? frontiers ‘ Frontiers in Marine Science

@ Check for updates

OPEN ACCESS

EDITED BY
Chengji Shen,
Hohai University, China

REVIEWED BY
Yunhai Fang,

Hefei University of Technology, China
Zhang Bo,

Shandong University of Science and
Technology, China

Qiguo Sun,

Jiangsu University of Science and
Technology, China

Zenhom Salem,

Tanta University, Egypt
Venkatramanan Senapathi,

National College, Tiruchirappalli, India

*CORRESPONDENCE
Xilai Zheng
zhxilai@ouc.edu.cn

RECEIVED 04 April 2024
ACCEPTED 27 June 2024
PUBLISHED 11 July 2024

CITATION
Chang Q, Gao C, Zheng X, Lin Y and Song X
(2024) A novel subsurface adjustable dam
for preventing active seawater intrusion

in coastal aquifers.

Front. Mar. Sci. 11:1412052.

doi: 10.3389/fmars.2024.1412052

COPYRIGHT

© 2024 Chang, Gao, Zheng, Lin and Song. This
is an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

Frontiers in Marine Science

TvPE Original Research
PUBLISHED 11 July 2024
po110.3389/fmars.2024.1412052

A novel subsurface adjustable
dam for preventing active
seawater intrusion in

coastal aquifers

Qinpeng Chang'?, Chenchen Gao™?, Xilai Zheng"*,
Yucheng Lin** and Xiaoran Song*

!College of Environmental Science and Engineering, Ocean University of China, Qingdao, China,
2College of Marine Geosciences, Ocean University of China, Qingdao, China, *Key Laboratory of
Marine Environment and Ecological Education, Ministry of Education, Ocean University of China,
Qingdao, China, “Personnel Office, Qingdao Hydrological Center, Qingdao, Shandong, China

Subsurface physical barriers are widely used to prevent seawater intrusion in the
world. After the construction of physical barriers, the residual saltwater is trapped
upstream the barriers. Traditional physical barriers, including cutoff walls and
subsurface dams, are fixed in structure and fail in prohibiting active seawater
intrusion. In this work, a novel subsurface adjustable dam, composed of dam
bodies and sluice gates, was designed to prevent active seawater intrusion and
store groundwater flexibly according to seasonal variations in precipitation. We
set three-dimensional field-scale numerical simulations to compare the control
effects of adjustable dams, cutoff walls, and subsurface dams. The results
revealed that the traditional subsurface physical barriers could mitigate the
velocity of active seawater intrusion but were inadequate in completely
preventing the intrusion process. Furthermore, although the traditional physical
barriers temporarily alleviate the residual saltwater during the wet periods, the
saltwater wedge would subsequently invade during next dry periods. Thus, the
salt mass in the aquifer of traditional physical barriers scenarios exhibited a
gradual annual increase. In contrast, the novel subsurface adjustable dam
demonstrated the ability to prevent active seawater intrusion and remove the
residual saltwater. During the dry periods, characterized by low precipitation
recharge, the sluice gates were closed to obstruct the path of active seawater
intrusion. Conversely, during the wet periods with abundant precipitation, the
sluice gates were opened, facilitating the gradual removal of the residual
saltwater. The flexible adjustment mechanism of subsurface adjustable dams
resulted in a annual decrease in both the seawater intrusion length and the salt
mass in the entire aquifer. These findings underscore the efficacy of the
subsurface adjustable dam as a measure for preventing active seawater
intrusion and simultaneously eliminating the residual saltwater.
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1 Introduction

The exacerbating impacts of excessive groundwater extraction
and rising sea levels have intensified seawater intrusion (SWI) in
coastal aquifers, posing significant threats to groundwater quality
(Lu et al, 2013; LeRoux et al., 2023). The implementation of
subsurface physical barriers has emerged as an effective
countermeasure to mitigate SWI and safeguard groundwater
resources (Kong et al., 2023). Furthermore, the subsurface
physical barriers can serve as groundwater reservoirs which
augments fresh groundwater storage (Ishida et al., 2011). Thus,
subsurface physical barriers have gained widespread adoption in
coastal regions globally, including China, Japan, India, the Middle
East, and South America (Zheng et al., 2020; Chang et al., 2023).

