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Monitoring groundwater levels at every point in dam abutments is
often impractical; hence, geostatistical interpolation methods offer a
viable alternative. This study applied inverse distance weighting
(IDW), kriging, and sequential Gaussian simulation (SGS) to estimate
groundwater levels at the Tangab Dam, based on data from 49
piezometers. After data normalization, variogram modeling identified
the spherical model as the best fit, with a nugget-to-sill ratio of 19%,
indicating strong spatial continuity. While IDW served for initial
visualization, kriging and SGS revealed higher groundwater levels
along the dam’s right abutment, corresponding to fault zones and
karst features. The SGS approach, performed through 100
realizations, accurately reproduced the spatial variability and
statistical properties of the observed data. Validation showed a
correlation coefficient of 0.93 and unbiased residuals, confirming the
model's reliability in well-instrumented regions. However, estimations
in the northeastern and eastern zones were less reliable due to sparse
data. This study underscores the value of integrating geostatistics and
geological context for characterizing groundwater behavior in
complex karst environments. Future work should involve expanding
the monitoring network and coupling geostatistical outputs with
numerical flow models to improve prediction and support dam safety
assessments.

geostatistics, kriging, sequential Gaussian simulation, groundwater
level, Tangab Dam.

One of the fundamental requirements in the exploratory stages
of dam construction studies is assessing the permeability and
joint conditions, as well as understanding hydrogeochemical
behavior [1-3]. Hydrogeological measurements, such as
hydraulic conductivity and transmissibility, can exhibit
significant uncertainty due to the complexity of geological
conditions [4—6]. As a result, various estimation and simulation
techniques are employed to address this uncertainty in
hydrogeological measurements. In recent years, the uncertainty
associated with hydrogeological and geotechnical parameters
has been extensively studied, with the hydraulic parameters of
the aquifer being estimated using geostatistical methods. The
application of geostatistical simulation techniques provides a
useful approach to modeling the geometry of permeable layers
[7-10].
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Previous studies have investigated
various aspects of the Tangab Dam site in
southern  Iran—ranging  from  karst
development and hydraulic connectivity to
fault zones and spring origins—each
contributing valuable insights yet leaving
several research gaps. Akhondi and
Mohammadi [11] used 953 water pressure
tests to assess the effective porosity and
karst development in the Tangab Dam
region. Using geostatistical techniques, they
examined the behavior of the karst aquifer,
the function of the epikarst region, the
impact of nutrient input in karst aquifers on
spring hydrographs, and the relationship
between karstification and permeability
(from water pressure tests). According to
their study, the length of the major karst
channel is one of the most influential factors
affecting hydrograph and water fluctuation
variations.

In a study by Madani Esfahani and
Asghari  [12], sequential  Gaussian
simulation (SGS) was employed to identify
areas with varying rock-quality designation
(RQD). They found that locations with an
RQD of less than 20% were classified as
fault areas, while regions with an RQD
greater than 50% were less fragmented.

Karimi et al. [13] utilized hydrochemical
time series data from springs in the Tangab
Dam area to identify the sources of the
springs and their interrelationships. The
dam site is located between two impassable
marl formations and consists of karst
limestone and dolomite. The aquifer in the
region is drained by 23 springs located to
the south. The study measured the main
ions, electrical conductivity, temperature,
and pH of the springs over a period of 17
months, and they found that four springs
were most likely sourced from the southern
portion of the region, while the remaining
springs were located in both the southern
and northern areas.

In another study, Mozafari et al. [14]
examined leakage on the right side of the
Tangab Dam using a numerical model with
SEEP/W software. Their research indicated
that the majority of seepage occurred in
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karst areas, as well as in cracks and
crevices.

Asadi [15] employed color detectors to
propose two broad models: one for the
branching of the main flow transfer channel
and the other for identifying the origin of
springs in the potential water escape range
of the Tangab Dam. The study involved
sampling, measuring, and analysis over
seven months at 45 locations, with
approximately 2000 water samples and 180
bags of activated charcoal evaluated. Their
findings underscored the hydrogeological
connection between the Tangab region
springs and the dam, suggesting that this
relationship is facilitated by a single-
channel karst system.

Despite these contributions, a critical
gap persists in quantitatively characterizing
the spatial uncertainty of groundwater level
variations—particularly in highly fractured
and Kkarstified environments like Tangab—
using integrated geostatistical approaches
that incorporate both hydrogeological and
structural geological data. Huysmans and
Dassargues [16] were among the first to
apply multiple-point  geostatistics  in
groundwater studies, using an aquifer in
Belgium. Their study demonstrated how
multiple-point  geostatistics could be
employed to assess the effects of geological
heterogeneity on groundwater flow within
the aquifer. They found that pollution
clouds resulting from variogram-based
simulations expanded more in both the
horizontal and vertical directions compared
to those simulated with multiple-point
geostatistics.

Marache et al. [17] drew a directional
variogram along boreholes in a French city.
In their study, they used sequential indicator
simulation to create a 3D model of
geotechnical borehole data (bulk modulus)
based on a set of threshold limitations. The
results showed that integrating petrological
data with geotechnical borehole data
improved the simulation outcomes.

Geostatistical methods have been widely
used to estimate hydraulic parameters of
aquifers and investigate the uncertainty of
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hydrogeological and geotechnical
parameters. One method for modeling the
geometry of permeable layers is
geostatistical simulation. This method has
been applied in fracture system modeling to
study fluid flows inside rocks [18]. The
geostatistical simulation method allows for
the simulation of variables using statistical
parameters derived from spatial data
analysis. Sequential indicator simulation, in
particular, is one of the most effective
approaches for studying the uncertainty of
random variables [19].

Furthermore, although studies by
Hosseini et al. [20] and Bai et al. [21]
highlight the effectiveness of such models
in oil fields and groundwater pollution
assessment, they do not address spatial
uncertainty in groundwater levels in the
context of dam safety. The leakage analysis
at Tangab Dam, which accounts for both
diffuse and conduit flow systems, further
underscores the need for spatially explicit
models. Under a diffuse flow assumption,
leakage  remains  within  acceptable
thresholds, but under conduit flow
conditions, small-diameter conduits can
cause disproportionately high leakage—
introducing major uncertainty into design
and risk assessments. This necessitates a
more rigorous spatial understanding of flow
paths and the role of structural geology in
controlling permeability, especially in
regions outside the proposed grout curtain
[22].

In response to these gaps, the primary
aim of this study is to investigate
groundwater level variations at the Tangab
Dam site using an integrated geostatistical
approach that combines kriging and
Sequential Gaussian Simulation (SGS) with
geological fault analysis. Unlike traditional
deterministic methods such as IDW, which
was applied here solely for preliminary
visualization, this study emphasizes the use
of SGS through 100 realizations to capture
spatial variability and uncertainty in a
complex karst aquifer system. By
incorporating both hydrogeological data and
structural geological features (e.g., fault
density), the research provides a more
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comprehensive model of groundwater
behavior. This approach enhances both the
reliability of predictions and the
interpretability of results, particularly in
data-sparse regions. Ultimately, the findings
aim to support more informed groundwater
management and dam safety strategies in
heterogeneous and fractured formations like
those at Tangab.

In classical statistical studies, samples
obtained from a population are typically
considered random. The measured values of
a particular quantity in one sample do not
provide any information about the value of
the same quantity in another sample.
However, in geostatistics, it is possible to
establish a relationship between the values
of a quantity in the sample population and
the distance and orientation of the samples
relative to each other. In classical statistics,
variability is assumed to be a random
variable, whereas in geostatistics, part of
this variability is random, and the other part
is structured, depending on distance and
direction [23].

Therefore, in geostatistics, the presence
or absence of spatial structure in the data is
first examined. If a spatial structure exists,
the data is then analyzed [19]. In
geostatistics, adjacent samples may exhibit
spatial correlation up to a certain distance.
In this case, the probability of similarity
between values in closer samples is higher,
as spatial structure implies that changes in a
given area are more likely to affect nearby
areas than those farther away [24,25].

Geostatistics is a branch of statistics
based on the theory of regional variables. A
regional variable is any variable that is
distributed in three-dimensional space and
exhibits spatial dependence. Such variables
can be investigated in geostatistical studies.
For example, the values of the permeability
coefficient in a 9x9 km network are
considered regional variables. The value of
a regional variable Z(x) at any point (Eq. 1)
can be decomposed into two components:
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deterministic and random. This

Z(x) = m(x) ¥L(x)

where Z(x) is the regional variable at
coordinates x, L(x) is its random
component, and m(x) is its deterministic
component.

If a regional variable has an appropriate
spatial structure, several analyses can be
performed on it, including estimation of the
target variable at unsampled locations,
sample design, and error variance
distribution. ~ Geostatistical  estimation
begins by identifying and modeling the
spatial structure of the variable, which is
then, assessed using variogram analysis.
The second stage is Kriging estimation.
Geostatistical techniques can only be
applied if the variable is stationary, which
can be verified using a variogram. In linear
geostatistics, the data distribution should
also approximate a normal distribution
[26,27].

Sequential Gaussian Simulation (SGS) is
based on the multi-Gaussian model of
random functions. Initially, this method was
used to simulate a single variable using
primary data only; it was later extended to
incorporate secondary data and joint
modeling approaches. To reproduce the
spatial continuity of a variable z at N nodes
within a network, the dataset {(u.), a = 1,

., n} is utilized. The steps involved in
SGS are as follows [28]:

1. Model validation: The validity of the
multi-Gaussian random function (RF)
model is first assessed. For this, the primary
data must be histogrammed, normalized,
and transformed from the original z-values
to Gaussian y-values using a common
cumulative distribution function (CDF).

2. Simulation sequence (if the RF model
for y is valid):

eCreate a variogram using the
normalized data.
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decomposition is expressed as follows [19]:

e

e Define a random simulation
path such that each node is visited
only once.

e At each node, estimate the
local mean and variance of the
Gaussian CDF using kriging with
the variogram model of the
normalized data.

eDraw a value from the local
CDF and add it to the conditioning
dataset.

eRepeat the estimation and
simulation  steps for  each
subsequent node along the random
path.

e Continue this process until all
N nodes in the domain have been
simulated.

SGS is computationally efficient because
it requires solving only one kriging system
per node. However, it has limitations: it
may not accurately reproduce extreme (tail)
values and can struggle with capturing
spatial coherence across distinct value
classes. To address these limitations,
alternative non-Gaussian simulation
algorithms—capable of preserving the
continuity of extreme values over short
ranges—can be wused for improved
performance [29].

The Tangab Dam is situated on the
Firouzabad River in Fars Province,
approximately 90 kilometers south of
Shiraz. The dam is located on the Podenow
Anticline within the folded zone of the
Zagros Mountains (Sadeh Zagros). As
reported by Akhondi and Mohammadi [11],
the dominant geological unit at the site is
the Asmari Limestone Formation (AF),
which overlies the Pabdeh-Gurpi Formation
(PGF) and is itself overlain by the Razak
Formation. To monitor the reservoir and
assess subsurface conditions, 49 observation
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wells were installed across the left and right

(@)

abutments of the dam (Figure 1).

wells

Figure 1. (a) Location of the research area; (b) Location of observation wells in the dam abutment.

The fold structure is predominantly
composed of the PGF, AF, and Razak
formations. The Firouzabad River has
incised a 100-meter-deep channel through
the saddle-shaped center of the Podenow
Anticline in the Tangab Valley [30]. Prior
to dam construction, several springs, with a
combined average discharge of
approximately 1 m?%s, were actively
discharging from the southern limb of the
anticline (Figure 2a). Dye tracing
experiments  using Rhodamine and
Uranine—conducted at the eastern and
western abutments of the reservoir—
revealed strong hydraulic connectivity
within the karst system. The dyes were
detected at Tangab and Atashkadeh Springs
only a few days after injection [15,30], and
the measured tracer velocities confirmed the
existence of conduit flow between the
northern and southern limbs of the anticline.
These findings indicate a significant
subsurface water transfer system that
bypasses surface constraints. The leakage
issue at the site has been extensively
investigated by Mozafari et al. [14].
Initially, the site's water-tightness system
included a concrete cut-off wall at the dam
foundation, accompanied by a single-row
grout curtain extending 256 meters into the
western abutment and 206 meters into the
eastern abutment (Figure 2b). These
curtains, penetrating to depths of 80-180
meters, terminated within the AF and lacked
connection to adjacent impermeable

Journal of Hydraulic Structures

formations [31].

During the reservoir’s first impoundment
in 2009, the water level rose to 1413.65
meters above sea level (ASL), which was
approximately 34.35 meters below the
Normal Water Level Reservoir (NWLR),
before dropping to 1405 m ASL over a 74-
day period. During this time, whirlpool
vortices were observed near the west
abutment, and the discharge from the
Atashkadeh Springs increased to 2 m?*/s—
clear indications of significant leakage. To
mitigate the leakage, a 300-meter extension
of the grout curtain was added beyond the
eastern abutment. Additionally, a new 570-
meter grout curtain was constructed along
the west side of the valley (Figure 2b).
Despite these interventions, leakage rates
remained largely unchanged. The reservoir
rests against the northern limb of the
anticline, in direct contact with the
karstified Asmari Limestone Formation and
the Razak aquitard. At both abutments, a
preferential leakage pathway (PLP) appears
to extend from the reservoir to the southern
limb of the anticline. The lengths of the
inlet windows at NWLR are at least 850
meters on the west and 600 meters on the
east. Water is thought to be transmitted
through the AF towards potential discharge
zones on both riverbanks downstream of the
dam. Notably, the PGF lies too deep
beneath the central part of the anticline to
act as an effective barrier. Ultimately, the
initial grout curtains failed to seal the PLP
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effectively. Iso-potential mapping revealed
that leakage bypassed the ends of the grout
curtains and traveled through the

640000 650000

preferential ~ pathways, affirming the
necessity of further mitigation strategies
[14].
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Figure 2. Geological map of (a) the central section of the Podenow Anticline [13] and (b) the Tangab
Dam site [14].

The Tangab Dam is  located
approximately 1000 meters within the
Tangab Valley, where the reservoir water is
in direct contact with the Asmari Formation,
the Transition Zone, and the Razak
Formation, all overlain by alluvial deposits.
The Razak Formation and the Transition
Zone contain frequent marlstone layers that
inhibit vertical water movement, confining
leakage pathways primarily to the karstified
Asmari Aquifer. Reservoir seepage can
occur in two main ways: directly through
the Asmari Formation along the valley
flanks, or indirectly via the alluvium at the
valley floor. However, seepage through the
alluvium appears negligible due to:

(a) the absence of vortex features on the
reservoir surface, (b) lack of subsidence at
the dam body and reservoir bed, and (c)
stable readings from piezometers SP1-SP9
and FO-PIZ1 downstream of the cut-off
wall and grout curtain (Figure 3).

At the left abutment, neither the original
nor extended grout curtains intersect the key
leakage window, as they are oriented nearly
perpendicular rather than parallel to the
valley slope (Figure 3). Although these
curtains were designed to seal into the dense
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dolomitic limestone, water movement
persists within this layer, especially in high-
permeability zones (up to 100 Lu) with
substantial grout take (>400 kg/m).
Piezometers LGIP4U to LGI1P14U
(upstream) and LGIPID to LGI1PI13D
(downstream) installed in Gallery LG1
monitor hydraulic behavior around the grout
curtains. On the right abutment, the initial
grout curtain was similarly oriented
perpendicular to the wvalley side, while
subsequent curtains were aligned more
parallel to the wvalley. However, these
measures failed to fully seal the reservoir
due to incomplete contact with the
underlying Pabdeh Formation and lateral
boundaries with the Razak Formation. As a
result, water continues to bypass the grout
curtains downstream. Piezometers RG2P1-
RG2P7C in Gallery RG2 (downstream) and
RBP1-RBP16 monitor leakage around both
the initial and additional grout curtains.
Geomorphologically, the Firouzabad River
appears to be superimposed on the central
part of the Podenow Anticline, where it
incised the valley and likely established
pathways for karst development. Portions of
the riverbed on the northern limb are at
higher  elevations, allowing  water
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infiltration into the karst aquifer on the
southern limb, particularly along faulted
zones. Over geological time, these pathways
evolved into mature conduits. The general
alignment of the Windy and Sarizjan caves
toward the southern limb supports this
interpretation, suggesting paleo-flow from
north to south. As the river downcut, older
conduits  became  inactive, leaving

abandoned cave levels now exposed at
higher elevations. This proposed leakage
route is further supported by two dye-
tracing experiments conducted prior to dam
construction. Although this pathway would

650400

require cross-bedding flow, the F1 and F2
faults—both striking roughly perpendicular
to the fold axis—intersect bedding planes
and likely facilitate such movement. At the
left abutment, the F1 Fault aligns with the
Tangab Spring. However, no significant
increase in spring discharge was observed
post-impoundment, likely due to extensive
grouting in this area (Zone A, Figure 6). On
the right abutment, water likely enters the
karst system through the F4, F6, and F7
faults, further contributing to downstream
leakage (Figure 3) [14,31].

651200
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s Initial grout curtain
Treatment zones

™\ Potential leakage path

Figure 3. Engineering overlay on the geological map of the Tangab Dam site [14]

4. Discussion and results

4.1. Investigation of Groundwater Level
Using the Sequential Gaussian
Simulation Method

Initially, the distance-weighted
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interpolation method was applied using
ArcMap to gain a  preliminary
understanding of spatial variations across
the study area. This method, often referred
to as the "photo distance" approach,
provides estimated values that closely
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resemble the observed data but does not
support the generation of uncertainty maps.
It is primarily used for initial visualization
and pattern recognition.

Following this, the dataset was
normalized, and spatial continuity was
assessed by constructing a variogram.
Geostatistical  interpolation was then
conducted using the kriging method, which
also facilitated the creation of an
uncertainty map. Finally, based on the
kriging estimates, 100 sequential Gaussian
simulations were performed in the study
area using ISATIS software. The outputs of
these simulations provide a spatially
continuous depiction of groundwater levels
throughout the dam abutments.

Table 1 presents the descriptive statistics
for groundwater level measurements
obtained from 49 piezometers. For effective
interpolation and simulation, it is necessary
for the data to follow a normal distribution.
As shown in Figure 4a, the histogram of the
raw water level data indicates non-
normality, with a standard deviation of
12.54, skewness of 0.63, and kurtosis
(elongation) of 4.02. Therefore, Gaussian
normalization was applied. The resulting
histogram of the normalized data is
presented in Figure 4b, demonstrating
improved statistical distribution suitable for
geostatistical modeling.

