 800 00 00 100 200 300 400 500 600 700 800 0. 0 100 200 300 400  S00 €00 700 800 04
284 28.0] — 280
f
’;t 240 AMZ — 104 240 AMZ =113 cm?
= 20 200] = E
Eed  AMZ=105cm? o em o
— 160,
12.0] 120, 129,
6. 84 80,
44 0} 40
00 T T T T T T T T 0.0. 0.0.
0 100 200 300 400 S00 600 700 800 90 0 00 200 300 400 08 €08 700 600 0.0 0 10 200 300 400 500 600 700 800 0
as. 280 — 280
240 24,01 = 2 240
& 200 AMZ =76 cm? 200l AMZ =34 cmy 200 AMZ = 35 cm?
o 164 160, 160
— 1204 12.0. 120,
8.0/ 80, 80
4.0 4.0 40,
= 00. T T T T T T T T 0.0. 0.0.
g .0 100 200 300 400 S00 600 700 800 900 0 00 200 300 400 08 6w 700 800 0.0 0 10 20 300 400 500 €00 700 800 00
N a b c
X(m) 10% Isoline 50% Isoline 90% Isoline

Fig.21 Dynamic changes of concentration field and the area of the mixing zone (AMZ) following the construction of the MPBs with 10 cm (a),

8 cm (b), and 6 cm (c) spacing for case H

281 80 == ) 80
244 AMZ =89 cm? “ AMZ = 89 cm? 4o AMZ = 89 cm?
200] 00. 00
E 16.0. 60. 60.
~ 120] / 20, / 20
El o = .
S 44 . / I 0 / |
00. T T T T f T T T 0.0 0.0.
.0 100 200 300 400 S00 600 700 80.0 900 0 100 200 300 400  S00 600 700 800 0 0 0 200 300 400 500 600 700 600  90¢
284 80! e -
5| AMZ=1240m? “a AMZ =124 em? / w|  AMZ=123 cm?
. %00/ 200]
= e = o
o e 120, 120
80 Dy -~ By 80 A
40] I 40. A | 40 I
0.0. T T 0.0. 0.0 ﬁ:
.0 100 200 300 400 S00 600 700 800 90« 00 100 200 300 400 500 600 700 800 0. .0 100 200 300 400 500 60.0 700 800 0.
EB.& 280 S— 280
24, >
s00] AMZ = 120 cm? 240, AMZ = 125 cm? ol AMZ = 140 cm?
s 200 2004
= 160 «a 160}
120] J ) o, H 120 }
8., i 80 ( )
) /1 " 7] .n J
oo T T T T T T T T 0.0. 0.0.
.0 100 200 300 400 S00 600 700 800 0. 0 100 200 300 400 500 60.0 700 80.0 00 .0 100 200 300 400 500 600 700 800 0.
28.0] 280, S 280
24, 0 - B
= 2 AMZ =30 cm? 240
= 20 AMZ =33 cm 0 wo]  AMZ =30 cm?
o 160 160 160
— 1204 V 120 ﬂ 120 /)
8., 80, 80,
A% ” l
£ 00. T T T T T 00 L
= 00 100 200 300 400 500 600 700 800 90« 0 10 200 300 400 500 600 700 800 0 0 10 200 300 400 500 600 700 600 90
N a b c
X (m . . , .
(m) 10% Isoline 50% Isoline 90% Isoline

Fig.22 Dynamic changes of concentration field and the area of the mixing zone (AMZ) following the construction of the MPBs with 10 cm (a),

8 cm (b), and 6 cm (c) spacing for case HLH

included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abd-Elaty I, Abd-Elhamid HF, Nezhad MM (2019) Numerical analysis of
physical barriers systems efficiency in controlling saltwater intrusion
in coastal aquifers. Environ Sci Pollut Res 26:35882-35899. https:/
doi.org/10.1007/s11356-019-06725-3