Traditional subsurface physical barriers fall into three primary
categories: cutoff walls, subsurface dams, and full-section physical
barriers (Kaleris and Ziogas, 2013). Subsurface dams impede the
lower portion of the aquifer while maintaining an upper opening for
discharge. Conversely, cutoff walls are constructed in the upper
portion of the aquifer, leaving a lower opening for discharge. Luyun
et al. (2011) demonstrated that the efficacy of cutoff walls in
preventing SWI was comparable to that of recharge wells. Chang
etal. (Chang et al,, 2019, 2020) introduced the concept of minimum
effective height for subsurface dams in SWI prevention, and
attributed the upward movement of the saltwater wedge to the
obstruction caused by subsurface dams. Subsequently, Chang et al.
(Chang et al,, 2021, 2022) investigated the mechanism of cutoft
walls in SWI prevention and proposed optimization strategies. Shen
et al. (2020) analyzed the impact of tidal forces and cutoff walls on
groundwater flow and salinity distribution in coastal aquifers,
revealing that tidal influence enhances the effectiveness of cutoft
walls in SWI mitigation. Zheng et al. (Zheng et al., 2021, 2022)
examined the dynamic desalination process of the residual saltwater
trapped upstream the subsurface dams and cutoff walls. They
suggested that the desalination time for subsurface dams can be
protracted for decades, while that for cutoff walls is typically several
years. Furthermore, Yin et al. (2023) proposed combining saltwater
discharge or freshwater recharge to expedite the desalination of the
residual saltwater upstream subsurface dams. On the other hand,
field investigations of groundwater quality have indicated that the
implementation of subsurface physical barriers can lead to the
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accumulation of land-based pollutants (Kang and Xu, 2017). Fang
etal. (2021) and Sun et al. (2019) employed indoor experiments and
numerical simulations to elucidate the mechanism of nitrate
accumulation induced by cutoff walls and subsurface dams.
Recently, a novel mixed physical barrier, integrating a cutoff wall
and a subsurface dam, has been developed to enhance SWI
prevention and facilitate the removal of the residual saltwater
(Abdoulhalik and Ahmed, 2017; Gao et al., 2021).

Previous research on subsurface physical barriers has
predominantly focused on passive seawater intrusion (SWI),
where the inland groundwater level exceeds the seawater level
(Gao et al, 2022; Wang et al,, 2023). However, in numerous
coastal regions experiencing excessive groundwater extraction, the
inland groundwater level falls below sea level during the dry
periods, leading to active SWI (Badaruddin et al., 2017).
Unfortunately, none of the existing subsurface physical barriers,
including cutoff walls, subsurface dams, or mixed barriers, can
effectively prevent active SWI due to their bottom or top apertures
for groundwater discharge. Thus, previous studies on traditional
physical barriers have been limited to passive SWI. The
impermeable full-section physical barrier, which completely
obstructs the seepage path, has the potential to prevent active
SWI. However, it may result in the accumulation of land-based
contaminants in inland aquifers (Ishida et al., 2011; Kang and Xu,
2017). Moreover, the residual saltwater upstream of subsurface
dams can persist for decades due to the obstruction, raising
concerns about chronic saltwater contamination (Zheng et al,
2021; Chang et al, 2024). As a result, the impermeable full-
section physical barrier has been gradually abandoned by
researchers and designers.