Table 1. Descriptive statistics

Value Frequency Min (m)

Max (m)

Average (m)

Standard Deviation Variance

Water lable 49 1362.99

1424 .81

1382.25 12.54 157.25
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Figure 4. (a) Histogram of original water level data; (b) Histogram after Gaussian normalization.

Figure 5 presents the experimental
variogram of groundwater levels along with
the fitted spherical model. The spatial
continuity of the water level was assessed
through this variogram analysis. The degree
of spatial structure is quantified using the
nugget-to-sill ratio (referred to here as the
“piece effect to roof ratio”). According to
Isaaks and Srivastava [19], a ratio of less
than 25% indicates strong  spatial
dependence, a ratio between 25% and 75%
reflects moderate spatial dependence, and a
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ratio greater than 75% suggests weak spatial
dependence. In this study, the spherical
model showed a ratio within the range that
implies a reasonable level of spatial
correlation, thereby justifying the use of
geostatistical interpolation methods such as
kriging.
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Figure 5. Experimental variograms of water level with fitted models: (a) spherical; (b) exponential;
(c) cubic.

In this study, the exponential, spherical,
and cubic variogram models exhibited
nugget-to-sill ratios of 19%, 27%, and 35%,
respectively. These values indicate that the
exponential model demonstrates strong
spatial continuity, while the spherical and
cubic models exhibit moderate spatial
dependence. Additionally, a larger range (or

_.Ilm v 100 200 300 400 500 600

Distance (m

points are needed to predict unsampled
values with confidence. The range values
for the exponential, spherical, and cubic
models were 416.38 meters, 322.86 meters,
and 376.6 meters, respectively. Among the
three, the spherical model yielded the
lowest sum of squared residuals, as shown
in Table 2, indicating the best fit for

radius of influence) reflects a broader subsequent  kriging and  simulation
spatial structure, meaning fewer sampling procedures.
Table 2. Variogram Features with a suitable spherical model
Model Exponential Spherical Cubic
Nugget effect 0.23 0.31 0.41
Domain 416.38m 322.86 376.6
Threshold 0.95 0.82 0.73
Sum of squared residuals 0.000877 0.000527 0.000585
cotc 1.18 1.13 1.14
co/C 0.194915254 0.274336283 0.359649123

Several variogram models with different
structural characteristics were considered to
simulate the experimental variogram.
Choosing an appropriate model and
accurately estimating its parameters is
critical, as these directly affect the
reliability of geostatistical estimations. In
this study, a cross-validation procedure was
used to assess the accuracy and
appropriateness of the selected variogram
model. During cross-validation, one data
point is removed at a time, and its value is
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estimated using the remaining dataset via
the kriging method. This process is repeated
sequentially for all data points. The
differences between observed and estimated
values were used to generate a correlation
map, evaluating how well the model
reproduces the actual data. Using the
validation function in ISATIS software, a
correlation coefficient of 0.73 was obtained
between the observed and estimated
groundwater levels, indicating a good level
of agreement. Furthermore, the residual
distribution (actual minus estimated values)
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was plotted to assess the bias of the model.
As shown in Figure 6, the residuals are
symmetrically distributed around zero,
confirming that the model is unbiased.
Additionally, the normal probability plot in

Figure 7 demonstrates that the residuals
approximate a normal distribution, further
validating the suitability of the selected
variogram.

Z* 1 normal (Estimates)

3]
T

Z* : normal (Estimates)

Figure 6. Cross-validation error distribution (residuals) between observed and kriging-estimated water levels.

- 0.050

<4 90.025

Figure 7. Normal probability plot of residuals from variogram cross-validation

The Inverse Distance Weighting (IDW)
interpolation method has been employed as
one of the precise and effective techniques
for understanding and gaining a broad
perspective of the spatial variations in water
levels within the examined area. In this
method, the estimated values closely
resemble the observed sampling values.
However, the estimated values may diverge
from the sampled values in cases of
imprecise data. Unlike some other methods,
the distribution of data surrounding the
estimated point is not directly taken into
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account. Instead, the position of each point
is considered individually, with the weights
assigned to points that are equidistant from
the target point. The deterministic nature of
the IDW method does not produce an
uncertainty map and does not make
assumptions about the data, such as the
normality requirement that is typically
necessary for geostatistical methods. The
appropriate values for the power parameter,
the number of neighboring points, and the
search radius have been determined in this
approach (Table 3). The interpolated map
resulting from the IDW method is shown in
Figure 8.
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Table 3. Parameters to calculate IDW interpolation

Method Inverse Distance Weighted Interpolation
Power 2
Max-Neighbors 10
Min-Neighbors 5
Major semiaxis 100
Minor semiaxis 100

The observed and estimated water levels of the observation wells are derived from the
interpolation of the water levels, and the difference between these two values is indicated as the
error in Figure 9. The distribution of the estimated and observed values, along with the best-fit
line between them, determines the shape of the state diagram. The accuracy of the model's
estimation increases as the values approach the 1:1 line. The regression equation was used to
estimate the points, and the interpolation error is approximately 0.2. The independence of errors
is a key assumption in regression analysis. If the errors are correlated, regression cannot be
applied.

The Durbin-Watson test is used to assess the independence of errors. Based on the results
shown in Figure 9, the error value is 1.85, indicating that the results are reliable, as the Durbin-
Watson statistic (DW) lies between 1.5 and 2.5. If DW falls outside of this range, it confirms the
presence of autocorrelation in the errors.
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X

3202600
3202600
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3202200
3202200
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Figure 8. Water level interpolation using the IDW method.
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Figure 9. Correlation between the estimated and observed values of the water level in the IDW
method, as assessed by the Durbin-Watson test.

4.6. Interpolation Using the Kriging
Method

The water levels at unknown sites
around the dam have been estimated using
the normal data of the reservoir level and
the exponential variogram model. The
reservoir level was then interpolated (Figure
10a). As shown in the uncertainty map and
the interpolation error value in Figure 10b,
the estimation error is higher in areas with
fewer data points or no water level
measurements. Specifically, the estimations
in the northern and eastern regions of the
study area are considered unreliable.

Kriging-based techniques, such as
sequential conditional simulation methods,
analyze sampling points sequentially and

(a) N
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. 1,363.81728- 1,373.1314
13731314 -1,376.32797
137632797~
1,378.69648 -
1,381.89305 -
1,386.20717 - 1,392.02955
1 1,392.02955 - 1,399.88749
1 1,399.88749 - 1,41049266
W 1,410.49266 - 1,424.80549

1,378.69648
1,381.89305
1,386.20M7

wom  eees  wess e e

- — e — O S
oo0mMmO7 014 021 028

(b)

randomly until all sampled points have been
assessed. One of the key outcomes of using
geostatistical methods is identifying the
uncertainty surrounding the estimations.
The error variance in the standard
geostatistical approach is used to quantify
this uncertainty. If the assumption of a
Gaussian distribution holds, the estimate
and error variance together fully represent
the uncertainty at each unsampled location.
While error variance can accurately predict
the arrangement and location of nearby
samples, it cannot precisely capture local
uncertainty. Specifically, it overlooks
regional uncertainty caused by spatial
variations within the target area.

N
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405175594 - 6.04424839
6.04424239 - 7.77658704
7.77658704 - 9.26273%4
9.2827394 - 10.5922379

1 10.5922379 - 11.7307591

[ ]11.7307591 - 12.720627)

N 12.720627 - 13.5812508

I 13.5812508 - 14.3295056

1 14.3295056 - 14.9800629

1 14.9800629 - 15.7283176

0 w0 G0 N WME GO0 6w

T ——OTEES
0003907 014 021 028

Figure 10. (a) Water level interpolation using Kriging method; (b) Error and uncertainty map
resulting from kriging interpolation method.
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Alternate  probability  images are
generated through conditional simulation to
account for local variability. Estimates and
their associated uncertainties are defined
and determined wusing a range of
probabilities, incorporating local variability.
In the next step, we perform a Gaussian
simulation with 100 realizations and assess
the results. The analyzed area has

(a)

Figure 11. (a) 3D block model of SGS results;
with higher

4.7. Mathematical Expectation of the
Simulation

The average of the 100 realizations from
the Gaussian simulation performed in the
previous stage should be calculated,
considering the comprehensiveness of the

(a)
X (m) [4610km]

0 s D I JAI) @) WY € W

Figure 12. (a) average results of Gaussian sim

At this stage, the exploratory analysis for
each level is presented in Table 4, based on
simulations run along the z-axis at 150
meters (15 cells, each 10 meters) in the
direction of the boreholes. In the diagram,
height is plotted against the range of
changes for each level, with the range of
extreme changes for some levels indicating
larger values relative to smaller ones, which
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undergone 100  successive  Gaussian
simulations for the water level variable.
Figure 11 illustrates the three-dimensional
block of the simulation, with multiple layers
of the simulation's output visible. Given the
breadth of results, it is advisable to compute
the average result of the simulation, which
is discussed in the next phase, to determine
the water level at a specific location.

aler table (m)

1.4100

X (m) [+610km] X (m) [+610km]

(b) Representative layers from simulations; (c) Zones
groundwater levels.

data and identifying the regions where
water table changes are most pronounced
(Figure 12). The estimated average value,
visible at various levels in the figure, is
consistent with the estimate generated using
the kriging method.

X (m) [+610km] X (m) [+610km]

I

\

X (m) [+610km]

X (m) [+610km]
ulation block in three dimensions; (b) average results
of Gaussian simulation in different levels; (c) display of higher water level values in levels

have a higher level of stability. The graph
shows that as the height level increases, the
variations in water level also increase.

In a karst system, two piezometers may
be close to one another but not connected.
On the other hand, the non-uniform depth of
observation wells is the most significant
issue in our analysis. While there is no
guarantee in a karst system, this issue is
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presented as a possibility: as the depth of an
observation well increases, it is possible that
a new layer of permeable material is
encountered, which could cause the water
level to either rise or fall.

To conduct a more detailed investigation
and precisely identify locations where the

water level is higher or lower than the
average, it is preferable to display a map for
each level separately, with a distance of 10
meters between each point. The maps
obtained at various levels are shown in
Figure 13.

Table 4. Descriptive statistics of different levels

number from to Minimum Maximum Mean Std. Variance
1 1350 1360 1368.2 1394.82 1383.26  2.46 6.03
2 1360 1370 1368.3 1396.21 1383.14  2.58 6.66
3 1370 1380 1362.99 1404.34 1383.08 2.86 0.82
4 1380 1390 1367.98 1393.57 1382.9 3.18 10.09
5 1390 1400 1367.39 1400.33 1382.78  3.55 12.59
6 1400 1410 1364.37 1402.95 1382.75  3.77 14.22
7 1410 1420 1362.99 1397.63 1382.89  4.08 16.61
8 1420 1430 1362.99 1398.57 1383.13  4.35 18.89
9 1430 1440 1366.95 1406.13 1383.24  4.53 20.52
10 1440 1450 1368.26 1411.93 1383.5 4.79 22.91
11 1450 1460 1362.99 1410.06 1383.77 491 24.11
12 1460 1470 1363.28 1412.65 138395 4.73 22.35
13 1470 1480 1370.2 1424.59 1384.1 0.46 2.12
14 1480 1490 1369.09 1424 .81 1384.1 4.36 18.99
15 1490 1500 1372.14 1413.21 1384.2 4.16 17.35
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Figure 13. Simulated groundwater levels at 15 depth intervals (10 m each) from 1350 to 1430 m
elevation.

The next step is to create a plan map,
which represents the average of the various
levels of the simulated block, for a more in-
depth analysis. The output of the simulated
average can be viewed in the two-
dimensional map after the three-
dimensional network, where 100
realizations of the simulation were

conducted, has been transformed into a two-
dimensional network. As shown in Figure
14a, reveals a clear groundwater mound in
the north-central area, which may be
attributed to  topographic influences,
recharge zones, or structural features (e.g.,
faults/fractures) facilitating upward flow.
Also, Figure 14b overlays the same data on
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the topographic landscape. Elevated
groundwater zones appear to align with
surface highs, suggesting a good correlation
between topography and water table
elevation. This might also reflect subsurface
geological  controls  (e.g., permeable
formations or fractures). The proximity of
high groundwater levels to the reservoir
indicates a potential hydraulic connection
that may pose seepage or uplift risks for
dam stability.

Additionally, the fault map in Figure 15
suggests that the density of faults in this
region may contribute to the high water
level variations on the right side of the dam.

40000 40100 40200 40300 40400 40500 40600 40700 40800 40900
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1.4000

1.8000
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R. Dehshibi and Farhadian

The F3 fault is of particular concern due to
its orientation crossing beneath or adjacent
to the reservoir. This suggests it may serve
as a preferential path for groundwater
movement or even seepage under pressure.
The intersection of multiple faults in this
region increases the potential for fracture
permeability,  which  could amplify
hydraulic connectivity and challenge dam
safety or groundwater modeling accuracy.
These structural features should be further
evaluated for their hydrogeological
behavior, especially in scenarios involving
reservoir level fluctuations or seismic
activity.
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Figure 14. (a) Groundwater table distribution from Gaussian simulation showing high and low
zones; (b) 3D view of the water table over terrain, highlighting elevated groundwater areas near the
dam reservoir.
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Figure 15. Fault density map on the dam's right abutment
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4.8. Validation of Simulation Results
The simulation results (realizations) are
considered acceptable when they can
reproduce the statistical and geostatistical
parameters of the exploration data. Figure
16 shows the histogram of the actual data
(exploratory borehole data) alongside the
frequency diagram obtained from the
simulation results for this purpose. As
observed, the average result of the
simulation is nearly identical to the average
result from the statistical analysis of the
exploratory well data. Therefore, the

w-t
(@)
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1 1 1 1 1 I 1 1
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Frequencies
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satouanbazxy

simulation results accurately reproduce the
statistical parameters of the data and are
deemed valid.

Based on the average water level data,
the variogram's segment-to-ceiling ratio is
19%, indicating that the water table level
variable exhibits a fair degree of continuity.
The results of the water table estimation
revealed that the northeastern and eastern
regions of the study area had unreliable
water table estimations, which may have
been caused by a lack of water table data in
those regions.
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Figure 16. (a) Histogram of the actual data (exploratory borehole data); (b) Frequency diagram
obtained from the simulation results.

In summary, the methodological
framework of this study follows a structured
and sequential approach designed to ensure
robust groundwater level modeling in a
complex karstic environment. The process
begins with exploratory data analysis and
normalization to meet the statistical
requirements of geostatistical modeling.
This is followed by variogram construction
and model selection, where the spherical
model was identified as the best fit based on
the nugget-to-sill ratio and minimal residual
error. Kriging is then applied to estimate

spatial ~ distributions, while Sequential
Gaussian Simulation (SGS) with 100
realizations 1is used to capture local

variability and uncertainty. Finally, the
results are interpreted in conjunction with
geological structures, particularly fault
distributions, to  better  understand
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groundwater flow dynamics. This integrated
methodology not only enhances the spatial
accuracy of predictions but also provides a
more realistic representation of uncertainty,
making it a valuable tool for
hydrogeological analysis and dam safety
assessment in heterogeneous terrains.

4.9. Comparison of Interpolation
Methods

To evaluate the relative performance of
the three applied spatial estimation

techniques—Inverse Distance Weighting
(IDW), kriging, and Sequential Gaussian
Simulation (SGS)—a comparative analysis
was conducted based on interpolation
accuracy, uncertainty representation, and
spatial realism.
IDW  was
deterministic

primarily used as a
method for preliminary
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visualization. It closely replicates observed
data in areas with dense sampling but lacks
the ability to model uncertainty or account
for spatial correlation. The method assumes
a uniform influence radius and is sensitive
to outliers.

Kriging, a geostatistical estimator,
improved upon IDW by incorporating
spatial structure via a fitted variogram
model. It provided smoother interpolations
and generated an uncertainty map (kriging
variance), which is valuable for evaluating
prediction confidence. However, as a linear
estimator, kriging tends to underestimate
variability, especially in heterogeneous

regions.

SGS offered a probabilistic modeling
approach  through 100  realizations,
capturing both spatial variability and
uncertainty more realistically. It was
particularly effective in representing local
fluctuations in water level, especially in
faulted or karstic zones. SGS outputs also
allowed the generation of 3D groundwater
distribution models and probability maps,
which are critical for risk analysis and
decision-making in dam engineering. A
summary of the performance characteristics
of each method is provided in Table 5.

Table 5. Summary of the performance characteristics of IDW, Kriging, and SGS methods

Method  Type Strengths

Limitations

Error/Validation Metrics

Simple, fast, intuitive for

IDW  Deterministic .
initial trends

Accounts for spatial
Kriging Geostatistical continuity, provides variance
map

Captures spatial variability,

No uncertainty modeling,
sensitive to outliers

May smooth data,
underrepresents extremes residuals

DW =1.85, Error= 0.2

Correlation = 0.93, unbiased

Computationally intensive, Closely matched observed mean,

SGS Stochastic uncertainty, and extreme . . .
requires variogram model strong visual agreement
values
This comparative evaluation exhibited the best fit with a nugget-to-sill

demonstrates that while IDW is suitable for
initial analysis, kriging and SGS offer
significant improvements for modeling in
complex hydrogeological settings. SGS, in
particular, emerges as the most robust
method for groundwater level estimation in
the Tangab Dam's karst terrain due to its
ability to quantify uncertainty and replicate
natural spatial variability.

This study applied a combination of
geostatistical techniques—including inverse
distance weighting (IDW), kriging, and
sequential Gaussian simulation (SGS)—to
estimate and analyze groundwater levels at
the Tangab Dam using piezometric data
from 49 observation wells. Preliminary
statistical analysis revealed non-normality
in the raw data, necessitating normalization
before variogram modeling. Among the
tested models, the spherical variogram
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ratio of 19%, indicating strong spatial
continuity and justifying the application of
geostatistical methods.

While IDW served as a preliminary
visualization tool, kriging and SGS
provided more accurate and interpretable
insights into spatial trends. Both methods
revealed elevated groundwater levels along
the dam’s right abutment—an area of high
fault density—suggesting that geological
structures significantly influence
groundwater movement. SGS, through 100
realizations, successfully reproduced both
the statistical distribution and spatial
variability of the aquifer, with a strong
match to empirical data. Validation metrics
confirmed the robustness of the simulation,
especially in well-instrumented regions,
while acknowledging limitations in data-
sparse zones such as the northeast and east.