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s11356-019-06725-3
https://doi.org/10.1007/s11356-019-06725-3

4846 Environmental Science and Pollution Research (2024) 31:4826-4847
28, 80 28.0;
N N ]
24.0] AMZ = 66 cm? 4. AMZ = 60 cm? 240 AMZ = 60 cm’
20, 00, 200,
£ 160 0 160,
L 1204 / 20 / 1220,
S s ol 8
S | e / I - / |
0.0. / 00. D
00 100 200 300 400 SO0 600 700 800 90t 00 1o 200 300 S00__ 60 700800 5 0 100 200 300 400 00 600 700 80 90«
28.0] 80. 28.0]
> =
5 20 AMZ= 124 om? “ AMZ =93 cm? wo|  AMZ=91 cm?
< 2004 00. 2004
™ 160 o i)
o 12y 20 120
840. ] 80. 1 80, 1
4] I “@ | «d] I
oo v v T - R ; 00 -— 0. ——
00 10.0 200 30.0 400 50.0 60.0 70.0 80.0 0.4 0 100 200 300 500 600 700 800 0 0 100 200 300 400 S00 600 700 800 0.0
28. 8.0, 28.0.
= 2 P
24.0 AMZ =234 cm 40, AMZ = 143 cm? #of  AMZ =156 cm?
w2004 200. 200.
< 160 °. 160.
—
12 / 20, (/ 120, (K
80 80, [l 80 [
4.0] V I 40. )) I 40 )) I
00. T T T T T T T T 00. 0.0.
0 100 200 300 400 S00 600 700 800 900 00 10 200 30 o0 6o 700 80 %0 0 10 200 300 40 %00 o 700 800 0
284 80! 280,
24.0] 40, = 2 240 = 2
200} AMZ = 67 cm? AMZ =80 cm AMZ =49 cm
= 00 200
o 16.0. 0. 16.0.
S 24 / 2o // Wi K
8a 80 1 80
40 f I 4.0, 40,
= 00. T T T T T T T T 0.0. 0.0.
£ 0 100 200 300 400 500 600 700 800 90( OO T TR T S0 o 700 800 o 1o 200 30 400 S00 60 700 80 90«
N a b c
X(m ;
(m) 90% Isoline

10% Isoline

50% Isoline

Fig. 23 Dynamic changes of concentration field and the area of the mixing zone (AMZ) following the construction of the MPBs with 10 cm (a),

8 cm (b), and 6 cm (c¢) spacing for case LHL

Abdoulhalik A, Ahmed AA (2017a) The effectiveness of cutoff walls
to control saltwater intrusion in multi-layered coastal aquifers:
Experimental and numerical study. J] Environ Manag 199:62-73.
https://doi.org/10.1016/j.jenvman.2017.05.040

Abdoulhalik A, Ahmed AA (2017b) How does layered heterogeneity
affect the ability of subsurface dams to clean up coastal aquifers
contaminated with seawater intrusion? J Hydrol 553:708-721.
https://doi.org/10.1016/j.jhydrol.2017.08.044

Abdoulhalik A, Ahmed A, Hamill GA (2017) A new physical barrier
system for seawater intrusion control. J Hydrol 549:416-427.
https://doi.org/10.1016/j.jhydrol.2017.04.005

Abdoulhalik A, Abdelgawad AM, Ahmed AA (2020) Impact of layered
heterogeneity on transient saltwater upconing in coastal aquifers. J
Hydrol 581:124393. https://doi.org/10.1016/j.jhydrol.2019.124393

Ahmed A, Robinson G, Hamill G, Etsias G (2022) Seawater Intru-
sion in Extremely Heterogeneous Laboratory-Scale Aquifer:
Steady-State Results. Water 14:1069. https://doi.org/10.3390/
w14071069