Unlike the subsurface dam and cutoff wall, the subsurface
permeable reactive barrier employs vertical openings to facilitate
the flow of contaminant plumes through the reactive media
(Figure 1A) (Blowes et al., 2000). Similarly, gated storm surge
barriers, designed to mitigate coastal flood hazards during
extreme storms, incorporate vertical auxiliary lift gates that are
only closed during coastal flooding events (Figure 1B) (Orton et al.,
2023). Inspired by the designs of subsurface permeable reactive
barriers and gated storm surge barriers, we propose a novel
subsurface adjustable dam consisting of high underground dam
bodies and adjustable vertical sluice gates (Figure 2). The sluice
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FIGURE 1

Schematics of (A) the overhead view of the subsurface permeable reactive barrier and (B) the elevation view of the storm surge barrier which

includes auxiliary lift gates
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FIGURE 2

Schematic diagram of the conceptual model.

gates are integrated within the dam bodies, mimicking the structure
of storm surge barriers with auxiliary lift gates (Figure 1B).
Groundwater discharge is controlled by the sluice openings,
which can be opened or closed in response to dynamic variations
in precipitation. During the dry periods, the sluice gates are closed
to conserve groundwater resources and prevent active SWI.
Conversely, during the wet periods, the sluice gates can be
opened to discharge the residual saltwater upstream the dam
seawards. This novel subsurface adjustable dam enables flexible
desalination of coastal aquifers during the wet periods and effective
prevention of active SWI during the dry periods on an annual basis.

2 Methods

SEAWAT has been widely used to simulate the seawater
intrusion process (Guo and Langevin, 2002). A three-
dimensional hypothetical model domain (Figure 2) was used to
represent the coastal unconfined aquifer (1000 m x 1000 m x 10
m). The aquifer was assumed to be horizontal, homogeneous, and
isotropic. The field-scale model domain was discretized into 10 m
x 10 m x 1 m elements. Dirichlet boundary conditions were
applied to both the inland and seawater boundaries, with constant
heads of 8 m and 9 m, to create the condition of active seawater
intrusion. Constant concentrations of 35 g/L and 0 g/L were
assigned to the sea and inland boundaries, respectively. The top
boundary was defined as a Neumann boundary, with the
precipitation recharge. No-flow boundary conditions were
applied to all other boundaries. Constant monthly precipitation
was used each year (Figure 3), and precipitation recharge into the
aquifer was calculated using an infiltration coefficient of 0.33. The
wet period was defined as July and August, when precipitation was
significantly higher, while the dry period was defined as September
to next June. For simplicity, evaporation was neglected.

The aquifer properties and solute transport parameters were
adopted from previous seawater intrusion studies (e.g., Lu and
Luo, 2010; Chang et al., 2022). The aquifer hydraulic conductivity
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(Kj) was set to 6E-4 m/s, the effective porosity (6) was 0.3, and the
molecular diffusion coefficient was 1E-9 m?®/s. The longitudinal
dispersivity (0g) was set to 5 m, and the transverse dispersivity
(o) was 1/10 of oy (Shoemaker, 2004). The dispersivity satisfied
the Peclet number requirement (Pe = é—LL < 4) to ensure numerical
stability (Voss and Souza, 1987). The structure of the subsurface
adjustable dam is illustrated in Figure 2. The adjustable dam,
composed of underground dam bodies and sluice gates, is
positioned 100 m from the sea boundary. The adjustable dam
has a thickness of 1 m, a height equal to the sea level (9 m), and a
hydraulic conductivity of 1E-9 m/s. The sluice gates have a length
of 10 m, and six gates are evenly spaced within the dam bodies.
The sluice gates are opened during the wet period (July and
August) and closed during the dry period (September- next
June) (Figure 3). All symbols used in the study are summarized
in Table 1.

A set of field-scale scenarios were utilized to compare the effects
of the SWI (no-barrier), cutoff wall (9 m depth), and subsurface
dam (8 m and 9 m height), adjustable subsurface dam (9 m height)
scenarios. The length, thickness, position, and hydraulic
conductivity of the cutoff wall and subsurface dams were identical
to those of the adjustable dam. The simulation period was four years
and eight months, with a time step of one day. The simulation
period was divided into two phases. In the first phase, seawater
intrusion was allowed to occur for 18 months without any physical
barriers. The simulated hydraulic head and salinity distribution at
the end of the first phase (18th month) were then used as the initial
conditions for the second phase. In the second phase, the physical
barriers were assumed to be instantaneously installed, and the
simulation continued for an additional 38 months.