Importantly, this study highlights the
value of integrating geostatistical modeling
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with geological fault data to improve the
understanding of groundwater flow in
complex karst environments. These findings
carry practical implications for dam safety,
as zones of elevated groundwater near fault
intersections may pose seepage or uplift
risks. Based on this, targeted
recommendations  include  reinforcing
monitoring systems in critical zones,
expanding the piezometer network—
especially in under-sampled areas—and
using geostatistical uncertainty maps to
prioritize grouting and sealing operations.
Future work should focus on enhancing
spatial ~ resolution through additional
borehole data and incorporating numerical
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Investigating and simulating the steady water flow in an unsaturated
soil column containing oil is one of the most important studies in the
field of optimizing oil extraction processes. In order to simulate this
flow, governing equation for this field should be solved. The
governing equation is strongly nonlinear with limited analytical
solutions in the literature. In this paper, analytical solutions have been
developed for the nonlinear equation in different soil properties using
Adomian Decomposition Method (ADM). A total of three soils with
different pore size distribution index are considered in this research.
These pore size distribution indexes are 2, 3 and 4 for cases 1, 2 and
3, respectively. Results for the presented analytical solutions are
capillary pressure head verses elevation in the unsaturated soil
column containing oil. To investigate the accuracy of the derived
analytical solutions, capillary pressure head values are obtained from
a numerical solution and compared with the presented analytical
solution values for all cases. An excellent agreement is observed
between analytical and numerical results for three cases. These
analytical solutions can be used as a benchmark for verification and
efficiency assessment of numerical methods.

Analytical solution, ADM, Oil extraction, Unsaturated soil, Capillary
pressure head

Water injection is one of the important methods for increasing
oil extraction from underground reservoirs. In this method, the
water is injected into an underground reservoir to increase the
internal pressure of the reservoir and collect the oil towards the
well and the ground surface. Generally, there are two fluid
phases in underground oil reservoirs for unsaturated soil zone.
These two fluids are oil as the non-wetting fluid and the water
as the wetting fluid. Considering this issue, modeling and
simulating water movement for underground oil reservoirs is
very important for optimal exploitation of oil reservoirs.

In the literature, many researches have been performed to
investigate two-phase flow in unsaturated soils. These
researches include numerical methods, analytical solutions and
experimental studies. Van Duijn et al. [1] analyzed stability of
steady, vertically upward and downward flow of water in a
homogeneous layer of soil.
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In that research, an extension of the
Richards equation for investigating dynamic
memory  effects  were  considered.
Szymkiewicz et al. [2] presented a
mathematical model for two phase flow in a
heterogeneous porous medium. They
investigated this approach with two
numerical examples concerning oil-water
and CO2-brine flow, respectively. Du and
Nydal [3] developed Flow models and
numerical schemes for single/two-phase
transient flow in one dimension. They
presented two numerical schemes in forms
of non-iterative and iterative for prediction
of transient problems. Cogswell and
Szulczewski  [4] solved  two-phase
incompressible flow without capillary
potential for large time steps by introducing
a macroscopic surface tension and
employing a convex energy splitting
scheme. They used new homotopy method
to increase time step by more than six
orders. Zhang et al. [5] presented a
numerical simulation of water distribution
associated with internal corrosion induced
by water wetting in upward inclined oil
pipes. In their research, results of numerical
simulation were coincided well with
available experimental results. Ma et al. [6]
developed Fully coupled hydro-mechanical
modeling of two-phase flow in deformable
fractured porous media based on
combining discontinuous Galerkin (DG)
and continuous Galerkin  (CQ) finite
element methods (FEM). In their research,
several benchmark cases were used for
investigating accuracy of proposed method.
Ghedira et al. [7] developed numerical
simulation of incompressible two-phase
flows with phase change process in porous
media based on OpenFOAM solver. Their
results validated with various test cases.
Also, they compared numerical results with
analytical solutions and other results in
literature.

It should be noted that other numerical
techniques have been proposed for
investigating two-phase flow in unsaturated
soils and/or porous media. These techniques
include volume of fluid method (VOF),
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meshless method, finite volume method
(FVM), Lattice Boltzmann method (LBM),
Support vector machine (SVM),
discontinuous Galerkin method, Green
element method (GEM) and/or other
numerical methods [8-20]. A number of
researchers developed analytical solutions
for two-phase flow in unsaturated soils
and/or porous media [21-32].

In this study, Adomian Decomposition
Method (ADM) is used to develop
analytical solutions for steady water flow in
an unsaturated soil column containing oil.
Governing equation for this flow is strongly
nonlinear and therefore, presenting
analytical solutions for this equation is very
valuable. A total of three soils with different
pore size distribution index are considered
in this research and analytical solutions by
ADM are presented for these cases. These
pore size distribution indexes are 2, 3 and 4
for cases 1, 2 and 3, respectively. Also, a
comparison of presented analytical
solutions with a numerical solution is
performed for all cases.

The governing equation for steady flow of
two fluid phases in unsaturated soil is
expressed as [33]:

% — (QWi.uw _ Anwilnw
axi kw knw

)—p)g; (1)

Where p., is the capillary pressure and is
defined the difference between non-wetting
pressure and wetting pressure or P,y — Pw>
q, is the volume flux, u, is the dynamic
viscosity of fluid, k, is the permeability. In
Eq. 1 index w is for wetting phase and
index nw is for non-wetting phase. Also,
Apis the difference between densities for
wetting and non-wetting phases, g; is the
gravity acceleration for 3d and x;, is the
directions in x, y and z. Equation (1) is
derived with combining flux and continuity
equations. Also, Darcy's law is used for
each fluid in soil. Therefore, advection-
dispersion effects have been seen within the
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governing equation. Eq. 1 for flowing single
wetting phase is written as:

oPc  Qwibtw oh
_— 2
ox, (— k, )+ (4p)g— ox, 2

Where h is equivalent with z direction and g
is the gravity acceleration for z direction.

Therefore, —

h . 0z . .
s 50 18 equal to Fy which 1is
l

sinf and x; 1s and consequently, Eq. 2

is expressed as:

Q\N

Figure 1. A schematic view of the steady downward flow of a wetting fluid (SDFWF) in unsaturated

In the current study, Brooks-Corey equation
[33] is used for k,,which is:

—r (Foy
kw _km(R) (4)

Where 1 is 34+ 2, and A is pore size
distribution index. The typical values of A
are 2 to 5 for different soils. It should be
noted that, A — oo for a soil with uniform
pore size. In Eq. 4, k,,, (L?) is the saturated
permeability and P; is displacement
pressure or critical P, value. The
displacement pressure is P, value in
saturation degree equal to 1. By
substituting Eq. 4 to Eq. 3 and
simplification, Eq. 5 is obtained:

dh,

T 1—a( )
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dhe _ . lawliw
dh (4p)ghkw sin(B)

€)

Where 4, is the capillary pressure head and
is equal to . k,, in Eq. 3 is depended on

Pc
(4p)g
p. and can be substituted with different
equations in the literature. A schematic
view of the steady downward flow of a
wetting fluid (SDFWF) in unsaturated soil
(Eq. 3) is presented in Fig. 1.

Where A is and a is:

Pg
(4p)g
__ lawlmy

(4p)gkm sin(B)

(6)

Where a is dimensionless. To obtain the
dimensionless form for Eq. 5, 4. and /&
should be divided by 4, . Therefore, the
dimensionless form for Eq. 5 is obtained as
follows:

dh’ .
< =1-ah" 7
o . (7

Where 4% is 2 and 4" is . Eq. 7 is
hq hq

governing equation for the SDFWF in the

dimensionless form. The current study

presents analytical solutions for Eq. 7 in

different values of n and a. The Adomian
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decomposition method (ADM) is used for
obtaining these analytical solutions.

The Adomian decomposition method
presents an analytical solution to nonlinear
ordinary differential equation without any
simplification, linearization and change in
governing equation at beginning of solution
process. However, other analytical and
semi-analytical methods use a
simplification and linearization procedure
and then present the final solution.
Therefore, ADM provides very realistic and
very close to reality solutions, which is one
of the great advantages of this method over
other analytical and semi-analytical
methods. A nonlinear ordinary differential
equation can be expressed in the following
initial form:

Fy)=f ®)

In this equation F, a nonlinear
differential operator is applied to y and y
itself is a function of x. Also, f itself can
generally be a function of x and y. Eq. 8 can
be written in more details in the form
below:

Ly+Ry+Ny=f 9)

In Eq. 9, L is a linear operator applied to
y, for example, it can be :—x or j—xzz. In fact, L
is a linear operator as a fraction of F in Eq.
8, so that L is also invertible, i.e. if L is %,
it can derive the opposite action, which is
integral once to x, Or, if L is :—xzz, or if L is

an example, it could have twice the
derivative inverse of the integral of x. In Eq.
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9, R is a linear operator applied to y for the
remainder of the linear part F. Finally, N in
Eq. 9 is a nonlinear operator; in other
words, N contains nonlinear forms F. Now,
by comparison of Eq. 9 with governing
equation in this research (Eq. 7) and
inverting the operator L, which is integral,
on the sides of Eq. 9 yields:

L™YLh; = L7Yf — L7Rh, — L™ Nh  (10)

Where L is the d‘z* and L™tis the integral

respect to 4". Since the integral is associated
with the integral constant and this integral
constant is the initial condition of the
problem, by applying the initial condition in
the problem in Eq. 10, yields:

b =he(0)+ LYf — L"1Ri} an
— LINK;

Consequently, the final answer for /. is:

B = Z How = oo F ey +hey (1o
n=0

*

+ hey

+ -

The first two terms on the right side of Eq.
11 are introduced as hzo in Eq. 12. This
method is used for the nonlinear term Nh;,
in Eq. 11, as follows:

0

Ni = Z A (B ey o )
= AO + Al + A2
+ eee

In Eq. 13, the coefficients Ay, A;, Ao, ... are
defined as:
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A2=h*

co

co

And etc. (see Adomian [34]). Now the Eq.
11 can be written as given by the Eqgs. 12
and 13:

n=0 w n=0 (15)
s Z A,
n=0

S0, ¢y he.s ... can be written as:
he,
= —L'Ri, — L™14, (162)
h*

€2 (16b)

= —L‘thZ1 - LA,
And etc. Now, by comparing Eq. 7 with the

format written in Eq. 9, the parameters of
Eq. 9 in this research are:

d
L =— R = =
dh* ) 0 Jf O y (17)

Nhy = —(1—an}")

And the new form of Eq. 11 based on Eq. 7
is:

hi = hi(0) + LN (18)

In Eq. 18,4(0) is the capillary pressure
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(14a)
(14b)

d w2\ ([ d
c2 <dhz )NhZ(hZO) + < 2C|1> (dh*z)NhZ(hzo) (14c)
o !
2 * * hzi) d3 * *
Nhg(he,) + Eibrs Nhg(he,) (14d)

Az = hi, . Nhg(hey) + he e, 7

co

value at #* = 0. Therefore, the solutions for
h¢y, he,, ... are obtained in Egs. 16a and

16b with R=0, and finally the value of 4 in
Eq. 15 is expressed as:

he = hey + [ Agdx + [ Ardx
+ [Aydx + [ Asdx  (19)

In Eq. 19, the second, third, fourth and etc.
terms are h,q,h.,,hes and etc., respectively.
Also, hey, in Eq. 19 is the boundary
condition value for Eq. 7.

In this section, A is considered equal 2 and
in accordance with the described process in
the previous sections, 1 value is 8. By
substituting 1 into Eq. 7, f (hzo) is defined

as:

flhig) = (1 —ahl,®) (20)

According to Eq. 20 and the mentioned
explanations in Egs. 15 to 19, the answers
for hgq , hey , hzz and etc. are obtained.
Considering that the answers are long, only
the first five terms of A;in Eq. 19 are
presented here:
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ey = (1—ahy, ")’ (21
he, = —4(1—ahy Hah™*hy,’ (22)
32 28 2

hey =5 (1= ahg W a?hiy! == (1= ahg,") W™ ahz, (23)

* *78 x* 8 x4 *147 *82*4— x 6
ey = —8ahzy (5(1 = ali,")h izhco -5 (1= ahi")’n ok ) o

+56(1 —ahy,’) h**a?hy," — 14(1 — ahl*) h*ang,”

* * * 8 * * *

B = —8ahco7(—8ahco7((E (—ahy,” + D)) Ca?n,
7
—(E)(—ahzos + %0 %ah; %) + (56/5)(—ahi,” + 1)2h"°ah; "
(25)

—(14/5)(—ah;,” + 1)%h*°ah;,*) — 56ah;,°((8/5)(~ahy,” + 1)?h*°ah; ™

* 8 *5 * 8 * 14 * 8 * 6
+(1/5(=ahy,” + DIRS((32/3(~ahy,” + 1)a%hy, ™ — (28/3) (—ah;,” + 1)2ah;,))
+(672/5)(—ahy,” + 1)3h"°a?h; "t — 14(=ah}* + 1)*h"an;,

co

By summating these answers according to considering a=0.1, 0.5 and 0.7 and hzo

Eq. 19, the A, function is obtained for A=2
and n=8. In order to plot A, verses A",
example values for a and hzo should be
selected. These values are selected based on
discharge value and soil properties. By

(boundary condition) equal to 1 in these
answers, A functions for the approximately
eighth sentences are presented in Table 1.

Table 1. h; functions for different values of @ in =2 and y=§

Values Values

for a for g, . functions
o1 | hi=1+09h — 0,364 — O,666h*3 — 0,435/ + (;,72354};*5
+1,8910524"° + 0,8468553721h"
hi=1+0,51"—1,00n"% + 0,166666666h"" + 2,4583333344"*
0.5 1 —1,4708333314"° — 8,7902777814*°
+9,669543642h"
0.7 | hi=1+0,3h" —0,84h"% + 0,981 + 0,8334™* — 4,305144°

+2,6110466664™° + 13,511035074*

Replacing A" values in the analytical
solutions (Table 1), the dimensionless
capillary pressure head (4;) can be plotted.
Figure 2 shows a comparison of /4. values
using ADM (Table 1) and numerical
solution values (to Eq. 7) for a
dimensionless length (") of 0.5 in a vertical
soil column with § = 90°. Finite difference
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method (FDM) with 42" = 0.01is used for
the numerical solution. As shown in Figure
2, there is an excellent agreement between
ADM and FDM results. The comparison
confirms high accuracy of h; functions in
Table 1 as analytical solutions for SDFWF
equation with soil properties of A=2 and
n=8.
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hc*

Figure 2. Comparison of normalized capillary pressures head verses normalized elevation values in
numerical and analytical methods for 2=2 and n=8

In this section, A is considered equal 3 and According to Eq. 26 and the mentioned

in accordance with the described process in GXPla{klaUOI}kS in Egs. 15 to 19, the answers

the previous sections, n value is 11. By for h.cl ,.hcz » hes and etc. are obtained.

substituting 1 into Eq. 7, f(hzo) is defined Considering that the answers are long, only

as: the first four terms of A.in Eq. 19 are

x « 11 resented here:

flhieg) = (1 —ahizy™) @ P

By = (L—ahly k" (27)
. 11 « 11) 42+ 10

By, = —7(1 —an, ") i ang, (28)
. 121 ¢ 11) 43 5,4 20 9O « 11)\2 43 4 9

Hey = —— (1= ahiy ) h2a2nt, ™ =2 (1 - ang, ™) 0 ak, (29)
« 10 (121 « 11\ 44 5 4 20 OO « 11\% 44 4 9

ey = =11z, (S (1= ey ) a2, = 2 (1 - ang ) Wiz, .
605 « 11\2 44 5,4 19 165 « 11\3 4«4 . 8 (30)

t— (1 —ang, ) w22 (1—ang, ) et ang,

By summating these answers according to considering a=0.1, 0.5 and 0.7 and hzo

Eq. 19, the A, function is obtained for A=3 (boundary condition) equal to 1 in these

and n=11. In order to plot A verses i, answers, /. functions for the approximately

example values for a and A, should be eighth sentences are presented in Table 2.

selected. These values are selected based on
discharge value and soil properties. By
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Table 2- h; functions for different values of a in 1=3 and y=11

Values Values

* .
fora  forhg, h. functions

hi =1+ 0.94" — 0.495/"° — 1.30354"° — 142353751
+2.26372575h*° + 11.034259364*° + 12.364025934*7
hi =1+ 0.5h" — 1.375000000/4"> + 0.2291666664>
0.5 1 + 6.5598958344™* — 3.9216145734°
— 47.237217894*° + 51.095999104"”
hi =1+ 030" —1.1554" + 1.80954*% + 2.40721251*

0.1 1

or ! — 15.50947475h° + 9.612025174"° + 10186036764
Substituting /" values in the analytical method (FDM) with 44" = 0.01is used for
solutions (Table 2), the dimensionless the numerical solution. As shown in Figure
capillary pressure head (A;) may be plotted. 3, there is an excellent agreement between
Figure 3 shows a comparison of 4, values ADM and FDM results. The comparison
using ADM (Table 2) and numerical confirms accuracy of 4, functions in Table
solution values (to Eq. 7) for a 2 as analytical solutions for SFWF equation
dimensionless length (4") of 0.5 in a vertical with soil properties of A=3 and n=11.

soil column with f = 90°. Finite difference

sl

L 025 , ‘g M i
A
1 émm o

02—

045 ; | | | | g .
04 fg -
o A

e —%— Numerical (FDM), a= 0.7 B

A —&— Analytical (ADM), a= 0.7
0.15— A —&— Numerical (FDM), a= 0.5 |
A7 ¥ Analytical (ADM), a=0.5
01l e —— Numerical (FDM), a= 0.1
—+— Analytical (ADM), a= 0.1

0.05— 5 —

0 I I I I
1.05 1.1 115 12 1.25

hc*

Figure 3. Comparison of normalized capillary pressures head verses normalized elevation values in
numerical and analytical methods for 2=3 and n=11

According to Eq. 31 and the mentioned
explanations in Egs. 15 to 19, the answers

In this section, A is considered equal 4 and for h;1 ,.hZZ , hzz and etc. are obtained.
in accordance with the described process in Considering that the answers are long, only
the previous sections, n value is 14. By the first four terms of A.in Eq. 19 are
substituting 1 into Eq. 7, f (h¢,) is defined presented here:
as:

* x 14
flhey) = (A —ahe, ) (31
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x 14

he, = (1—ahy, " i
hey==7(1—anzy ") n*ang, "
* 98 x 14 %3 * 26 91
Hey == (1 —ahgy ™) iy == (1 - ah

co
637
(1 _ h* 14

Cq

2 co
By summating these answers according to
Eq. 19, the A, function is obtained for A=4
and n=14. In order to plot A, verses h",
example values for a and hzo should be
selected. These values are selected based on
discharge value and soil properties. By

. . 13 (49 £ 14\ 44 5 % 26
K., = —14ah (Z(l—ahm Jrta?ng,® —

)2 n*ta?h,* - 91(1 - ah )3h*4ah* "

(32)
(33)
2
* 14-) h*SQhZOIZ (34)
91 « 14\2 4« 12)
—(1—ah h ah +
12( co ) co (35)

co

considering a=0.01, 0.001 and 0.0001 and
hy. o (boundary condition) equal to 1 in these

answers, /. functions for the approximately
eighth sentences are presented in Table 3.