Armanuos AM, Ibrahim MG, Mahmod WE, Takemura J, Yoshimura
C (2019) Analysing the Combined Effect of Barrier Wall and
Freshwater Injection Countermeasures on Controlling Salt-
water Intrusion in Unconfined Coastal Aquifer Systems.
Water Resour Manag 33:1265-1280. https://doi.org/10.1007/
$11269-019-2184-9

Armanuos AM, Al-Ansari N, Yaseen ZM (2020a) Assessing the Effec-
tiveness of Using Recharge Wells for Controlling the Saltwater
Intrusion in Unconfined Coastal Aquifers with Sloping Beds:
Numerical Study. Sustainability 12:2685. https://doi.org/10.3390/
sul2072685

Armanuos AM, Al-Ansari N, Yaseen ZM (2020b) Underground Barrier
Wall Evaluation for Controlling Saltwater Intrusion in Sloping
Unconfined Coastal Aquifers. Water 12:2403. https://doi.org/10.
3390/w12092403

Armanuos AM (2017) Experimental and numerical study of saltwater
intrusion in the Nile delta aquifer, Egypt (PhD Thesis). Egypt-
Japan University of Science and Technology (E-JUST)

@ Springer

Chang Q, Zheng T, Zheng X, Zhang B, Sun Q, Walther M (2019) Effect
of subsurface dams on saltwater intrusion and fresh groundwater
discharge. J Hydrol 576:508-519. https://doi.org/10.1016/j.jhydr
01.2019.06.060

Chang SW, Clement TP (2012) Experimental and numerical investiga-
tion of saltwater intrusion dynamics in flux-controlled groundwa-
ter systems. Water Resour Res 48. https://doi.org/10.1029/2012W
RO12134

Clark J, Morrissey S, Dadakis J, Hutchinson A, Herndon R (2014)
Investigation of Groundwater Flow Variations near a Recharge
Pond with Repeat Deliberate Tracer Experiments. Water 6:1826—
1839. https://doi.org/10.3390/w6061826

Dagan G, Zeitoun DG (1998) Seawater-freshwater interface in a strati-
fied aquifer of random permeability distribution. J Contam Hydrol
29:185-203. https://doi.org/10.1016/S0169-7722(97)00013-2

Emara SR, Armanuos AM, Gado TA, Zeidan BA (2023a) Verification
of experimental saltwater intrusion interface in unconfined coastal
aquifers using numerical and analytical solutions. Acque Sotter
- Ital J Groundw 12:23-38. https://doi.org/10.7343/as-2023-668

Emara SR, Gado TA, Zeidan BA, Armanuos AM (2023b) Evaluating
the Impact of Inclined Cutoff-Wall to Control Seawater Intrusion
in Heterogeneous Coastal Aquifers. Water Resour Manag. https://
doi.org/10.1007/s11269-023-03641-7

Etsias G, Hamill GA, Aguila JF, Benner EM, McDonnell MC, Ahmed
AA, Flynn R (2021) The impact of aquifer stratification on salt-
water intrusion characteristics. Comprehensive laboratory and
numerical study. Hydrol Process 35:€14120. https://doi.org/10.
1002/hyp.14120

Fan'Y, Lu W, Miao T, Li J, Lin J (2020) Multiobjective optimization of
the groundwater exploitation layout in coastal areas based on mul-
tiple surrogate models. Environ Sci Pollut Res 27:19561-19576.
https://doi.org/10.1007/s11356-020-08367-2