The toe length of the saltwater wedge (TL) and the salt mass in
the entire aquifer (M) were usually used as evaluation indices of
seawater intrusion (Lu et al., 2009; Chang et al., 2023). The TL was
defined as the distance between the 10% isohaline and the seawater
boundary along the aquifer base, and it served as a measure of the
extent of seawater intrusion. The M, on the other hand, was used to
quantify the salinization extent of coastal aquifers.
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FIGURE 3
Monthly precipitation each year in the numerical simulation.

3 Results and discussion

3.1 Control effects of traditional subsurface
physical barriers

Figure 4 presents the three-dimensional salinity distribution in
the SWI and traditional subsurface physical barriers scenarios, and
Figure 5 shows the corresponding cross-sectional views of the
dynamic salinity distribution. In Figure 4, the semi-transparent
gray region represents freshwater, while the non-transparent region
represents saltwater, with its color transitioning from red to blue.
The blue non-transparent surface corresponds to the 10% seawater
salinity contour. Figure 6 records the dynamic variation in the toe
length of the saltwater wedge (TL) in different scenarios. As shown
in Figure 4A, the seawater has intruded inland in the first phase, and
the TL at 18 months is 158.6 m. These simulated hydraulic head and
salinity distributions are then used as the initial conditions for all

TABLE 1 List of symbols.

¢ freshwater concentration [ML™]

s saltwater concentration [ML™]

D molecular diffusion coefficient [L*T™]
hy freshwater level [L]

hy seawater level [L]

Ky hydraulic conductivity [LT]

M salt mass in the entire aquifer [M]
TL toe length of the saltwater wedge [L]
o longitudinal dispersivity [L]

ar transverse dispersivity [L]

Pr freshwater density [ML"]

Ps seawater density [ML?]
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subsequent simulations in the second phase. In the SWI scenario,
the saltwater wedge toe temporarily retreats during July and August
due to increased precipitation recharge (Figure 5A), resulting in a
decrease in TL to 144.5 m at the end of the 2nd August (20th
month). Subsequently, TL in the SWI scenario gradually increases
to 317.2 m at the end of the 5th August (56th month). The dynamic
variation of TL in the SWI scenario serves as a benchmark for
evaluating the control effects of various subsurface physical barriers.

The subsurface physical barriers were assumed to be
instantaneously constructed 100 m from the sea boundary at the
18th month. Following the installation of the three traditional
subsurface physical barriers, the front of the saltwater wedge was
trapped upstream the physical barriers, which was known as the
residual saltwater (Zheng et al.,, 2021). Figures 5B-D show that the
saltwater continues to intrude inland, indicating that the traditional
physical barriers are ineffective in preventing active seawater
intrusion. In the 9 m-depth cutoff wall scenario, the toe length of
the saltwater wedge (TL) briefly decreases below 100 km (at the
barrier location) in the 21st and 22nd months (Figure 6), indicating a
temporary clean-up of the residual saltwater upstream the wall.
However, TL resumes its gradual increase after the 22nd month,
except for temporary and slight retreats during the wet periods (July
and August each year). In the 8 m-height subsurface dam scenario,
TL retreats gradually to 124 m from the 19th to 21st months, followed
by a growth during the next dry period and an again retreat during
the subsequent wet period (Figure 6). The difference in TL between
the 9 m-depth cutoff wall and 8 m-height subsurface dam scenarios
decreases year by year, eventually becoming negligible at the 56th
month. At the 56th month, TL is 257.4 m (9 m-depth cutoff wall) and
240.7 m (8 m-height subsurface dam), respectively. This suggests that
the 8 m-height subsurface dam and 9 m-depth cutoff wall are equally
ineffective against active SW1. The 9 m-height subsurface dam, which
extends to the same height as the sea level, demonstrates a
significantly improved ability to mitigate active SWI compared to
the cutoff wall and lower subsurface dam (Figure 4). TL decreases
from 158.6 m to 134.8 m (19th-22nd month) and then mildly
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Three-dimensional salinity distribution (A) at 18th month (June, 2nd year, dry period) and at 56th month (August, 5th year, wet period) in the
scenarios of (B) SWI, (C) cutoff wall (9 m-depth), (D) subsurface dam (8 m-height), (E) subsurface dam (9 m-height). The gray blocks represent the