Table 3. h; functions for different values of a in 1=4 and =14

Values  Values

for for i, h;. functions
hi =1+ 099" —0.06934* — 0.2940634"> — 0.8414637h™*
0.01 1 — 1.646118428h"> — 1.9235997434°
+0.16425651134"
i =1+ 0.9994" — 0.0069934* — 0.0302400634"
0.001 1 —0.090303569374** — 0.19652458474*°
—0.31867658054° — 0.37956189684*”
i =1+ 0.99994" — 0.000699934"* — 0.003032400063/4">
0.0001 1 —0.009093024574** — 0.019983127841*°

—0.033215886584*° — 0.042400535044"”

Substituting /" values in the analytical
solutions (Table 3), the dimensionless
capillary pressure head (4;) may be plotted.
Figure 4 shows a comparison of /4. values
using ADM (Table 3) and numerical
solution values (to Eq. 7) for a
dimensionless length (4") of 1.5 in a vertical
soil column with § = 90°. Finite difference
method (FDM) with 44" = 0.01is used for
the numerical solution. As shown in Figure
4, there is an excellent agreement between
ADM and FDM results. The comparison
confirms high accuracy of h; functions in
Table 3 as analytical solutions for SFWF
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equation with soil properties of A=4 and
n=14. By comparing Figures 2, 3, and 4, it
is found that as the values of A and n
increase, the graph slope of 4" versus A,
increase. Also, by increasing A, the graphs
at high values for h"are formed as almost
straight vertical lines. In other words, as the
pore size distribution index (A) increases,
the pore size of the soil increases and the
flow rate passes through the soil column at
a faster rate.
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&— Numerical (FDM), a= 0.0001
—=— Analytical (ADM), a=0.0001
—+— Numerical (FDM), a=0.001
Analytical (ADM), a=0.001
—2— Numerical (FDM), a=0.01
—%— Analytical (ADM), a=0.01

L [ [ [

1.1 12 13 1.4

1.6 1.7 1.8 19 2

Figure 4. Comparison of normalized capillary pressures head verses normalized elevation values in
numerical and analytical methods for 2=4 and n=14

This paper presented analytical solutions for
the steady downward flow of a wetting fluid
(SDFWF) in unsaturated soil. Governing
equation for SFWF is an ordinary
differential equation with strongly nonlinear
form and therefore, presenting analytical
solutions for this equation is very important.
The Adomian decomposition method
(ADM) were applied to SDFWF equation
for obtaining analytical solutions. A total of
3 cases were considered in this study for
different soil properties. The pore size
distribution index in these cases were 2, 3
and 4. A comparison between ADM and
finite difference method (FDM) results were
performed in three cases. An excellent
agreement between ADM and FDM results
were seen in all cases. Therefore, it was
concluded that ADM may be used to obtain
analytical solutions for SFWF equation in
vertical soil column with a high level of
accuracy. Presented analytical solutions in
this research can be used as reference
solutions for efficiency assessment of
various numerical techniques and similar
laboratory works that calculate capillary
pressure distribution in soil column with
SFWE.
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Water resource management in multi-reservoir systems is critical for
meeting diverse demands while ensuring sustainability. In this study,
we delve into optimizing the operating rule curve for such systems
by integrating the Particle Swarm Optimization algorithm. Our
overarching goal is to minimize relative deficiencies in water supply,
considering both standard operating policies (SOP) and discrete two-
level hedging policies. Our case study focuses on the Great Karun
basin, a real-world scenario where water scarcity poses significant
challenges. By coupling the PSO algorithm with a system simulation
model, we search for optimal hedging levels across all reservoirs and
months. Additionally, we rigorously compare the output results of our
combined simulation-optimization model with those obtained from a
SOP-based simulator. Furthermore, we analyze the flow drought
index at key points throughout the basin under both rationing and
SOP policies. Notably, while rationing generally reduces average
drought severity, it may inadvertently exacerbate conditions in
severely water-stressed areas like the Dez basin. The novelty of this
study lies in coupling PSO-based optimization with detailed system
simulation to develop dynamic hedging policies for multi-reservoir
drought management. Our research contributes valuable insights into
multi-reservoir system operation, shedding light on effective
strategies for meeting water demands while mitigating the impact of
droughts.

Reservoir operation, Hydrological drought, Simulation-optimization,
Great Karun System, Water resource.

The water resources crisis necessitates efficient utilization of
water for various purposes, including municipal, drinking,
agriculture, and industry. Structural facilities, such as large
dam reservoirs, can play a crucial role in mitigating the effects
of drought through their operational strategies [1, 2]. Reservoir
operating policies directly impact the severity and duration of
drought periods in watersheds that include storage reservoirs.
While the Standard Operating Policy (SOP) ensures demand
fulfillment, it requires adaptation during droughts [3, 4]. In this
regard, hedging policy based on the optimum rationing strategy
is recommended to minimize shortages and enhance reservoir
system efficiency [5]. Although various optimization
techniques have been proposed to achieve optimal operating
rule curves [6], developing suitable operational strategies
becomes more challenging when multiple purposes must be
met across the entire basin. Real-world problems involving
conflicting objectives—such as supplying agricultural
demands, hydropower energy production,


https://jhs.scu.ac.ir/

and flood protection pose significant
challenges [7, 8]. Meanwhile, effective
drought mitigation measures have been
proposed and investigated [9], extending
beyond structural facilities. Given that
drought, unlike other natural disasters,
evolves over an extended period, effective
cost reduction can be achieved by
developing appropriate mitigation strategies,
which should be planned meticulously,
based on the suitable drought monitoring
[10, 11, 12].

Loépez-Moreno et al. [13] conducted
research focusing on the impact of reservoirs
on hydrological droughts downstream. Their
study evaluated how a large reservoir affects
hydrological droughts in a border river
shared by two countries. Li et al. [14]
quantitatively assessed the effects of
reservoir outlets on hydrological droughts at
downstream stations. Guo et al. [15]
proposed an operation rule that combines
parametric and rationing approaches to
mitigate severe shortages during drought
periods in multi-reservoir water
management. Chang et al. [16] introduced a
specialized reservoir policy based on
rationing to minimize losses caused by water
scarcity during droughts. To assess flow
dynamics, calculating Indicators of
Hydrologic Alteration (IHA) is common
practice. Al-Faraj et al. [17] used these
indicators to analyze temporal changes and
the mutual influence of upstream human
development on consecutive basin droughts.
In a related study, Al-Faraj et al. [18]
investigated the effects of successive
droughts and human activities in the
upstream region on a semi-arid border basin.
Wu et al. [19] proposed a valuable method
for assessing the impact of reservoir
operating rules during droughts on
multiscale correlations between hydrological
and meteorological droughts at the basin
level.

Men et al. [20] have made significant
advancements in reservoir management by
introducing the joint hedging rule as an
improvement over the traditional rationing
approach. They applied this novel rule to the
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Yuqgiao Reservoir in Tianjin, China, and
compared it with conventional hedging and
standard operating policies. Meanwhile, Wu
et al. [21] investigated the impact of
anthropogenic regulations on hydrological
drought  development and recovery
processes. Their findings highlight the
reservoir operation’s influence on short-term
drought severity reduction and duration.
Additionally, Ahmadianfar and Zamani [22]
explored the effects of future climate change
on agricultural reservoir utilization. Floods
and droughts, as natural hazards linked to
water resources, have caused significant
harm to human societies. = Proper
management is crucial to prevent further
disasters related to climate change risks [23,
24]. Meanwhile, evaluating the effects of
climate change requires specialized methods
to address related uncertainties [25, 26].
Obtaining a reliable projection of future
runoff and streamflow across a watershed
enables system managers to mitigate
uncertainties and make informed decisions
based on more accurate forecasts [27]. In a
separate study, Ren et al. [28] emphasized
that water and soil resource protection
projects significantly alter river flow
variability. These changes result from
intricate  interactions between natural
processes and human activities, which
remain incompletely understood. They
investigated these interactions in a large river
basin with multiple reservoirs to identify
exploitation scenarios aimed at mitigating
drought and flood effects [28].

In recent years, several studies have
investigated the impact of regulating
uncontrolled surface flows on hydrological
drought occurrence [29, 30]. The primary
objective of this research is to assess the
influence of operating policies on
hydrological drought characteristics within a
regulated watershed. To achieve this, we
employ hedging policies and standard
operating policy models. Additionally, we
extract optimal policies using the Particle
Swarm Optimization (PSO) algorithm as an
optimizer. The calculation of the surface
flow drought index relies on reservoir
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outputs from a multi-reservoir system, and
we evaluate how operating policies affect
this index. Given the significance of the
Great Karun watershed’s water resources
system in the country [3], we conduct a case
study within this system.
2. Case study:

In pursuit of our research objectives, we have
selected the Great Karun multi-reservoir
system, consists of the Karun and Dez rivers
in Khuzestan province, as our study area.
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The Great Karun watershed covers an
extensive area of 67,257 square kilometers in
the southwest of Iran and ranks among the
most significant watersheds of the Persian
Gulf. Approximately 67% of this basin
comprises mountainous terrain, while the
remaining 33% consists of high plains. Our
investigation centers around a water
resources system that includes six reservoir
dams and their associated power plants,
strategically positioned along the Dez and
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Figure 1. Schematic diagram of the investigated system
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Karun rivers. Additionally, tributary rivers
such as Khersan, Cesar, and Bakhtiari
contribute to the flow into these two main
rivers. The system serves various purposes,
including drinking-urban supply,
agriculture-industry, aquaculture,
environmental conservation, and water
transfer [3]. The average annual water
discharge in the Great Karun basin amounts
to 20.4 billion cubic meters, representing
approximately 20% of Iran’s total surface
water resources. However, the current
annual water demand in the region exceeds
this, reaching 24.9 billion cubic meters. The
vast irrigated agricultural area—spanning
more than 755,500 hectares—makes the
Great Karun basin a crucial food producer
for Iran. Presently, the multi-reservoir
system has a total storage capacity of 18.5
billion cubic meters. Figure 1, shows the
investigated Schematic diagram of the Great
Karun water resources system in our study.

In this research, we utilize the Particle
Swarm Optimization (PSO) algorithm to
optimize the operating rule curves in a multi-
reservoir system. PSO algorithm and the
simulation models were implemented in the
Visual Basic for Applications (VBA)
programming environment. Leveraging
various operating strategies can lead to
mitigating drought effects based on basin
characteristics [31]. Our objective is to
minimize the square of relative deficiencies.
In this context, various indices have been
recently proposed and evaluated [32]. While
more complex indices offer greater
capabilities, they require additional
information for accurate calculation and
introduce increased uncertainty, especially
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when data is scarce. In our research, we have
chosen a well-known water shortage index,
WSI [33, 34], as the objective function to
determine the optimal rule curves. To
achieve the optimum performance of the
system, we connect the PSO algorithm to a
system simulator based on standard
operating policies (SOP) and discrete two-
level hedging policies. Under the discrete
hedging policy, the reservoir volume is
divided into three regions using two different
rule curves [35]. When the reservoir volume
is in the first area (above the two hedging
levels), all demands are met. In the second
area (between the two levels), mild hedging
begins for lower-priority demands. For
instance, upstream reservoirs (such as Karun
4, Karun 3, Karun 1, and Masjed Soleyman)
experience slight shortages in meeting
hydropower generation demand.
Downstream of Gotvand Dam, agriculture,
industry, aquaculture, and transfer to
Karkheh are also hedged. Finally, when the
reservoir volume plus inflow falls below the
two rationing levels (the lowest area), severe
rationing is applied. All demands except
Drinking demand, are significantly limited,
and four fixed rationing coefficients (two for
hydropower generation and two for
downstream demands) are defined.

The combined simulation-optimization
model searches for optimal hedging levels
across all reservoirs and months. We
separately code a simulation model based on
standard operating policies (SOP). By
comparing the output results of this
simulator with those of the combined
simulation-optimization model, we assess
the impact of the hedging policy. Within the
hedging model, three constraints elucidate
the operational rules of the model:

Rt :St+lnt lf St+1nt SDt (1)
R, =D, if Dy <S8 +Iny <D + Spax 2)
Rt = St + Int - Smax lf St + Int 2 Dt + Smax (3)

Here, R; represents the reservoir outflow in
time step ¢, In; denotes the reservoir inflow
in period ¢, (S f) represents the storage
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volume at the beginning of period ¢, D,
corresponds to the demand amount in period
t, and Sy, represents the maximum
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capacity of the reservoir storage volume.
Under the standard operation policy, the
frequency of water shortages in the water
resources system is typically lower during
this period. However, this approach does not
provide control over the severity of the
shortages. This method is approximately

Objective Function =

i=1j=1t=
Where, D;; » represents the amount of the jth
demand downstream of the ith reservoir
during the period 7, R;; » denotes the released
flow for supplying the jth demand from the
ith reservoir during the period ¢, The indices
T, J, and N correspond, respectively, to the
total number of demand sites downstream of
each reservoir, the total length of the time
steps, and the number of reservoirs
throughout the multi-reservoir system. The
decision variables in this research are the
threshold volumes in all reservoirs and the
different phases of rationing for each month.
The constraints in the reservoir operation
problem are divided into primary and
secondary constraints [7] The primary

Sijp+1 =Sie+ Qe — — Spill;; — loss;;

Sl,mm < Sl,t+1 < Sl,max

S1=Sr41
Ri,min < Ri,t < Ri ,max
Sit,Qit,Rie,Spillyy =0

In the above equations, S;, represents the
storage volume of the ith reservoir in month
t, Qi ¢ 1s the volume of water entering the ith
reservoir in month #, R; ; is the release flow
from the ith reservoir in month t, Spill; ; is
the amount of spilled water from the ith
reservoir in month t, and loss;, includes
evaporation, drainage, and leakage from the
ith reservoir in month ¢ In this study, to
reduce the volume of calculations and accept
a certain error margin, evaporation and other
reservoir losses are omitted. Additionally,
Si min 1s the minimum storage volume of the
ith reservoir, S; 4, is the maximum storage
volume of the ith reservoir, S; is the storage
volume of the reservoir at the beginning of

Journal of Hydraulic Structures

2
Z <]lt D]lt)
= ]lf

optimal whenever there is sufficient water to
meet the planned demands [36].

The objective function in this research is
accounted for by the following equation. In
fact, the optimization model seeks the
minimum of the sum-of-squares values of
relative deficiencies of all system demands:

4)

constraints must be applied in all models,
while the secondary constraints are defined
according to the type of problem and the
handling of the system. The first and most
important constraint in reservoir operation is
the mass balance equation. Other primary
constraints include the upper and lower
limits for the variables of reservoir storage
volume and release. The secondary
constraints, which depend on the type of
problem, can include factors such as the
average long-term shortage and the
maximum and minimum values of
production in hydropower plants. The main
equations for reservoir simulation models
are as follows:

)
(6)
(7
@®)
©)

the simulation period, and Sr,qis the
storage volume of the reservoir at the end of
the simulation period (where T being the
length of the simulation period). For the
reservoir release, limits must be set to ensure
the minimum amount of water entering the
downstream area to control water quality,
maintain the survival of living organisms and
fish, and protect the downstream area from
flooding risks [7]. Here, R; gy is the
maximum release flow from the ith reservoir,
and S; p;n 1s the minimum release flow from
the ith reservoir. The upper and lower limits
of the reservoir storage volume must ensure
the maximum volume for flood control and
the minimum level for dead storage and
power plant operation. Additionally, the
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reservoir's storage volume at the beginning
and end of the operation period should be the
same. To ensure feasible solutions, the
values of the reservoir storage volume,
release flow, inlet, and overflow should
always be greater than or equal to zero.

In this research, a simulation model has
been coded separately based on the Standard
Operating Policy (SOP) in the VBA (Visual
Basic for Applications) environment. The
studied system is simulated using this policy
as a baseline to investigate the performance
of other policies. The results of the combined
simulation-hedging optimization model are
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compared with the output of this SOP policy
simulator as a baseline. According to the
SOP, the release from the reservoir is based
solely on the demand of the same period. If
there is enough water to meet the demand,
the reservoir output is adjusted to satisfy the
total demand. If there is insufficient water to
meet the demand, the entire available water
is released. Additionally, if the available
water exceeds the demand, the reservoir
starts to fill, and if necessary, the excess
water is overflowed [37]. The mathematical
representation of this operating policy is as
follows:

RC =St+1nt lf St+1nt SDt (10)
R, = D; if Dy <S8, +Ing < Dy + Spax (11)
Rt = St + ITlt - Smax lf St + Int 2 Dt + Smax (12)

Finally, the flow series passing through
key points throughout the basin, based on
both hedging and Standard Operating
Policies (SOP), is introduced into the
drought model. The model calculates the
flow drought index for each of these points.
Subsequently, we investigate the impact of

the operation policy under each of these two
policies on the index results at different key
points.

The research methodology of this study is
outlined in a general flowchart, as depicted
in Figure 2.