Gao S, Zheng T, Zheng X, Walther M (2022) Influence of layered
heterogeneity on nitrate enrichment induced by cut-off walls in
coastal aquifers. J Hydrol 609:127722. https://doi.org/10.1016/j.
jhydrol.2022.127722


https://doi.org/10.1016/j.jenvman.2017.05.040
https://doi.org/10.1016/j.jhydrol.2017.08.044
https://doi.org/10.1016/j.jhydrol.2017.04.005
https://doi.org/10.1016/j.jhydrol.2019.124393
https://doi.org/10.3390/w14071069
https://doi.org/10.3390/w14071069
https://doi.org/10.1007/s11269-019-2184-9
https://doi.org/10.1007/s11269-019-2184-9
https://doi.org/10.3390/su12072685
https://doi.org/10.3390/su12072685
https://doi.org/10.3390/w12092403
https://doi.org/10.3390/w12092403
https://doi.org/10.1016/j.jhydrol.2019.06.060
https://doi.org/10.1016/j.jhydrol.2019.06.060
https://doi.org/10.1029/2012WR012134
https://doi.org/10.1029/2012WR012134
https://doi.org/10.3390/w6061826
https://doi.org/10.1016/S0169-7722(97)00013-2
https://doi.org/10.7343/as-2023-668
https://doi.org/10.1007/s11269-023-03641-7
https://doi.org/10.1007/s11269-023-03641-7
https://doi.org/10.1002/hyp.14120
https://doi.org/10.1002/hyp.14120
https://doi.org/10.1007/s11356-020-08367-2
https://doi.org/10.1016/j.jhydrol.2022.127722
https://doi.org/10.1016/j.jhydrol.2022.127722

Environmental Science and Pollution Research (2024) 31:4826-4847

4847

Gao M, Zheng T, Chang Q, Zheng X, Walther M (2021) Effects of
mixed physical barrier on residual saltwater removal and ground-
water discharge in coastal aquifers. Hydrol Process 35. https://doi.
org/10.1002/hyp.14263

Hussain MS, Javadi A, Sherif M (2016) Artificial recharge of coastal
aquifers using treated wastewater to control saltwater intrusion.
Qual Quant 1:4. https://doi.org/10.13140/RG.2.1.2285.9920

Hussain MS, Abd-Elhamid HF, Javadi AA, Sherif MM (2019) Manage-
ment of Seawater Intrusion in Coastal Aquifers: A Review. Water
11:2467. https://doi.org/10.3390/w11122467

Javadi AA, Abd-Elhamid HF, Farmani R (2012) A simulation-opti-
mization model to control seawater intrusion in coastal aquifers
using abstraction/recharge wells. Int J] Numer Anal Methods
Geomech 36:1757-1779

Javadi A, Hussain M, Sherif M, Farmani R (2015) Multi-objective
Optimization of Different Management Scenarios to Control
Seawater Intrusion in Coastal Aquifers. Water Resour Manag
29:1843-1857. https://doi.org/10.1007/s11269-015-0914-1

Kaleris VK, Ziogas AI (2013) The effect of cutoff walls on saltwater
intrusion and groundwater extraction in coastal aquifers. J Hydrol
476:370-383. https://doi.org/10.1016/j.jhydrol.2012.11.007

Ketabchi H, Mahmoodzadeh D, Ataie-Ashtiani B, Simmons CT (2016)
Sea-level rise impacts on seawater intrusion in coastal aquifers:
Review and integration. J Hydrol 535:235-255. https://doi.org/
10.1016/j.jhydrol.2016.01.083

Liu Y, Shen M, Zhao J, Dai H, Gui D, Feng X, Ju J, Sang S, Zhang
X, Hu B (2019) A New Optimization Method for the Layout of
Pumping Wells in Oases: Application in the Qira Oasis, Northwest
China. Water 11:970. https://doi.org/10.3390/w11050970

Lu C, Chen Y, Zhang C, Luo J (2013) Steady-state freshwater—seawater
mixing zone in stratified coastal aquifers. J Hydrol 505:24-34.
https://doi.org/10.1016/j.jhydrol.2013.09.017

Luyun R, Momii K, Nakagawa K (2009) Laboratory-scale saltwater
behavior due to subsurface cutoff wall. J Hydrol 377:227-236.
https://doi.org/10.1111/j.1745-6584.2010.00719.x

Luyun R, Momii K, Nakagawa K (2011) Effects of recharge wells and
flow barriers on seawater intrusion. Groundwater 49:239-249.
https://doi.org/10.1111/j.1745-6584.2010.00719.x