subsurface physical barriers.

increases monotonically over time. At the 56th month, TL is 195.2 m
(9 m-height subsurface dam), which is considerably shorter than that
of the other scenarios in Figure 6. This indicates that even a
subsurface dam as high as the sea level is insufficient to prevent
active SWI, although it substantially reduces the rate of seawater
intrusion (Figure 5D). In conclusion, the traditional subsurface
physical barriers can mitigate the velocity of active seawater
intrusion, but they are ultimately unable to prevent it.

3.2 Control effects of the subsurface
adjustable dam

The subsurface adjustable dam (9 m height) was also assumed to
be installed instantaneously at 18th month, 100 m from the sea
boundary. The sluice gates were configured to be open during the wet
periods (July and August) and closed during the dry periods
(September-next June). Figure 7 presents cross-sectional views of
the dynamic salinity distribution in the adjustable dam scenario. The
toe length of the saltwater wedge (TL) varies at different locations
along the adjustable dam. The longest TL is observed at the middle of
the dam body (Figure 7A), while the shortest TL is located at the
middle of the sluice gate (Figure 7B). Figure 8 illustrates the three-
dimensional salinity distribution in the subsurface adjustable dam
scenario at the 54th and 56th months. When precipitation recharge is
minimal during the dry period, the sluice gates are closed, effectively
blocking the path of active seawater intrusion and confining the
residual saltwater upstream the dam (Figure 8A). Conversely, during
the wet period when precipitation increases significantly, the sluice
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gates are opened to discharge inland groundwater (Figure 8B). The
upstream residual saltwater is also transported seawards through the
sluice gate openings. As shown in Figure 7B, the upstream residual
saltwater at the middle of the sluice gates is gradually removed over
time, meanwhile the upstream residual saltwater at the middle of the
dam bodies is also significantly reduced (Figure 7A).

Figure 9 illustrates the dynamic variation in the toe length of the
saltwater wedge (TL) in the subsurface adjustable dam scenario at
the middle of the dam body and the sluice gate. As shown in
Figure 9, the TL at both the dam body and the sluice gate increases
during the dry periods (September-next June). During the wet
periods (July and August), the opening of the sluice gates
accelerates groundwater discharge, enhancing the desalination
process near the sluice gates and causing a more pronounced
retreat of the saltwater wedge. Notably, the TL at the middle of
the sluice gate declines more significantly than that at the middle of
the dam body during each wet period. Furthermore, the TL at the
middle of the sluice gate decreases to 86.7 m at the 31st month,
indicating that the upstream residual saltwater has been completely
removed. Subsequently, the saltwater wedge toe at the sluice gate
never exceeds the dam location again. In contrast, the upstream
residual saltwater at the middle of the dam body is cleared more
gradually (Figure 7A). The fluctuation range of the TL at the middle
of the dam body is less pronounced than that at the sluice gate
(Figure 9), and the TL at the middle of the dam body never exceeds
its initial value. Thus, the saltwater wedge at any location has
receded each year since the installation of the adjustable dam,
demonstrating the effectiveness of the dam in preventing active

seawater intrusion.
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Cross-section of the dynamic salinity distribution in the (A) SWI, (B) cutoff wall (9 m-depth), (C) subsurface dam (8 m-height), and (D) subsurface

dam (9 m-height) scenarios on an annual basis

3.3 Groundwater desalination in different
physical barriers scenarios

Figure 10 presents the salt mass in the entire aquifer (M) for all
SWI and physical barriers scenarios. Notably, M peaks before the
beginning of July each year in all scenarios. This is because the
saltwater wedge keeps intruding during the dry periods (September-
next June). However, M decreases during July and August due to the

Frontiers in Marine Science

increased precipitation recharge, then reaching its lowest value at
the end of August. Subsequently, as the precipitation recharge
decreases again, seawater intrusion resumes, leading to an
increase in M.