-
Initializing the PSO

algorithm as the
Optimizer of the
system

Simulation model:
Initializing the
Hedging parameters
for all reservoirs
Simulating multi-
reservoir system
Calculating the
demand deficits and
performance criteria
of the system

|

N
Objective
function

evaluation
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Convergence?,

J

algorithm
Achieving new swarm

Updating the parameters of the optimization

Determining the optimum
operation rules and the
related optimum hedging

&
‘ ~ .

parameters

Simulating the multi-
reservoir system based
on the optimum
Hedging policy

Simulating the multi-
reservoir system based
on the SOP policy

| J
¥

Determining streamflow in key point of the
system under different operation policies

Assessing the effects of
operation policy on the drought

Drought Model

Calculating the drought index in the key

point of the system

condition downstream the
reservoirs

Figure 2. Flowchart of the proposed methodology
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Many drought indices have been
developed to describe and evaluate drought
characteristics such as severity, duration, and
temporal extent for each type of drought
[19]. Based on the desired drought criteria,
the intensity and duration of drought are
expressed with an index. An index
consolidates various meteorological and
hydrological parameters, such as rainfall,
temperature, evapotranspiration, runoff, and
other indicators of water supply, into a single
format or formula, providing a
comprehensive tool for decision-making.
These indicators are usually expressed as a
single number to maximize the use of raw
data, enhance comprehensibility, and
empower designers and planners in their
decision-making processes [38].
Hydrological drought indices such as the
Palmer PHDSI index [39], SWSI surface
water storage index [40], SDI surface flow
drought index [41, 42], SRI standard runoff
index [43], and SSI standard surface flow
index [44] are among the most common tools
for determining the characteristics of
hydrological drought. The Palmer index and
surface water storage index have received
less attention due to their complexity and the
extensive  calculations they  require.
Therefore, an index similar to the SPI
standardized precipitation index, called the
SDI surface flow drought index, can be used.
This index, based on the average monthly
flow, was first proposed by Benzoy [41]. The
calculation principles of the SDI index are
the same as those of the SPI index. In this
research, the SDI index has been used to
investigate hydrological drought. The
drought control points are specified in Figure
1 as the control points for drought

3k
Vik = Z Qy i=12,. j=12,..,12
j=1

The SDI data for analysis should ideally
follow a normal or log-normal distribution.
In small watersheds, flows may exhibit a
probability distribution with skewness,
similar to the gamma distribution. To
address this, the distribution is transformed
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monitoring. The predetermined Control
points, such as KP05, were chosen based on
their strategic locations downstream of key
reservoirs and major river confluences,
allowing for effective monitoring of
cumulative  hydrological impacts and
drought propagation throughout the basin.
These points represent critical nodes for
water allocation, operational decision-
making, and assessing downstream drought
severity, ensuring the results directly inform
practical  management and  policy
interventions.

To calculate the drought index of the

streamflow, the drought index calculation
software such as DrinC can be applied, but
due to the impossibility of connecting this
software to the programming code and also
the slowing down of the simulation and
optimization process, the calculations related
to the SDI index was coded in the VBA
programming environment as a drought
model. After simulating and optimizing the
system, the output results are given to the
drought model to calculate the drought index
according to these flow outputs. After
extracting the outflow data on a monthly
scale during a statistical period (preferably
30 years or more), it is necessary to form a
time series on a desired scale. Then a suitable
statistical distribution is fitted to the time
series of flow values. Log normal
distribution is considered to fit the time
series.
If the monthly time series of flow volumes
Q;; are available, the cumulative flow
volume V; can be obtained. Here, 7 and j
stands for the water year and month
respectively.

1,2,3,4 (13)

to a normal distribution [42]. Consequently,
the surface flow drought index is calculated
for the reference period k& of the ith year,
based on the log-normal distribution.

In the following formulas, the two-
parameter lognormal distribution is utilized
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for transformation. The natural logarithms of

the cumulative flow data, with mean yi and

SDI; = 2k K i=12,.
Sy
yik = In(Vix) i=12,.

The drought status of a region is determined
by comparing the calculated value of this
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standard deviation Sy , are taken into
account.

k=1,234 (14)
k=1234 (15)

index with the classification presented in
Table 1.

Table 1. Drought classification according to the SDI values [45]

SDI value Drought status
SDI >0 Non-drought
-1<SDI<O0 Mild drought
-15<SDI< -1 Moderate drought
—-2<SDI<-15 Severe drought
SDI < -2 Extreme drought

In the optimization process, the monthly
hedging levels in the reservoirs serve as
decision variables for the problem. Modeling
occurs on a monthly basis, considering two
levels of rationing in each reservoir. All
simulation and optimization codes were
developed and executed in VBA within the
Microsoft Excel environment. In this study,
rationing coefficients, based on the common
operational standards, are fixed for meeting
demands at each level. Consequently, the
total number of decision variables equals
144—representing the thresholds for
monthly rationing across all system
reservoirs. Repeated model executions
revealed that achieving better results
requires a particle count in the algorithm at
least twice the number of decision variables.
In this study, the model employed 576
particles. Initially, a larger population
significantly improved convergence speed.
Given the problem’s complexity and
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variable count, the algorithm was iterated
5000 times to reach convergence. Optimal
levels are determined as upper (target level)
and lower limits (firm level) based on the
maximum and minimum volumes of Dez,
Gotvand, Karun 4, Karun 3, Karun 1, and
Masjed Soleyman reservoirs.

In order to evaluate the system’s
performance under the two policies of
optimal hedging and SOP policies, we use
the objective function of the relative shortage
index and performance criteria such as
reliability, quantitative reliability, maximum
vulnerability, and average vulnerability.
These results demonstrate the long-term
system performance from 1955-56 to 2014-
15, as well as its behavior during the last 10-
year drought period from 2005-06 to 2014-
15.
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Figure 3. Comparison of reservoir performance under different exploitation policies: Left Side: Dez
Reservoir, Right Side: Gotvand Reservoir, First Row:

Figure 3, represents the comparative chart
bars for performance criteria of SOP, and
optimum HOP. The analysis of the Dez and
Gotvand reservoirs reveals critical insights
into the impact of multi-reservoir rationing
on downstream water management. Gotvand
exhibited high reliability across all sectors,
consistently achieving near or full
satisfaction of water demands under both
HOP and SOP scenarios. Conversely, Dez
experienced lower reliability, particularly in
agriculture and aquaculture, where demand
satisfaction rates fell below 70%.
Quantitative reliability reinforced these
trends, with Gotvand maintaining strong
performance across sectors, while Dez
struggled, especially in agriculture and
aquaculture. Vulnerability analysis
highlighted significant challenges for Dez,
with maximum and average vulnerabilities
in agricultural and aquaculture sectors
exceeding 91% in both scenarios,
underscoring the high risk of unmet
demands. In contrast, Gotvand showed
relatively low vulnerabilities, particularly in
urban and drinking water supplies, which
remained stable and minimally impacted.
Overall, the findings emphasize the
differential performance of these reservoirs
under rationing scenarios, highlighting the
need for targeted strategies to address
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vulnerabilities, especially for the more
affected sectors like agriculture and
aquaculture in the Dez system. As illustrated
in Figure 3, the Gotvand Reservoir
consistently achieves high reliability in
meeting water demands across all sectors
under both SOP and hedging policies,
whereas the Dez Reservoir struggles
particularly in agricultural and aquaculture
sectors, with demand satisfaction rates
falling below 70%. This underscores the
greater vulnerability of Dez to shortages
even under optimized operation.
Comparative results for all reservoirs
within the system are presented, with a focus
on the Dez and Gotvand reservoirs (see
Figure 4). Notably, both hedging and SOP
models exhibit similar effects on the storage
volume of the Dez reservoir. However, in
specific months, the hedging policy leads to
higher storage volumes than SOP. This
difference is particularly evident in 1988 and
1990. Interestingly, the hydropower
production remains nearly the same between
the two models. The output flow from the
Dez reservoir also reflects similar behavior
under optimum hedging and SOP policies. In
the Gotvand Reservoir, except for the early
years of the last 10-year period, where both
policies yield similar storage volumes, the
years 2007 to 2014 reveal a clear difference.
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The hedging policy conserves more water
during these years, resulting in increased
hydropower generation compared to SOP.
Furthermore, when comparing the output

flow from the Gotvand reservoir, the
Dez

2005-06
2006-07
2007-08
2008-09
2009-10
2010-11
2011-12
2012-13
2013-14
2014-15

70000.0
60000.0
50000.0
40000.0
30000.0
20000.0
10000.0

Firm Energy production (MWH)
o
°

2005-06
2006-07
2007-08
2008-09
2009-10
2010-11
2011-12
201213
2013-14
201415

Monthly Release (mcm)

2011-12
201213
2013-14
201415

© ™~ @ ) o
=] S ] =] =
h © ~ @ -3
o =] o o o
3 3 3 3 3
~ ~ ~ ~ ~

- Demand . ------- HOP
Figure 4. Comparison of reservoir performance under different exploitation policies: Left Side: Dez
Reservoir, Right Side: Gotvand Reservoir, First Row: Storage volume of reservoirs, Second Row:
Produced hydropower energy, Third Row: Output flow to meet demands

Figure 4 reveals that while storage
volumes and outflows for the Dez Reservoir
remain similar under both policies, the
hedging policy occasionally maintains
higher storage in critical months. For
Gotvand, the hedging approach provides
notably improved storage and outflows
during drought years, resulting in increased
hydropower production relative to SOP.

4.2. Results of drought assessment
model
A comprehensive comparative study was
conducted for all control points within the
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hedging policy consistently outperforms
SOP in meeting water demands. This
performance disparity extends to other
reservoirs within the Karun cascade.
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system. To succinctly summarize the results,
we focus on the last control point in the
system (KP05, in figure 1). We calculated
the SDI (Streamflow Drought Index) series
for the monthly flow passing through the
KP0O5 control point. Subsequently, we
investigated the impact of reservoir
management under both SOP policies and
optimal hedging policy on the drought index
series. The statistical characteristics of
hydrological droughts at KP05 over a 60-
year period (1955-2015) were extracted and
are presented in details in Table 2.
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Table 2. Drought status for KP05, based on SOP and hedging policies

SOP (months) Hedging Policy (months)
Mild drought 196 123
Moderate drought 34 31
Severe drought 39 90
Extreme drought 34 22

Table 2 demonstrates that the number of
extreme and severe drought months at KP05
is reduced under the hedging policy, even
though the duration of severe droughts may
be longer, indicating a trade-off between
drought intensity and frequency. Based on
the results from Table 2, we observe that
under the SOP policy, a very severe drought
persisted for 34 months. However, this
duration decreased to 22 months when
implementing the optimal hedging policy.

Specifically, the SOP policy resulted in more
months falling within the severe drought
category compared to the optimal hedging
policy. Additionally, when considering mild
droughts, there were 196 months classified
as mild droughts under the SOP policy,
whereas the optimal rationing policy had 123
months falling into this category. Table 3,
summarizes the drought characteristics for
KPO0O5 control point, under both SOP and
hedging (HOP) policies.

Table 3. Calculated drought characteristics for KP05, based on SOP and hedging policies

Policy ND NE Max DD Mean DD P Save SMax
SOP 303 39 34 7 5.13 0.9 46.92
Hedging 266 27 39 9 3.64 1.08 56.52

As summarized in Table 3, the total number
of drought months and the number of
drought events decrease when the hedging
policy is applied, but the average duration
and severity of individual drought events
increase slightly. This suggests that the
hedging policy consolidates drought
occurrences, resulting in fewer yet longer
events. In this table ND is the number of total
months of drought, DE is the number of
observed drought events, Max DD is the
maximum duration of the observed drought
events (months), Mean DD is the average of
the observed drought events (months). The
peak of drought (P) is another studied
characteristic that is considered to be the
maximum absolute value of the SDI below
the threshold level for the occurrence of
drought. Another characteristic estimated in
this study for drought is the drought severity
(S), which is by definition the cumulative
absolute value of the dimensionless SDI
during a continuous drought event. The
average value (Save) and the maximum value
(Smax) of this parameter have been reported
under two compared operating strategies.
Based on the characteristics’ values, the
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average intensity of drought periods at this
point is nearly 20% higher under the optimal
hedging policy compared to the SOP policy.
When comparing drought intensities across
the entire period and both policies, we find
that the peak intensity occurs in the SOP
policy. Rationing has extended the
maximum duration of droughts to 39
months, whereas the SOP policy had a
criterion of 34 months. The application of the
hedging policy has led to greater intensity
between drought periods than the SOP policy
due to the increased duration of droughts.
During the statistical period, there were 303
months of drought based on the SOP policy
and 266 months based on the optimal
rationing. These findings align with similar
research conducted by Guo et al. [15]. Their
findings indicated that implementing an
optimal rule of operation for a multi-
reservoir system in North China can
effectively prevent severe shortages during
drought periods. In contrast, another study
conducted by Li et al. [14] concluded that the
way reservoirs are utilized has minimal
impact on exacerbating droughts
downstream. Instead, the general trend of
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Figure 5. The impacts of operating policies on the SDI drought index downstream of the reservoirs

across 6-, and 12-month scales
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The graphs in Figure 5 illustrate the
differences in the impacts of two policies—
SOP and optimal rationing—on the SDI
drought index at point KP05 (downstream of
the reservoirs) across 6-, and 12-month
scales. This distinction is particularly
pronounced during the 2001-2015 period.
The KP05, located downstream of Karun-e-
Bozorg and after major tributary
confluences, was chosen as it reflects the
integrated effect of all upstream reservoir
operations and basin inflows, making it an
ideal reference for evaluating overall system
performance under different management
policies. The varying scales of the SDI time
series at control point KP05 reveal that, in
wet years, the SOP policy lacked foresight
for impending droughts. Consequently, the
index under this policy often reflected
normal conditions even in the years leading
up to a drought. In contrast, during drought
years, the index values under the SOP policy
would abruptly turn negative, plunging the
basin into a severe drought. On the other
hand, the optimal rationing policy mitigated
this effect by transitioning into the drought
phase more gradually, thereby preventing
acute shortages in the basin and averting
severe drought conditions. Figure 5 clearly
shows that SOP policy results in abrupt
transitions to severe drought phases, as
indicated by sharp drops in the SDI index,
while the hedging policy cushions these
impacts by enabling a more gradual entry
into drought conditions, thus reducing the
frequency of extreme events.

By comparing the results across all
control points, it becomes clear that during
severe water shortages in the basin, the
application of the rationing policy not only
fails to improve the system's condition but
may even exacerbate the basin's challenges.
This is particularly evident at KP05, located
downstream of Karun-e-Bozorg. At this
location, a comparison of the impacts of the
two policies on drought conditions and an
analysis of the calculated drought criteria
indicate that, for most metrics, rationing has
not alleviated drought conditions in the
basin. In fact, it has worsened the situation
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during certain months. Conversely, at KP04,
downstream of Gotvand, the differences in
the effects of applying the two policies—
rationing and SOP—on the system are
striking. The impact of rationing on
alleviating drought conditions downstream
of Gotvand is particularly noteworthy.

Based on the series of SDI indices at
different scales, the large fluctuations in this
index values at shorter-term scales (1, 3, and
6 months) suggest that the impact of
reservoir operations is limited. These
fluctuations appear to be more strongly
influenced by intra-annual rainfall. Although
in certain months the differences between the
two policies' effects on the basin are
marginal, it can be inferred that, likely due to
rainfall variability and its impact on
streamflow, the basin exited the drought
phase in some months, while experiencing
very  severe droughts in  others.
Consequently, the indices at these scales
exhibit significant month-to-month
variability. However, when considering the
12-month SDI scale, the influence of
reservoir operations on hydrological drought
becomes more evident.

The results of this study are generally
consistent with recent research on multi-
reservoir drought management. For example,
Guo et al. [15] and Chang et al. [16]
demonstrated the effectiveness of optimized
hedging policies in reducing the risk of
severe shortages during droughts in complex
reservoir systems. Similarly, Khorshidi et al.
[8] and Ahmadianfar & Zamani [22] found
that employing advanced optimization and
risk-based approaches can enhance the
performance and resilience of water systems
under drought conditions. However, some
studies, such as Li et al. [14] and Wu et al.
[21], emphasize that while reservoir
operation policies can mitigate certain
impacts, the underlying hydrological regime
and  precipitation  variability = remain
dominant factors influencing downstream
drought (see also [28, 33]). Notably, our
finding that hedging policies can sometimes
increase drought severity or duration at
specific downstream locations—such as the
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Dez basin—aligns with these broader
insights, highlighting the need for context-
specific strategies. Overall, this study adds
nuance to the literature by demonstrating
both the potential benefits and trade-offs
associated  with  optimized reservoir
operations in semi-arid basins.

It is worth noting that the presented
modeling approach is subject to several
limitations. First, the simulation and
optimization framework assume perfect
knowledge of reservoir inflows and does not
explicitly incorporate hydrological or
demand forecast uncertainties, which may
affect real-world applicability. In addition,
secondary processes such as evaporation
losses and operational constraints related to
water quality and ecosystem needs were
simplified or omitted. The use of a two-level
hedging policy, while practical, might not
capture all the flexibility required for
complex, multi-purpose water systems.
Calibration of the PSO algorithm and choice
of control points may also influence the
generalizability of results across different
basin configurations.

Future research could address these
issues by integrating stochastic inflow
forecasting, expanding the model to account
for evaporation and ecological constraints,
exploring multi-objective optimization with
additional system performance metrics, and
applying advanced or adaptive hedging
strategies. Furthermore, extending the
analysis to include socio-economic impacts
or stakeholder-driven scenarios would
enhance the practical value of reservoir
operation policies in real-world water
management contexts.

In our research, the operating rule curves for
a multi-reservoir system is optimized using
the PSO algorithm. The primary objective is
to minimize relative deficiencies in water
supply. Two strategies are compared: SOP
and discrete two-level hedging policy. The
proposed approach is applied to a real-world
case study, focusing on the Great Karun
basin. By integrating the PSO algorithm with
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a system simulator, optimal hedging levels
are searched across all reservoirs and
months. Additionally, the impact of the
hedging policy is assessed by comparing the
output results of our combined simulation-
optimization model with those of a SOP-
based simulation. Furthermore, the flow
drought index at key points throughout the
basin is analyzed under both rationing and
SOP policies. The results indicate that
applying the hedging policy improves the
system’s ability to meet demands compared
to the SOP policy. By accepting more
shortage periods and storing water in
reservoirs, the rationing policy reduces
vulnerabilities and prevents severe shortages
and system failures during water scarcity.
Investigating the impact of SOP policies and
rationing at downstream points of Dez and
Gotvand reservoirs on the flow drought
index reveals that hedging prevents high-
intensity drought periods by increasing less
severe drought occurrences. Moreover,
while rationing reduces the average severity
of droughts compared to the SOP policy, the
SDI index results for the downstream of Dez
reveal no improvement under the rationing
policy. Considering the severe water
shortage in the Dez basin, applying the
rationing policy actually exacerbates drought
conditions rather than improving them. This
insight is crucial for system managers. These
findings offer practical guidance for water
resource managers and policymakers in
semi-arid regions, highlighting the value of
optimization-based  reservoir  operation
strategies to enhance drought resilience and
support more informed, adaptive decision-
making for sustainable water allocation.
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Understanding the behavior of wave overtopping at hydraulic
structures is critical for ensuring the stability and longevity of dams
and coastal defenses. This study presents a validated Incompressible
Smoothed Particle Hydrodynamics — Large Eddy Simulation (ISPH-
LES) model for accurately simulating solitary wave overtopping
events. The ISPH-LES model integrates advanced improvements,
including a newly developed solid boundary treatment that enhances
numerical stability and fidelity near rigid walls. Given the highly
turbulent nature of overtopping flows, the integration of LES into the
SPH framework enables detailed resolution of vortex structures and
energy dissipation mechanisms. The model was validated against
experimental data from nine overtopping scenarios, with predictions
of key hydrodynamic parameters—maximum overtopping depth,
overtopping volume, and wave overtopping duration—yielding
average errors of 9.5%, 15%, and 5.9%, respectively. Temporal
pressure distributions over 27 time frames were analyzed to illustrate
the model’s ability to capture impact, peak, and dissipation phases of
overtopping. The results indicate that the ISPH-LES model performs
exceptionally well in high-energy overtopping events, while
suggesting potential refinements in scenarios with smaller
overtopping volumes. These findings underscore the model’s practical
utility for designing hydraulic structures in regions prone to extreme
wave conditions, offering critical insights into optimizing structural
resilience under a wide range of overtopping scenarios

Numerical study, ISPH — LES model, Modified wall boundary
condition, Solitary impulse wave, Rigid hydraulic structures, Wave
overtopping.