Mehdizadeh SS, Badaruddin S, Khatibi S (2019) Abstraction, desalina-
tion and recharge method to control seawater intrusion into uncon-
fined coastal aquifers. Glob J Environ Sci Manag 5. https://doi.
org/10.22034/gjesm.2019.01.09

Motallebian M, Ahmadi H, Raoof A, Cartwright N (2019) An alterna-
tive approach to control saltwater intrusion in coastal aquifers
using a freshwater surface recharge canal. J Contam Hydrol
222:56-64. https://doi.org/10.1016/j.jconhyd.2019.02.007

Onder H, Yilmaz M (2005) A Tool of Sustainable Development and
Management of Groundwater Resources 11

Oswald SE, Kinzelbach W (2004) Three-dimensional physical bench-
mark experiments to test variable-density flow models. J Hydrol
290:22-42. https://doi.org/10.1016/j.jhydrol.2003.11.037

Ranjbar A, Mahjouri N, Cherubini C (2020) Development of an effi-
cient conjunctive meta-model-based decision-making framework
for saltwater intrusion management in coastal aquifers. J Hydro-
Environ Res 29:45-58. https://doi.org/10.1016/j.jher.2019.11.005

Robinson G, Moutari S, Ahmed AA, Hamill GA (2018) An Advanced
Calibration Method for Image Analysis in Laboratory-Scale

Seawater Intrusion Problems. Water Resour Manag 32:3087—
3102. https://doi.org/10.1007/s11269-018-1977-6

Senthilkumar M, Elango L (2011) Modelling the impact of a subsurface
barrier on groundwater flow in the lower Palar River basin, southern
India. Hydrogeol J 19:917. https://doi.org/10.1007/s10040-011-0735-0

Shalby A, Emara SR, Metwally MI, Armanuos AM, El-Agha DE,
Negm AM, Gado TA (2023a) Satellite-based estimates of
groundwater storage depletion over Egypt. Environ Monit Assess
195:594. https://doi.org/10.1007/s10661-023-11171-3

Shalby A, Emara SR, Metwally MI, Negm AM, Gado TA, Armanuos
AM (2023b) Geospatial model for allocating favorable plots for
groundwater-dependent cultivation activities in Egypt. Egypt J
Remote Sens Space Sci 26:777-788. https://doi.org/10.1016/j.
ejrs.2023.07.014

Strack ODL, Stoeckl L, Damm K, Houben G, Ausk BK, de Lange WJ
(2016) Reduction of saltwater intrusion by modifying hydraulic
conductivity. Water Resour Res 52:6978-6988. https://doi.org/10.
1002/2016WR019037

Sun Q, Zheng T, Zheng X, Chang Q, Walther M (2019) Influence of a
subsurface cut-off wall on nitrate contamination in an unconfined
aquifer. J Hydrol 575:234-243. https://doi.org/10.1016/j.jhydrol.
2019.05.030

Voss CI, Souza WR (1987) Variable density flow and solute transport
simulation of regional aquifers containing a narrow freshwater-
saltwater transition zone. Water Resour Res 23:1851-1866.
https://doi.org/10.1029/WR023i010p01851

Werner AD, Bakker M, Post VEA, Vandenbohede A, Lu C, Ataie-
Ashtiani B, Simmons CT, Barry DA (2013) Seawater intrusion
processes, investigation and management: Recent advances and
future challenges. Adv. Water Resour 51:3-26. https://doi.org/
10.1016/j.advwatres.2012.03.004. (35th Year Anniversary
Issue)

Yan M, Lu C, Werner AD, Luo J (2021) Analytical, Experimental,
and Numerical Investigation of Partially Penetrating Barriers
for Expanding Island Freshwater Lenses. Water Resour Res
57:¢2020WR028386. https://doi.org/10.1029/2020WR028386