Compared to the SWI scenario, all the subsurface physical
barriers could reduce the salt mass (M) to varying degrees
throughout the simulation period. However, the overall trend
of M in the SWI, cutoff wall, and subsurface dam scenarios
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Dynamic variation in the toe length of the saltwater wedge in the SWI, subsurface dams (8 m-height and 9 m-height), and cutoff wall (9 m-depth)
scenarios. The gray region represents the period without subsurface barriers, and the light yellow region means the period after the construction of

subsurface barriers.

increase each year, despite temporary decrease during the wet
periods (July and August). The M values in the 9 m-depth cutoff
wall and 8 m-height subsurface dam scenarios are similar and
slightly lower than that in the SWI case. In contrast, M in the 9
m-height subsurface dam scenario increases mildly and is
significantly lower than that in the SWI case. These results
indicate that the traditional physical barriers temporarily
reduce the saltwater during the wet periods, but this
reduction is offset by increased seawater intrusion during the
next dry periods. Conversely, the overall trend of M in the
subsurface adjustable dam scenario gradually decreases each
year. This is because the residual saltwater upstream the
adjustable dam is gradually removed when the sluice gates are
open during the wet periods, meanwhile the downstream
saltwater is prevented from intruding inland during the dry
periods by the closed sluice gates.

In summary, the traditional subsurface physical barriers (cutoff
wall and subsurface dam) are ineffective in preventing active seawater
intrusion and desalinating the residual saltwater. In contrast, the
subsurface adjustable dam can not only prevent the seawater from
intruding inland during the dry periods but also remove the residual
saltwater trapped upstream the dam during the wet periods.

4 Discussion

In contrast to conventional subsurface physical barriers,
researchers have explored novel techniques to prevent SWI,
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such as mixed physical barrier (Abdoulhalik and Ahmed, 2017),
variable permeability full-section wall (Zheng et al., 2020), and
geochemical cutoff wall (Laabidi and Bouhlila, 2021). However,
these structures remained fixed and lacked the ability to prevent
active SWI. Our proposed adjustable dam adopts a proactive
approach to coastal groundwater management. Operators can
dynamically control the opening and closing of sluice gates
based on real-time precipitation data. This enables the storage
of groundwater resources and the prevention of active SWI during
the dry periods. Conversely, during the wet periods, operators can
open the sluice gates to discharge upstream groundwater and
remove the residual saltwater, thereby improving water quality.
Thus, this innovative approach simultaneously addresses the
challenges of active SWI and the residual saltwater upstream of
dams in coastal aquifers.

The dam bodies of subsurface adjustable dam can be
constructed via excavation or grouting, utilizing low-
permeability materials such as clay or cement mortar (Molfetta
and Sethi, 2006; Yang et al., 2022). The height of the dam bodies
must exceed the sea level to effectively intercept active SWI. In our
numerical simulations, we assumed a constant sea level for
simplicity. However, in practical applications, the adjustable
dam should be designed to withstand the highest local tide level.
Trenches are excavated in advance, and the soil on both sides is
supported by porous grids. The sluice gates are positioned
between these porous grates. The design of the sluice gates can
vary depending on hydrogeological conditions and may include
steel, cement, or rubber materials. The gates can be raised or
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on an annual basis.

lowered using a crane. Meanwhile the sluice gates can also be
made into tank shapes which can lowered or raised by injecting or
pumping water. Real-time monitoring of groundwater levels via
monitoring wells allows for dynamic adjustment of the sluice gates
based on precipitation and groundwater level variations. This
enables flexible management of coastal groundwater resources,
akin to the operation of surface reservoirs.