Dams and coastal defense structures, whether human-made
or natural, are designed to suppress floods and protect urban,
industrial, or agricultural areas. The weakness in the
performance of these structures can lead to downstream
flooding. One of the main concerns in designing dams and
breakwaters is their stability. One of the important issues that
can cause the hydraulic structures to be unstable is the
overtopping caused by different waves created on the coats or
dam’s reservoir. The waves in dam reservoirs are caused by a
variety of factors, including wind and landslides. On the coastal
areas, waves are also caused by factors such as submarine
earthquakes, tides and marine storms.
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The purpose of the present study is to
investigate the overtopping of shock waves
at hydraulic structures such as waves from
materials collapsing in dams or tsunami
waves from marine breakwater.

Turbulence modeling plays a pivotal role
in the accurate simulation of complex
hydraulic flows associated with hydraulic
structures such as gates, spillways, and
overtopping scenarios. These flows are
characterized by high-energy transitions,
rapid depth changes, and multi-scale
vortical structures that demand robust and
high-fidelity numerical modeling
approaches. The flow examined in this
study—consisting of a high-speed, high-
energy solitary wave impacting a rigid
structure—undergoes significant changes in
depth, velocity, and turbulence, making it
inherently complex and highly unsteady.
Similar to the turbulent flow fields passing
through gates or spillways, this type of flow
involves intricate vortex formations and
energy dissipation patterns. Capturing these
turbulent structures with precision is
essential to improving the predictive
capability and reliability of hydrodynamic
simulations.  Previous  studies  have
demonstrated the necessity of using
advanced turbulence-resolving models in
such applications. For example, Kheybar et
al. [1] studied the hydraulic performance of
pivot side weirs with sills; Tahmasbipour et
al. [2] examined T-jump stabilization
mechanisms using water jets and corrugated
beds; and Taheri Talavari et al. [3]
conducted a numerical analysis of flow
behavior through multiple elliptic Lopac
gates. Similarly, advanced CFD approaches
were employed by Ahadiyan et al. [4] to
optimize flexible gate operations in intake
systems, and Shahabi et al. [5] revealed
turbulence patterns in V-shaped fishways.
Furthermore, turbulent interactions of
counter-flow jets [6], elliptical Lopac gate
flows [7], sudden canal contractions [8],
energy losses in stepped spillways [9], and
the effects of vortex breakers in morning
glory spillways [10] have all underscored
the importance of wusing high-fidelity

Journal of Hydraulic Structures

turbulence models in hydraulic simulations.

In this context, solitary waves offer a
valuable and widely accepted benchmark
for evaluating the performance of
turbulence-resolving hydrodynamic models
of overtopping problems. Although solitary
waves are idealized and not fully
representative of real-world storm waves or
tsunamis, they effectively replicate the key
characteristics of impulsive wave events -
namely, rapid onset, high velocity, and
concentrated energy. These attributes make
solitary waves particularly suitable for
investigating wave-structure interactions
under extreme conditions such as landslide-
induced waves or tsunami impacts. Their
use in numerical simulations allows for
controlled, repeatable testing of model
performance in capturing complex free
surface  dynamics, turbulent vortex
development, and energy dissipation
processes critical to structural safety
assessments.

Due to the importance of wave
overtopping from coastal structures and
dams, many researchers have investigated it
from different perspectives. EurOtop [11]
have studied the different characteristics of
the oscillatory wave overtopping from
coastal defense structures, and they
presented details of this phenomenon in a
manual design. In Chapter 5 of this manual,
the relationships of oscillatory wave
overtopping with different return periods for
different configurations of breakwater were
presented. In this chapter, they present the
relationships for calculating discharge and
flow volume due to oscillatory wave
overtopping with specified return periods by
considering effect of various parameters
such as roughness, oblique waves, wave
walls for simple and composite coastal
dikes [11]. Despite extensive study of
oscillatory wave overtopping at sea defense
structures, the overtopping of impulsive
waves has been studied less [11]. Examples
of the studies in this area are Ozhan and
Yalgmer [12], Miiller [13], Jervis and
Peregrine [14], Stansby [15], Xiao et al.
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[16], Heller et al. [17], Kobel et al. [18] and
chi et al. [14]. In these studies, different
equations have been proposed to predict the
volume of flow overtopping.

The study method for presenting the
equations of wave overtopping in the
mentioned studies was physical modeling.
Analytical, experimental and numerical
methods can be used to calculate wave
overtopping characteristics from structures
including flow volume. An important
advantage of validated numerical models
for the study of wave overtopping from
hydraulic structures is their non-limitation
for structures with different designs [11].
The available numerical models for
studying the overtopping are nonlinear
shallow water equations models and Navier-
Stokes equations models [11]. Navier-
Stokes equations models are generally
based on one of two categories techniques
including Volume of Fluid (VOF) method
[20] and Smoothed Particle Hydrodynamics
(SPH) method [21]. SKYLLA model based
on VOF method is one of the business
models available for studying the
overtopping at coastal structures [22]. This
model can be easily applied to model the
overtopping caused by regular waves at
breakwaters.

In the present paper, a two-dimensional
vertical (2DV) model based on
Incompressible Smoothed Particle
Hydrodynamics (ISPH) method with sub-
particle scale — large eddy simulation (SPS -
LES) closure model is developed to study
the impulsive wave overtopping at
hydraulic structures. The SPH method is an
integral interpolation-based method in
which the computational domain is
expressed by particles containing physical
properties including mass and density [23].
Details about the SPH method can be found
in the previous research e.g. Monaghan
[21]. The SPH method has two different
approaches for calculating pressure of
particles; weakly compressible perspective
(WCSPH) and incompressible perspective
(ISPH) [24]. Since its introduction by
Monaghan [21], this method has rapidly
evolved, and it has been used successfully
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to study various hydraulic problems (e.g.
[25-32)).

In the case of impulsive wave
overtopping at hydraulic structures, despite
the proven power of the SPH method in
simulating high varied free surface flows,
this method has not been used to study the
details of this phenomenon with different
conditions. However, the solitary wave
overtopping problem is one of the main
benchmarks for evaluation of the accuracy
of developed models by SPH method (e.g.
Akbari [33]). In one study related to mesh-
less Lagrangian methods, Luo et al. [34]
developed a 2DV CPM-based
hydrodynamic model for studies of some
properties of solitary wave impinging on
and overtopping a seawall. In their study,
they demonstrated the effectiveness of the
CPM hydrodynamic model for simulating
solitary wave impact on a seawall. Then,
using the numerical model, a parametric
study was carried out to investigate the
effect of transverse cross-section geometry
on wave overtopping properties. Therefore,
in the present study the ISPH - LES
hydrodynamics model has been utilized to
investigate the solitary wave overtopping at
rigid hydraulic structures.

Large Eddy Simulation (LES) is a high-
fidelity turbulence modeling approach
widely employed in fluid dynamics to
resolve the behavior of large-scale turbulent
structures while modeling the effects of
smaller, subgrid-scale (SGS) motions.
Unlike Reynolds-Averaged Navier—Stokes
(RANS) models, which average all
turbulent fluctuations, LES resolves the
larger, energy-containing eddies directly,
capturing transient and spatially-evolving
phenomena more accurately. This makes
LES especially suitable for simulating
highly unsteady and vortical flows, such as
those found in wave breaking, overtopping,
or jet impingement in  hydraulic
engineering. In the context of mesh-free
numerical methods like Smoothed Particle
Hydrodynamics (SPH), LES offers a
promising  pathway  for  enhancing
turbulence representation without the
excessive computational cost of Direct
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Numerical Simulation (DNS) [24]. The
ability of LES to simulate vortex shedding,
turbulence dissipation, and transitional flow
regimes makes it a critical tool for high-
resolution hydrodynamic studies involving
free-surface and multiphase interactions.

This study introduces a two-dimensional
Incompressible Smoothed Particle
Hydrodynamics — Large Eddy Simulation
(ISPH-LES) model developed for detailed
simulation of solitary wave overtopping at
rigid hydraulic structures. Recognizing the
complex and highly dynamic nature of such
flows—particularly near solid boundaries—
the  model  incorporates  advanced
modifications, including an improved wall-
boundary  pressure  treatment.  This
enhancement effectively prevents the
penetration of flow particles into rigid
boundaries and ensures higher numerical
stability and fidelity in simulating wave-
structure interactions. To comprehensively
validate the model’s performance, the
simulation results were compared with
experimental data from Kobel et al. [18],
focusing on  critical  hydrodynamic
parameters such as wave profile evolution,
overtopping depth, overtopping volume,
and overtopping duration. Given the critical
importance of accurate overtopping
prediction for the safety of hydraulic
infrastructures, the integration of LES
turbulence modeling with SPH offers a
powerful approach to capturing the intricate
turbulent structures and transient behaviors
inherent to high-energy wave impacts. By
addressing existing limitations in resolving
pressure and flow characteristics during
impulsive wave events, this research
presents a robust numerical framework that
can significantly enhance the design and
safety assessments of dams, seawalls, and
other coastal defense systems exposed to
extreme wave conditions.

The present ISPH-LES model solves the
Navier-Stokes equations as presented
below:
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Where p and v are density and kinematic
viscosity of flow, u is velocity of flow, P is
pressure of flow, g is gravity force, ¢ is

time, and P is the SPS stress tensor. The
SPS stress tensor is modeled using the
Boussinesq eddy viscosity assumption [23]:

Tij _ 2
?= ZVtEl-j —§k6ij (3)

Where v; is the kinematic eddy viscosity,
E; j 1s the strain tensor, k is the turbulence
kinetic energy. The eddy viscosity is
calculated using the standard Smagorinsky

model as follows:
Ve = (Csdr)ZIIE- 4)

In which Cs is the Smagorinsky constant
equal to 0.15, dr is particle spacing
indicating the characteristic length scale of
the small eddies and /1 is second invariant
of the filtered-field deformation tensor. The
k incorporated in the pressure term by
defining the following equation [23]:

Pp=P+ (g)pk (%)

Since in physics, kis much smaller than P,
so P can be used instead of Pg [35]. Finally,
by putting the terms of equation 3 in
equation 2, the final momentum equation
will be expressed as:

pa 1 .
D—t=—‘[—)VP+Ve(V u)+g (6)

Where v, is equal to v + vg.
Solving the governing equations using the

SPH method is performed with two
approaches including weakly compressible
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and incompressible methods. In the weakly
compressible approach, which is used in
standard SPH method, the pressure is
calculated using the state equation based on
particle  density. However, in the
incompressible approach, the pressure is
calculated implicitly by applying the
incompressible conditions. The model
developed in this study is based on the
incompressible approach. The present ISPH
— LES model follows the following steps to
calculate the results:

Firstly, the second principal invariant of
the tensor of shear strain rate is calculated,
and the eddy viscosity of particles is
calculated using equation (4).

Secondly, which is known as the
predictor step, the temporary position and
velocity of particles (u* and r*) are
computed by neglecting the pressure
gradient term:

u =ut + At(v, V2 u + g)t 7
r =71t + At.u’ )

The discrete form of the Laplacian of the
viscosity term in equation (7) using the SPH
method formulation is the following
equation [35]:

(VeV2.u);
N2 + W) I Wy ()
z (pl+p])(|7”l]|2 +/12) (ul'u])

Where W is the interpolation kernel
function, r is position vector, 1;; =1; —
ryand 4 is a constant small number.

Thirdly, which is known as the corrector
step, the pressure Poisson equation is solved
to calculate the pressure of particles:

1 Po — P+«
V.(—VP =—

(p* t+1) PIVTE (10)

Where pg is the density of particles at the

current time step, and p, is the

intermediate density of particles. Employing
the relevant SPH formulation to the left-
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hand side of equation (10), a linear equation
system can be obtained [23]:

8  HrVW, an
2 2
(pi+p; ) Iy [ +2°

v.(lvp), ~y m,
p i

Fourthly, the new velocities of particles are
computed by the equations (12) and (13):

1
u”l:u* +At(—EVPt+1) (12)
ut+1 + ut
rttl =rt 4 — At (13)

In the present model, the solid boundary
condition is implemented by using fixed
particles as wall particles and placing
multiple rows of dummy particles outside
the wall particles. The Newman boundary
condition is established by equating the
pressure of wall particles with dummy
particles perpendicular to them. In this
method, the governing equations for these
particles are solved like the flow particles.
As the flow particles approach the wall
particles, the pressure in them will be
calculated so that the flow particles will not
penetrate the wall. This solid boundary
condition has been widely used in previous
researches, and it has presented satisfactory
results e.g. Shao and Lo [36], Shao [37],
Memarzadeh and Hejazi [26], and Akbari
[33]. However, when the velocities of
particles are high near the wall particles,
some of them will penetrate the wall. For
this purpose, the additional pressure term,
called molecular force, is applied to the
calculated pressure for the wall particles.
This term was first introduced by
Monaghan [21] to simulate the wall
particles in the standard SPH method. The
essence of this term is that if the distance
between the wall particle and its adjacent
fluid particles is reduced to a certain
distance that allows water particles to
penetrate the wall, the following equation is
added to the wall particle pressure:
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) =2t - ) (14)

Where 7 is the distance between the wall
particle and the water particles in its
neighborhood, d, is a fixed number equal to
5 and ry is 0.9 X dr. By applying this
additional term, the flow particle motion
modeling adjacent to wall particles has been
more accurately performed.

In this study, the free surface boundary
condition was determined using the particle
density criterion. Specifically, particles with
a density between 0.9 and 0.99 times the
reference water density were identified as
free surface particles. A zero-pressure
condition was then applied to these particles
to  simulate  atmospheric  exposure.
Additionally, to ensure the stability and
accuracy of pressure calculations near the
free surface, a pressure gradient symmetry
condition was imposed. This approach
assumes that the pressure distribution across
the free surface behaves symmetrically,
thereby avoiding artificial pressure spikes
and ensuring a smooth transition in the
pressure field.

Validating the ISPH-LES hydrodynamic
model against the experimental results of
Kobel et al. [18] represents a crucial step
toward ensuring its accuracy in simulating
complex hydrodynamic phenomena like
solitary wave overtopping at rigid hydraulic
structures. The experimental data gathered
at ETH Zurich provides a robust framework
for comparison, with precise measurements
of key overtopping parameters under
carefully controlled conditions.

Kobel et al. [18] experimentally studied
solitary wave overtopping at a rigid dam in
various scenarios at ETH University,
Zurich. Their experiments were conducted
in a laboratory flume measuring 11 m in
length and 0.5 m in width. The solitary

Journal of Hydraulic Structures

wave in this flume was generated by a
piston type wave maker located 4.85 meters
from the dam. The dam structure and flume
are made of PVC and glass, respectively.
The height of the dam (HD) is considered
constant at 30 cm. In their study, three
parameters including the wave overtopping
volume (V'), maximum wave overtopping
depth ( dypgqy ) and wave overtopping
duration ( t, ) have been studied. In
mentioned study, the effect of water depth
behind dam (%), wave height (a), dam angle
in reservoir (f) and dam crest width (by)
were investigated as influential parameters
on hydrodynamics of solitary wave
overtopping. The schematic illustration of
the geometry of the problem is shown in
Figure 1. In the study of Kobel et al. [18] 75
tests have been performed. From these tests,
nine tests have been selected for the
validation of the present ISPH — LES model
as described in Table 1. The intended tests
are selected so that all the important
parameters in the solitary wave overtopping
can be seen. In cases of 1, 2 and 3, the
effect of solitary wave height, in cases of 4
and 5, the effect of water depth, in cases of
6 and 7, the effect of dam angle in reservoir,
and finally in cases of 8 and 9, the effect of
dam crest width in the overtopping of
solitary wave from the rigid structures are
numerically studied.

The free surface profiles and the initial
velocity of the solitary wave based on the
analytical solution of the Boussinesq
equation are applied as follows [38]:

n(x,t) = a sech? [ ’43% (x—ct)] (15)
u=n[? (16)

Where 7 is water surface elevation, ¢ =

v g(d + a) is wave celerity and ¢ is time of
propagation. In the numerical modeling, the
initial diameter of the particles was
considered to be 0.0125 m after performing
convergence analysis and ensuring the best
results. It is worth noting that the functional
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form of Equation (15), which describes the
free surface elevation of a solitary wave,
bears a close resemblance to the Gaussian
distribution.  This  similarity is not
coincidental—it reflects the localized,
symmetric nature of solitary waves.
Physically, the shape results from a balance

between  nonlinear  steepening  and
dispersive spreading, yielding a waveform
with a smooth crest and exponentially
decaying tails. While not derived from

statistical considerations like the Gaussian
distribution, the mathematical structure of
solitary wave solutions often appears
similar due to these shared characteristics of
symmetry and concentration. This similarity
enhances their suitability for use in
numerical and analytical modeling, as they
exhibit predictable, well-defined profiles
that lend themselves to validation and
calibration tasks.

Figure 1. Schematic diagram of the model used to evaluate the ISPH-LES model.

Table 1. Parameters of solitary wave overtopping at rigid dams.