Yang Y, Wu J, Lin J, Wang J, Zhou Z, Wu J (2018) An Efficient Simu-
lation—Optimization Approach for Controlling Seawater Intrusion.
J Coast Res 10-18. https://doi.org/10.2112/S184-002.1

Yu L, Wu X, Zheng X, Zheng T, Xin J, Walther M (2019) An index
system constructed for ecological stress assessment of the
coastal zone: A case study of Shandong, China. J Environ Manag
232:499-504. https://doi.org/10.1016/j.jenvman.2018.11.084

Zhang B, Zheng X, Zheng T, Xin J, Sui S, Zhang D (2019) The influ-
ence of slope collapse on water exchange between a pit lake and a
heterogeneous aquifer. Front Environ Sci Eng 13:20. https://doi.
org/10.1007/s11783-019-1104-9

Zheng T, Zheng X, Chang Q, Zhan H, Walther M (2021) Timescale
and Effectiveness of Residual Saltwater Desalinization Behind
Subsurface Dams in an Unconfined Aquifer. Water Resour Res
57:¢2020WR028493. https://doi.org/10.1029/2020WR028493

Zheng T, Gao M, Chang Q, Zheng X, Walther M (2022) Dynamic
Desalination of Intruding Seawater After Construction of Cut-Off
Walls in a Coastal Unconfined Aquifer. Front Mar Sci 9

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1002/hyp.14263
https://doi.org/10.1002/hyp.14263
https://doi.org/10.13140/RG.2.1.2285.9920
https://doi.org/10.3390/w11122467
https://doi.org/10.1007/s11269-015-0914-1
https://doi.org/10.1016/j.jhydrol.2012.11.007
https://doi.org/10.1016/j.jhydrol.2016.01.083
https://doi.org/10.1016/j.jhydrol.2016.01.083
https://doi.org/10.3390/w11050970
https://doi.org/10.1016/j.jhydrol.2013.09.017
https://doi.org/10.1111/j.1745-6584.2010.00719.x
https://doi.org/10.1111/j.1745-6584.2010.00719.x
https://doi.org/10.22034/gjesm.2019.01.09
https://doi.org/10.22034/gjesm.2019.01.09
https://doi.org/10.1016/j.jconhyd.2019.02.007
https://doi.org/10.1016/j.jhydrol.2003.11.037
https://doi.org/10.1016/j.jher.2019.11.005
https://doi.org/10.1007/s11269-018-1977-6
https://doi.org/10.1007/s10040-011-0735-0
https://doi.org/10.1007/s10661-023-11171-3
https://doi.org/10.1016/j.ejrs.2023.07.014
https://doi.org/10.1016/j.ejrs.2023.07.014
https://doi.org/10.1002/2016WR019037
https://doi.org/10.1002/2016WR019037
https://doi.org/10.1016/j.jhydrol.2019.05.030
https://doi.org/10.1016/j.jhydrol.2019.05.030
https://doi.org/10.1029/WR023i010p01851
https://doi.org/10.1016/j.advwatres.2012.03.004
https://doi.org/10.1016/j.advwatres.2012.03.004
https://doi.org/10.1029/2020WR028386
https://doi.org/10.2112/SI84-002.1
https://doi.org/10.1016/j.jenvman.2018.11.084
https://doi.org/10.1007/s11783-019-1104-9
https://doi.org/10.1007/s11783-019-1104-9
https://doi.org/10.1029/2020WR028493

	Numerical investigation of mixed physical barriers for saltwater removal in coastal heterogeneous aquifers
	Abstract
	Introduction
	Materials and methods
	Conceptual Model
	Evaluation methods

	Results and discussions
	Model validation
	Mechanism of residual saltwater removal
	Impacts of subsurface dam height
	Impacts of cutoff wall depth
	Impacts of MPB spacing
	MPB versus a single barrier

	Conclusions
	Appendix A
	References