5 Summary and conclusion

The traditional subsurface physical barriers for preventing SWI,
such as cutoff walls and subsurface dams, have fixed structures and
cannot adapt to dynamic variations in precipitation. To address this
limitation, we have designed a novel subsurface adjustable dam
consisting of sluice gates and dam bodies. This innovative structure
aims to prevent active seawater intrusion and desalinate the residual
saltwater upstream the dam. To evaluate the effectiveness of the
novel subsurface adjustable dam, we conducted a series of field-scale
numerical simulations and compared its performance to those of
traditional subsurface physical barriers. The key findings are
summarized below.

Frontiers in Marine Science

1. Compared to the scenario without any subsurface physical
barriers, all the subsurface physical barriers reduced the toe
length of the saltwater wedge (TL) and the total salt mass
within the aquifer (M) in varying degrees under the
condition of active seawater intrusion. Among the
traditional subsurface physical barriers, the 9 m-depth
cutoff wall and the 8 m-height subsurface dam exhibited
comparable control effects, although they were less effective
than the 9 m-height subsurface dam (as high as the sea
level). Notably, the novel subsurface adjustable dam
demonstrated superior control on active seawater
intrusion compared to all other traditional barrier types.

2. The traditional subsurface physical barriers could slow down
active seawater intrusion process each year, while they failed
in blocking active seawater intrusion completely. Meanwhile,
although the traditional physical barriers could temporarily
reduce the upstream residual saltwater in the wet period, the
salt mass will increased more in the next dry period.
Consequently, the overall salt mass in the cutoff wall and
subsurface dam scenarios gradually increased on an annual
basis, indicating that these traditional barriers lacked the
capacity to desalinate the upstream residual saltwater.
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FIGURE 8

Three-dimensional salinity distribution in the adjustable dam scenario at the (A) 54th month (June, 5th year, dry period) and (B) 56th month (August,
5th year, wet period). The gray block represents the adjustable dam. The cross section 1 locates the middle of the sluice gate, and the cross section
2 locates the middle of the dam body.
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FIGURE 9
Dynamic variation in the toe length of the saltwater wedge in the subsurface adjustable dam scenario. The gray region represents the period without
subsurface barriers, and the light blue region means the period after the construction of the adjustable dam.
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FIGURE 10

Dynamic variation of salt mass in the entire aquifer over time in different physical barriers scenarios. The gray region represents the period without
subsurface barriers, and the light blue region means the period after the construction of subsurface barriers.

3. The novel subsurface adjustable dam could be dynamically
regulated in response to the seasonal variation in
precipitation. When the precipitation recharge was small
during the dry period, the sluice gates were closed, then the
path of active seawater intrusion was obstructed
completely. During the wet period, the sluice gates were
opened due to the large precipitation, the upstream residual
saltwater was gradually removed through the opened sluice
gates. Thus, both the toe length of saltwater wedge and the
salt mass in the entire aquifer decreased each year
attributing to the flexible adjustment ability of the novel
dam. The above conclusion indicated that the subsurface
adjustable dam was an effective measure which prevented
active seawater intrusion and eliminated the upstream
residual saltwater at the same time.

In this study, we have designed a novel adjustable dam and
demonstrated its effectiveness in preventing active seawater
intrusion and desalinating the upstream residual saltwater in
coastal aquifers. Building on our prior studies (Chang et al., 2019,
2023), we have identified the hydraulic gradient as a pivotal
determinant in the efficacy of physical barriers against seawater
intrusion. The most unfavorable hydraulic gradient conditions are
caused by the highest local tidal level and the lowest rainfall
recharge. In the realm of field engineering, the design of physical
barriers against seawater intrusion typically incorporates the
highest recorded local tide level as a reference sea level. Thus, in
this study, we assumed a constant sea level and seasonal variations
in rainfall to simplify the numerical model.
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