Case number h (m) a (m) e=alh p (deg) b, (cm)
1 0.25 0.175 0.7 90 2
2 0.25 0.125 0.5 90 2
3 0.25 0.075 0.3 90 2
4 0.2 0.14 0.7 90 2
5 0.3 0.21 0.7 90 2
6 0.2 0.14 0.7 18.4 2
7 0.2 0.14 0.7 45 2
8 0.25 0.125 0.5 90 6
9 0.25 0.125 0.5 90 16
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Figure 2 provides a visual comparison of
the free surface profiles of the solitary wave
as it overtops the rigid dam, as predicted by
the ISPH-LES model, compared with the
experimental data from Kobel et al. [18].
This qualitative analysis is essential for
assessing the model’s ability to replicate the
key physical phenomena observed during
wave overtopping, including the evolution
of the wave crest, the overtopping flow, and
the dissipation of energy after overtopping.

The ISPH-LES model demonstrates a
high degree of agreement with the
experimental data across all nine cases,
capturing the nuances of wave-structure
interaction. The free surface profiles at
various stages of the overtopping event—
particularly during the critical phases of
maximum wave cresting and overtopping—
are closely matched with experimental
observations. Accurately simulating these
stages is crucial, as they represent the
moments of peak force exerted on the
structure, which directly impacts its
structural integrity.

Figures 2a—2c show that as the height of
the solitary wave decreases, the volume of
the overtopping flow correspondingly
decreases. This trend is not only consistent
with the experimental data but also aligns
with fundamental hydrodynamic principles,
where smaller waves carry less energy and
momentum, resulting in lower overtopping
volumes. The ISPH model successfully
captures this behavior, demonstrating its
sensitivity to wave height variations—a
critical factor for simulating wave forces on
structures subjected to different wave

Journal of Hydraulic Structures

conditions.

In Figures 2d and 2e, the effect of
varying water depth behind the dam is
clearly depicted. As expected, deeper water
results in higher overtopping volumes and
greater overtopping depths. This behavior is
accurately modeled by the ISPH-LES
model, showing that it is capable of
simulating the influence of reservoir depth
on overtopping dynamics. This is
particularly  important for  hydraulic
structures in environments where water
levels fluctuate due to tides, seasonal
changes, or other environmental factors.

Figures 1f and 1g show the influence of
sloping the dam. The introduction of a slope
reduces the height of the overtopping wave
as it dissipates more energy upon impact
with the angled surface. The ISPH-LES
model closely mirrors this experimental
result, further proving its ability to simulate
how structural design modifications—such
as changing the angle of the dam—affect
overtopping behavior. This finding is
valuable for designing dams and coastal
defenses, as slope modifications can be used
to mitigate the intensity of overtopping
forces.

Finally, Figures 2h and 2i, which explore
the effects of varying dam crest width,
reveal that the ISPH-LES model performs
well in simulating wave overtopping over
different structural geometries.
Interestingly, the results show that crest
width has a relatively minor impact on the
overall overtopping flow, a conclusion that
is supported by both the model and the
experimental data. This indicates that other
factors, such as wave height and water
depth, play more significant roles in
determining overtopping behavior.


https://jhs.scu.ac.ir/

Case 2: b

Case 3: ¢

Journal of Hydraulic Structures

Case 4: d

59



https://jhs.scu.ac.ir/

60

Figure 2. Qualitative comparison of free surface profiles in the present ISPH-LES numerical
model and experimental data of Kobel et al. [18] during solitary wave overtopping of the rigid
structure. The horizontal and vertical axes are both meters (m).

In addition to the qualitative comparison,
Table 2 presents a detailed quantitative
analysis of the ISPH model's performance
by comparing it with experimental data for
maximum overtopping depth, overtopping
volume, and wave overtopping duration.
This quantitative validation is crucial for

Journal of Hydraulic Structures

assessing the model's precision and
identifying areas where further refinement
may be necessary.

The ISPH model shows strong
performance in estimating the maximum
overtopping depth, with an average error of
9.5% across all scenarios. This parameter
directly reflects the peak hydraulic load
exerted by incoming waves, which is
critical for the design of coastal defenses
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and flood protection structures. In this
context, the overtopping depth serves not
only as an indicator of wave intensity but
also as a proxy for estimating the vertical
pressure gradient and the required freeboard
height in design calculations.

Case 5, which involved the most intense
overtopping event, exhibited the lowest
error (3.6%), corresponding to a high wave
energy condition. This accuracy under
extreme loading highlights the robustness of
the ISPH-LES approach in capturing
nonlinear wave deformation, energy
transfer, and momentum flux during solitary
wave impact. Such precise prediction is
particularly useful for evaluating structural
vulnerability under rare but destructive
wave events, including those induced by
landslides or tsunamis.

In contrast, Cases 6 and 7, which
featured reduced wave heights and
overtopping volumes, presented slightly
higher errors (14.3% and 16.7%). These
discrepancies may result from amplified
sensitivity in small-scale flows where
viscous effects, turbulence dissipation, and
local flow separations play a relatively
larger role. From a hydrodynamic
perspective, the model still captures the
trend of decreasing overtopping depth with
lower wave energy but highlights the need
for resolution improvement or turbulence
modeling  refinement in low-energy
regimes.

Importantly, the ISPH model allows for
dynamic tracking of free surface evolution
and pressure gradients over the structure.

Overtopping volume is a more complex
parameter due to the dynamic and transient
nature of the flow during wave overtopping.
The ISPH model achieved an average error
of 15% in predicting overtopping volume,
indicating that it performs reasonably well
in capturing the flow behavior during
overtopping events.

Cases 1, 8, and 9, which represent
moderate to large overtopping volumes,
exhibited relatively low errors (9.1% to
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10.5%), demonstrating the model's strong
ability to simulate overtopping in cases
where wave height and flow are substantial.
The alignment between the numerical and
experimental results in these cases validates
the model’s accuracy for predicting flow
volumes under higher-energy conditions.

Cases 6 and 7, with the smallest
overtopping volumes, showed the highest
errors (20.00% and 22.2%, respectively).
This suggests that the model's sensitivity to
smaller wave volumes introduces some
limitations, particularly in cases where the
overtopping flow is minimal. These
discrepancies highlight the need for further
refinement of the ISPH model in low-
volume overtopping scenarios. Potential
improvements could include enhanced
resolution in the particle dynamics or better
handling of flow separation effects, which
tend to be more pronounced in smaller
overtopping events.

The ISPH model excels in predicting
wave overtopping duration, with an average
error of only 5.86%. Accurate prediction of
overtopping duration is crucial for
understanding the long-term exposure of
structures to wave forces, which has
significant implications for material fatigue
and structural longevity.

Cases 8 and 9, which featured longer
overtopping durations, had the lowest errors
(1.2%), highlighting the model’s precision
in simulating sustained overtopping events.
The ability to accurately capture the
duration of overtopping is essential for
assessing the cumulative impact of wave
forces over time, particularly in
environments where repeated overtopping
events are expected.

Even in Case 6, where the error was
highest at 10.1%, the ISPH model’s
prediction remained within acceptable
limits. This consistency across a range of
overtopping durations reinforces the
model’s reliability for simulating both short,
high-intensity overtopping events and
longer, more gradual flows.
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Table 2. Comparison of ISPH-LES Model Results and Experimental Data of Kobel et al. [8] for
Maximum Overtopping Depth, Overtopping Volume, and Wave Overtopping Duration with
Approximate Errors.

Maximum Overtopping Depth (m) Overtopping Volume (m”3/s) Wagiz\t/g;o(z I)) mne
ISPH  Experimental ~Approximate  ISPH Experimental ~ Approximate ISPH  Experimental =~ Approximate
Result data error Result data error Result data error
Casel 0.20 0.22 9.1 0.017 0.019 10.5 0.81 0.86 5.8
Case2 0.13 0.14 7.1 0.010 0.012 16.7 0.75 0.81 7.4
Case3  0.06 0.07 14.3 0.005 0.006 16.7 0.60 0.65 7.7
Case4 0.16 0.17 5.9 0.006 0.007 14.3 0.47 0.50 6.00
Case5 0.27 0.28 3.6 0.033 0.039 15.4 1.29 1.34 3.7
Case6  0.06 0.07 14.3 0.008 0.010 20.00 0.71 0.79 10.1
Case7 0.10 0.12 16.7 0.007 0.009 22.2 0.57 0.63 9.5
Case8 0.13 0.14 7.1 0.010 0.011 9.1 0.80 0.81 1.2
Case9 0.13 0.14 7.1 0.009 0.010 10.00 0.80 0.81 1.2
Approximate average error 9.5% Approximate 15 % Approximate 59%
average error average error
with theoretical predictions based on
conservation of momentum and the Froude
number, and they present key design
The temporal and spatial pressure concerns. Structures experiencing such

distributions predicted by the ISPH-LES
model across 27-time frames for the nine
test cases (Figures 3—11) provide valuable

insights into wave-structure interaction
dynamics. These results go beyond simple
visualization, offering a deeper
understanding of pressure wave

propagation, reflection, dissipation, and the
influence of structural geometries on
pressure magnitudes. The ability to capture
such high-resolution temporal behavior is
critical for identifying vulnerable structural
zones and designing cost-effective, durable
hydraulic defenses.

In the early stages (first 5—10-time
frames), the solitary wave approaches and
collides with the upstream face of the rigid
structure. In Cases 1 to 3 - representing
variations in wave height - the pressure
concentration is initially localized at the toe
or base of the structure. The magnitude of
this impact pressure increases significantly
with wave height, as seen through the
intensified red bands at the impact zone in
Figures 3-5.

These localized impulses are consistent
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steep gradient pressures must be reinforced
at the base to prevent cracking, anchorage
failure, or shear-induced movement. The
ISPH-LES model accurately simulates the
formation of these concentrated pressure

zones, validating its applicability for
assessing short-duration, high-magnitude
loading.

In Cases 4 and 5, where the water depth
behind the structure is increased, pressure is
not only higher but also covers a wider
region along the vertical face. This suggests
the influence of higher hydrostatic
backpressure and elevated energy levels in
the impinging wave. The simulation reveals
that overtopping behavior becomes more
diffused, initiating earlier in the overtopping
timeline, and the pressure is transmitted
higher on the wall.

The middle stages of the simulations
correspond to the wave crest reaching the
crest of the dam or wall. Here, in almost all
cases, a sharp rise in pressure is observed
both on the crest and downstream face -
particularly in Cases 1, 5, and 8, which
feature high wave energy and deeper
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reservoirs. This phase simulates the
maximum pressure exerted on the structure
and is crucial for the assessment of surface
damage, local scouring, and structural
fatigue.

One key insight across all cases is the
directional shift of pressure vectors - from
vertical (during impact) to horizontal and
downward (during overtopping). In this
phase, the ISPH-LES model demonstrates
strong agreement with physical expectations
and experimental data in Kobel et al. [18],
effectively  capturing  the  complex,
multiphase flow behavior of the wave as it
wraps over the structure.

For Cases 6 and 7 - featuring sloped wall
geometries - the model reveals a
significantly lower peak pressure compared
to vertical cases. The sloped face acts as a
passive  energy  dissipation  element,
elongating the impact period and reducing
peak values. This demonstrates the energy-
reducing effect of inclined geometries and
validates their role in modern coastal
engineering practice. Similarly, in Cases 8
and 9, the broader crest widths result in a
redistribution of pressure toward the rear
crest edge, reducing localized loads on any
single point.

These outcomes highlight the ISPH
model's ability to capture small but critical
shifts in pressure location and magnitude
due to geometric modification, an important
tool for engineers seeking optimized wave
energy management in design.

The final time frames illustrate the
wave’s energy dissipation phase. In most
cases, pressure gradually subsides and
reverts toward the base, accompanied by
partial recirculation or backflow. Cases 1 to
3, involving lower reservoir depths, show
relatively  quick  pressure  drop-offs,
indicating short-duration impulses and
lower long-term structural stress. In
contrast, Cases 4 and 5 demonstrate longer
pressure tails - especially downstream -
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reflecting the prolonged presence of
overtopping flow.

A critical observation is that in
geometries with greater slope and width
(Cases 6-9), pressure decay is both
smoother and more gradual. This indicates a
more favorable energy dissipation profile,
less risk of structural resonance, and lower
potential for erosive damage on downstream
slopes. The simulation successfully
visualizes pressure shedding and
redistribution patterns, capturing not only
the peak loads but the transient response of
the structure to the wave's passage.

These findings are instrumental in
identifying zones of prolonged exposure
and informing choices related to
downstream slope material (e.g., use of rock
armor vs. concrete apron).

The pressure results validate the ISPH—
LES model’s robustness in accurately
reproducing ~ complex  wave-structure
interactions. Key takeaways from this
analysis include:

- Vertical walls experience sharper
but more  intense  pressures—
necessitating stronger reinforcement at
the impact zone.

- Sloped geometries reduce peak
pressures but increase the area of
influence—useful for energy spread but
requiring larger protected surfaces.

- Broader crest widths redistribute
pressure over a larger footprint—
beneficial for structural wear reduction.

- Pressure decay rates correlate well
with wave volume and reservoir depth,
confirming the physical accuracy of the
model.

This level of analysis shows that the
ISPH-LES framework can be confidently
used for parametric studies, design
optimization, and resilience assessment of
coastal and hydraulic infrastructure
subjected to impulsive wave conditions.
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Figure 3. Time Frame Pressure Distributions for Solitary Wave Overtopping: Case [1]
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This study presented a comprehensive
numerical investigation of solitary wave
overtopping at rigid hydraulic structures
using a modified ISPH-LES
(Incompressible Smoothed Particle
Hydrodynamics — Large Eddy Simulation)
model. The model was validated against
experimental data across nine scenarios and
demonstrated strong predictive accuracy
with average errors of 9.5% for maximum
overtopping depth, 15% for overtopping
volume, and 5.9% for overtopping duration.

A key contribution of the study was the
detailed analysis of temporal and spatial
pressure distributions over 27-time frames
per case. The model successfully captured
the pressure build-up at impact, maximum
crest pressures during overtopping, and
dissipation patterns, all of which are critical
for assessing structural integrity. It also
reflected the effects of dam geometry
variations (slope and crest width) on
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pressure  magnitude and  distribution,
showing that sloped and wider geometries
reduce localized peak pressures and help
distribute wave energy more evenly.

The findings indicate that the ISPH-LES
framework is highly reliable for simulating
high-energy, turbulent overtopping flows
and provides actionable engineering
insights, such as identifying critical impact
zones, supporting structural optimization,
and improving protective design strategies.
While the model showed robust
performance under extreme overtopping
conditions, further refinement is
recommended for scenarios involving low-
energy or short-duration overtopping
events, where particle resolution and
pressure diffusion may impact accuracy.

Overall, the ISPH-LES model proves to
be a practical and high-fidelity tool for
engineers and researchers engaged in the
design, risk assessment, and resilience
evaluation of coastal and hydraulic
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infrastructures. Future work may extend this
model’s application to 3D configurations,
real-time  simulation  scenarios, and
integration with sediment transport or debris
flow modules.
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One of the major challenges in diverting water from rivers is the
intrusion of sediment into intakes, which can cause operational issues
and damage infrastructure. Various methods have been explored to
mitigate this problem, including the use of submerged vanes. This
study employed simulations to evaluate the effectiveness of
submerged vanes and the impact of their geometric parameters on
reducing sediment inflow. Results showed the sediment transport
estimation error for the optimal computational mesh size (2.7cm X
lecm) was 0.55%. The findings indicated that the optimal vane height
and length were 0.5 times the flow depth and 2.5 times the vane
height, respectively. Additionally, the optimal transverse and
longitudinal spacing between vanes, as well as the distance from the
nearest vane row to the intake wall, were determined to be 2.17, 5,
and 2 times the vane height, respectively. Flow analysis showed that
near the bed, the maximum velocity cores were directed toward the
outer bend and the intake, whereas at the water surface, these cores
became more widely distributed across the channel. Negative vertical
velocities were concentrated at the intake entrance. In the absence of
submerged vanes, the maximum secondary flow strength was found
near the bed across the full channel width. However, when vanes were
present, the strongest secondary currents shifted to the left side of the
vanes.

Sediment discharge, Water intake, Curved channel, Geometric
parameters, Simulation.

The continuous growth of the global population and industrial
development has significantly increased water demand. On the
other hand, declining water resources and rising pollution
levels have become major concerns for water resource
engineers. Among the most accessible sources of water are
surface waters, particularly rivers. Understanding river
behavior and sediment transport—especially in meandering
sections—is crucial for effective river engineering.

One common method of water diversion for industrial,
agricultural, and municipal uses involves the use of lateral
intake channels branching from the main river flow. However,
along with the diverted water, mobile sediment also enters
these lateral channels and is transported to pumping stations,
treatment plants, and farmland. This sediment intrusion can
lead to a range of physical, hydraulic, and environmental
problems.
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As a result, controlling and reducing
sediment entry into lateral intakes has
become a key focus in hydraulic
engineering over recent decades. Various
methods and structural solutions have been
proposed to mitigate sediment intrusion.
These include the use of skimming walls
[e.g., 1-4], spur dikes [e.g., 5-8], permeable
and impermeable groynes [e.g., 9-12], dikes
[13, 14], and submerged vanes. Although
the use of these structures has been mainly
aimed at reducing transported sediment,
their use can also be mentioned with a focus
on flow structure [15, 16] and reducing
scour around the bridge pier [17, 18, 19].

Submerged vanes are among the most
commonly employed sediment control
structures to the intakes, designed to
mitigate sediment intrusion effectively.
Beyond their role in sediment management,
these structures have proven valuable in
various critical riverine environments for
both flow regulation and sediment control.
For instance, in areas with complex flow
patterns, submerged vanes can be utilized to
reduce local scour around hydraulic
structures such as bridge piers—submerged
vanes often placed in straight river sections
due to structural or stability constraints [20,
21, 22, 23]. Moreover, the accumulation of
floating woody debris—resulting from
factors such as flooding and deforestation—
presents a significant challenge to hydraulic
infrastructure, including the submerged
vanes [24]. Despite these broader
applications, the present study is
specifically focused on evaluating the
effectiveness of submerged screens in
reducing sediment inflow into reservoirs.

Submerged vanes are one of the most
widely used methods of preventing and
reducing sediments entering the lateral
channels in research. Odgaard was one of
the first researchers in the field of the use of
submerged vanes, and by conducting his
laboratory research from 1983 to 2009, he
provided one of the most comprehensive
research projects in the field of submerged
vanes.

Following other laboratory, field and
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numerical researches such as Odgaard and
Lee [25] and Odgaard and Mosconi [26],
Odgaard and Wang [27], Barkdoll et al.
[28], Marelius and Sinha [29], Gupta et al.
[30], Tan et al. [31], Ouyang [32], Sharma
et al. [33], Karami et al. [34], Biswas and
Barbhuiya [35]. In line with the specific
application of submerged vanes to control
and reduce the sediment input to the lateral
channels, many researches have been done,
including Nakato et al. [36], Raudkivi [37],
Wang et al. [38], Ouyang [39], Ho et al.
[40], Michel et al. [41], Sarhadi and
Jabbarri [42].

Tseng et al. [43] conducted their study in
a quasi-field-scale laboratory channel,
where permeable vanes were installed next
to one of the channel walls under live-bed
conditions dominated by bed load transport,
with negligible suspended sediment.

Estimates of bed load transport along the
channel showed that the wvanes were
effective in redirecting sediment laterally.
Under laboratory conditions, the maximum
rate of lateral sediment transfer ranged from
9% to 18% of the total average stream-wise
transport within the domain. Mhsen and
Hilo [44] investigated the installation angle
of submerged vanes under various discharge
conditions. Their results indicated that a 20-
degree angle was most effective in
deflecting  sediment. @~ The  optimal
performance of submerged vanes was
observed when the lateral channel discharge
was less than 20% of the total flow.

Hilo [45] developed a physical model
comprising a main channel, a lateral sub-
channel, and a sediment feeding mechanism
to reduce sediment entry into the sub-
channel and redistribute sediment flow. The
results indicated that vane performance was
more effective at lower flow rates, with a
20-degree installation angle identified as
optimal. Aminian et al. [46] examined the
impact of submerged vanes positioned at
angles of 30°, 45°, and 60° relative to the
main flow direction on sediment diversion
into a 90-degree lateral channel. Their
findings revealed that increasing the Froude
number by 0.3 led to a 22.2% reduction in
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diverted water discharge and a 53.3%
reduction in diverted sediment load.
Additionally, the study concluded that
under lower Froude numbers and shallower
flow depths, a 30-degree vane angle offers
the most effective sediment diversion
performance.

Chauhan et al. [47] reviewed recent
advances in sediment diversion using
submerged vanes, highlighting current
limitations and offering suggestions for
future research. Their study provided a
detailed analytical foundation on the
physics governing vane performance and
thoroughly examined design parameters
through analytical relationships.
Additionally, the paper reviewed various
applications of submerged vanes and
proposed a research agenda to enhance
riverine navigation through improved vane
implementation. In a separate study,
Gumgum et al. [48] conducted 26
experimental tests to evaluate the impact of
submerged vane parameters and discharge
ratios on bed erosion and morphology at a
90-degree lateral channel. Their findings
identified the vane deviation angle and
water discharge ratio as the most influential
factors affecting erosion, while other
parameters showed minimal effects within
the tested range. The optimal configuration,
offering the highest efficiency, was
achieved with a vane angle of 45 degrees.

Bor [49] conducted experiments to
analyze three-dimensional flow patterns and
sediment distribution over a mobile bed in
the presence of submerged vanes during
sediment inflow. The study concluded that a
row of three submerged vanes could reduce
sediment diversion by approximately 20%.
Baltazar et al. [50] carried out experimental
investigations on the role of submerged
vanes in limiting sediment entry into a 90-
degree lateral channel. Their findings
indicated that in the presence of submerged
vanes, the circulating current is not formed
in the main channel, thereby reducing bed
load transfer to the lateral intake by about
75%. Additionally, submerged vanes
increased the flow separation zone within
the lateral intake and generated higher
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levels of turbulence kinetic energy. Kalathil
et al. [51] examined the effect of collars and
submerged vanes on reducing sediment
ingress into lateral channels. Their results
showed the lowest performance at a vane
angle of 15 degrees, with a 46.82%
reduction in sediment, and the highest at 40
degrees, achieving an 85.36% reduction
compared to conditions without vanes. The
study also found that collars enhanced vane
performance at 40 degrees and were
effective in reducing sediment diversion at
15 degrees when the collar diameter was
three times the vane height.

Serajian et al. [52] conducted
experiments in a converging arc with a 90-
degree angle to investigate the effects of
channel convergence, submerged vane
angle, and Froude number on sediment
diversion. Their findings indicated that
while an increase in the Froude number
leads to greater sediment diversion, the
installation of submerged vanes reduces it.
Among the tested configurations, vanes
installed at the smallest angle (25 degrees)
were most effective in minimizing sediment
entry into the lateral channel. Karami
Moghadam et al. [53] carried out laboratory
tests using submerged vanes and lateral
channels with a 55-degree angle, examining
both round-edged and sharp-edged intake
openings. Vanes were arranged in a zigzag
pattern at angles of 10 and 30 degrees
relative to the flow. Results showed that
round-edged openings increased scouring
while decreasing sediment inflow to the
lateral channel. In another study, Karmi et
al. [34] calibrated a three-dimensional
Computational Fluid Dynamics (CFD)
model with experimental data to assess flow
patterns,  discharge deviation ratios,
secondary flow intensities, and vortex
structures. Their results demonstrated that
increasing the narrowing ratio of the
channel reduces diverted flow, while greater
longitudinal ~ spacing between  vanes
intensifies the velocity gradient, causing
more severe bed erosion near the vanes.

A review of previous studies reveals that
most existing research has been primarily
experimental, with limited use of numerical
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methods for parameter optimization.
Moreover, prior optimization efforts have
largely focused on the dimensions of
submerged vanes, often within a narrow
range of values. In light of these gaps, the
present study aimed to optimize both the
geometric characteristics of submerged
vanes—specifically  their length and
height—as well as their longitudinal and
transverse spacing, including the distance
between the first row of vanes and the
intake. The objective function for all
optimization scenarios was to minimize the
sediment inflow rate into the water intake.

In this study, the SSIIM software was
employed as a numerical solver of the
Navier—Stokes equations to simulate three-
dimensional flow patterns and sediment
deviation at the entrance of a diversion
channel. SSIIM is well-suited for sediment-
related studies, capable of simulating both
suspended and bed load transport, including
non-uniform sediment distributions. The
software supports modeling of complex
sediment processes such as sorting,
armoring, and bed stratification—features
that often require significant customization
in more generic CFD platforms.
Additionally, SSIIM2 facilitates the
simulation of morphological changes in
riverbeds, intakes, and reservoirs through its
ability to use multiblock and nested block
grids, reducing the need for extensive user
intervention or advanced coding.

The fundamental governing equations used
in the simulation are the continuity and
momentum equations. The continuity
equation, expressed in Cartesian coordinates
(X, y, z) and assuming constant fluid
density, is given as follows:

dp

Viap
+ 2 (pvdy) + = (puw)
gy PVAy) TG, puw
=0

uA
a (p JC)
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Here, Vr denotes the flow volume fraction;
p is the fluid density; t represents time; u, v,
and w are the velocity components in the x,
x, and x directions, respectively; and Ay, Ay,
and A, represent the surface flow fractions
in the respective directions. Equation (2)
presents the momentum equations in three
dimensions:

au+1{A6u+ A0u+ Aau}
9t TV, Mgy T Vv Gy T WA,
19P _
=—;a+GTx+le
6u+1{Aau+ A6u+ Aau}
ot T v, Mgy T Vv, T WG, 5
19P @
=—;a+er+le
6w+1{A6W+ Aaw+ A(’)W}
ot v Mgy T Vv gy, TWA G,
10P _
=—;a—Z+GrZ+VlZ

where Gry, Gry, and Gr, are the
accelerations caused by gravity; and Vi,
Viy, and Vi, are the accelerations caused by
viscosity in the x, y, and z directions,
respectively.

Sediment transport is composed of two
components: bed load and suspended load.
The suspended load is calculated using the
convective-diffusion equation based on
sediment concentration:

66+U6c+ dc
at " Jox, " oz

_ dc ) dc G)
- axJ T axJ

Where o is the sediment fall velocity, x
Cartesian distance, and It is the dispersion
coefficient, which can be calculated as
follows:

Or
It = — 4
T=3, 4
vr is the Eddy viscosity and S. is the
Schmidt number, which varies in the range
of 0.7-1 [54].
Additionally, the numerical model applies
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the van Rijn [55] equation to calculate the
bed load transport within the layer between
the bed surface and the foundation surface.

The SSIIM software is designed to support
a variety of turbulence models, including
the standard k-¢ model, the RNG-enhanced
k-¢ model, a localized k-¢ model based on
wind shear, the Spalart-Allmaras model,
and two versions of the k-o model—one
incorporating Wilcox’s wall laws and the
other utilizing k-¢ wall laws. Since the
software is available in two versions
(SSIIM 1 and SSIIM 2), the availability of
specific turbulence models may vary
between them. Comparative evaluation
against laboratory experiments indicated
that the RNG k-¢ model yields the most
accurate results. Therefore, this study
primarily employed the standard k-& model.
The standard k-& model is a widely adopted
two-equation turbulence model, where one
equation governs the turbulent kinetic
energy (k) and the other governs its
dissipation rate (g) [56]. These governing
equations are expressed as follows [57]:
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In these equations, G, and Gy represent the
production of turbulent kinetic energy due
to buoyancy and velocity gradients,
respectively. The term Ywum accounts for the
contribution of compressibility to the
production of turbulence. The constants Ci,
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Ca, Csq, and C, are empirical coefficients
with typical values of 1.44, 1.92, 0.09, and
0.09, respectively. Sy and S; are the
turbulent Prandtl numbers for k and e,
typically taken as 1.0 and 1.3, respectively.
U denotes the eddy viscosity.

In this study, the flow field was simulated
using SSIIM2, employing two
computational blocks: one for the main
channel and one for the lateral intake. The
main channel consisted of two straight
sections—upstream and downstream—
connected by a 180-degree bend. For the
hydraulic ~ boundary  conditions, the
discharge and cross-sectional flow area
were specified at the upstream and
downstream ends, respectively. Sediment-
related input parameters, including particle
size, sediment type, and fall velocity, were
also provided to the software for sediment
transport calculations. Since SSIIM2 does
not independently support the complex
meshing required for this geometry,
auxiliary tools such as AutoCAD,
MATLAB, and Excel were used to generate
the computational mesh. The mesh density
was adapted to the significance of different
regions, with finer mesh elements placed
near the submerged vanes and coarser
elements at the channel's inlet and outlet.
Based on the main channel width, intake
width, and vane positioning, a grid
resolution of 2.7 X 1 cm was selected in the
longitudinal and transverse directions,
respectively. The computational domain
included 235 longitudinal sections, 34
transverse sections, and 11 vertical layers,
which were imported into SSIIM2 for
simulation.

The boundary conditions for the main
mesh block included specified inflow
discharge, water depth, and the Manning—
Strickler roughness coefficient at the
channel entrance; an outflow condition at
the downstream end; and wall boundaries
applied to the channel bed and sidewalls.
For the diversion channel, boundary
conditions included symmetry at the
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entrance and upper boundary, outflow at the
exit, and wall conditions for all remaining
surfaces.

The numerical simulation was verified
using experimental data from Shirali et al.
[58]. In that study, a rectangular main
channel with a relative curvature of R/B =
4.7 was used. The intake was positioned at a
120° angle along the outer arc of the bend,
with an intake alignment angle of 70°. Eight
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discrepancies attributed to the mesh
resolution, the mesh was refin ed, and the
simulations were rerun. The optimal mesh
was selected when the results from two
consecutive simulations showed minimal
variation, indicating mesh independence.
The percentage error was calculated using
the following formula:

|Predicted Sediment — Measured Sediment|

Measured Sediment (®)
X 100 = % ERROR

ﬂ Flow direction

Figure 1. Position of submerged vanes in the channel

submerged vanes were installed in the main
channel, arranged in two longitudinal rows
of four, positioned opposite the intake (Fig.
1). The main channel inflow rate was 20
L/s, with a water depth of 12 cm and a
Froude number of 0.26. The intake flow rate
was measured at 4.27 L/s.

To validate the simulation results and
mesh quality, the output from the SSIIM
software (after reaching convergence) was
compared with the experimental results of
Shirali et al. [58]. Upon identifying

In line with the stated objectives, this study
investigated variations in five key
parameters: vane height, vane length,
longitudinal ~ spacing between vanes,
transverse spacing between vanes, and the
distance of the first row of vanes from the
water intake. The variation ranges for these
parameters were selected based on the
recommendations from Odgaard [59] and
are summarized in Table 1.

In this table, H represents the height of

Table 1. Recommended and used range for parameters [59, 39]

Parameter Recommended range The range used
H(cm) 02<H/, <04 05 <f/, <02
L(cm) 3H 2H <L <3H
ds(cm) 10H < 6, < 30H 4H < 6, < 12H
Gn(cm) 3H 2H< 6, <3H
6,(cm) 3H 3H
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the submerged vanes, L is the length of the
vanes, O refers to the longitudinal spacing
between vanes, O,,is the transverse spacing,
and &, indicates the distance of the vanes
from the intake. Throughout these
parameter variations, the angle between the
flow direction and the vanes, along with key
hydraulic parameters such as flow depth
and discharge, were kept constant.

The following steps were taken in this

study:

a) Vane Height Optimization: In the first
step, the height of the submerged vanes
was varied between 3 and 6 cm to
evaluate its effect on sediment inflow to
the intake. The sediment discharge
values obtained from SSIIM simulations
were used as input to the PSO algorithm.
The PSO algorithm, implemented in
MATLAB, was then used to determine
the optimal vane height.

b) Vane Length Optimization:  After
determining the optimal height, the vane
length was varied between 12 and 18 cm
(corresponding to 2 to 3 times the vane
height). Sediment discharge results from
SSIIM were again used as input to the
MATLAB-based PSO algorithm to
identify the optimal vane length.

¢) Spacing Optimization: In the third step,
spacing parameters were investigated.
The transverse spacing between vanes
was varied from 2 to 3 times the vane
height (12-18 cm), longitudinal spacing
from 4 to 12 times the vane height (24—
72 cm), and the distance from the first
vane row to the intake from 2 to 3 times
the vane height (12-18 cm). Sixteen
different scenarios were simulated to
identify the optimal combination of
spacing parameters.
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To ensure simulations are accurate and
reliable, the optimal mesh size was first
determined. Meshes were categorized into
five different classes regarding their grid
dimensions (i%j): 5.4x2cm, 4.1x1.5cm,
3.5x1.25¢m, 2.7x1cm, and 1.3x0.5cm. It is
noteworthy that i values (5.4, 4.1, 3.5, 2.7,
and 1.3 cm) correspond to the grid spacing
along the flow direction, while the j values
(2, 1.5, 1.25, 1, and 0.5 cm) show the
spacing across the channel width. Among
these configurations, Scenario 4—with a
mesh dimension of 2.7x1cm, and sediment
simulation error of less than 1% —was
identified as optimal. Simulations were
performed under flow conditions consisting
of a 20 L/s discharge in the main channel, a
427 L/s intake flow rate, and a Froude
number of 0.26.

The primary goal of the SSIM
simulations was to estimate both the
sediment transport rate and the amount of
sediment entering the intake. The optimal
mesh was selected by comparing the SSIIM
results for each mesh configuration against
experimental data reported by Shirali et al.
[58]. These comparative results are
presented in Table 2. In this table, Qsm
denotes the sediment flow rate at the end of
the main channel, while Qs refers to the
sediment flow rate entering the water
intake.

As can be seen, mesh refinement does
not necessarily lead to optimal results. The
reason for this can be stated as follows: One
of the main limitations of the SSIIM
software—and a significant challenge in
mesh generation—is the restriction on the
number of computational cells. Specifically,
the grid dimensions in the i and j directions
must not exceed 300 x 300 cells.
Additionally, the number of cells in the j
direction must remain constant along the
entire channel length. During simulation,
when the mesh is refined, especially near
submerged vanes, the lack of compatibility
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Table 2. Dimensions of meshing, review, and comparison of laboratory results with SSIIM

software
Cell Dimensions
No Longitude Transverse Number of cells  Qsm+Qsi(gr/s)  Error %
) direction(cm) direction(cm)

1 54 2 60750 4189.52 5.81

2 4.1 1.5 66440 4265.95 4.09

3 35 1.25 72290 4344.13 2.33

4 2.7 1 78300 442343 0.55

5 1.3 0.5 117720 4896 10.09
between adjacent cells can lead to considered for each parameter at each stage,

convergence problems, large numerical
errors, or even cause the simulation to fail
entirely. This limitation was evident in the
simulation results: as the mesh resolution
was increased from 1 cm to 0.5 cm, the
network error (or result divergence) rose
sharply.

According to the ranges provided in
previous research, parameter values were

and by keeping other parameters constant, a
simulation was performed using SSIIM
software. Thus, a total of 29 scenarios were
defined and simulated (Table 3). Based on
the proposed range parameters in previous
studies, values were assigned to each
parameter, and simulations were performed
while keeping the others constant. In
general, a total of 29 simulation scenarios
were defined and executed (Table 3).

Table 3: Range of submerged vane heights investigated

Scenario H(cm) L(cm) 8y (cm) s(cm) 8y (cm) Qs1(%)
1 3 18 18 48 18 31.36
2 35 18 18 48 18 30.69
3 4 18 18 48 18 29.78
4 4.5 18 18 48 18 29.26
5 5 18 18 48 18 28.91

6 5.5 18 18 48 18 28.43

7 6 18 18 48 18 27.40
8 6 12 18 48 18 29.05

9 6 13.2 18 48 18 30.26
10 6 14.4 18 48 18 26.97
11 6 15.6 18 48 18 25.64
12 6 16.8 18 48 18 29.06
13 6 18 18 48 18 27.4

14 6 15 12 48 18 25.69
15 6 15 13.2 48 18 25.46
16 6 15 14.4 48 18 25.78
17 6 15 15.6 48 18 26.18
18 6 15 16.8 48 18 26.61

19 6 15 18 48 18 26.84
20 6 15 13 24 18 25.15

21 6 15 13 36 18 21.46
22 6 15 13 48 18 25.77
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Scenario H(cm) L(cm) 0,(cm) d,(cm) 0,(cm) Qs (%)
23 6 15 13 60 18 23.13
24 6 15 13 72 18 23.93
25 6 15 13 30 12 14.8
26 6 15 13 30 13.2 16.31
27 6 15 13 30 14.4 17.53
28 6 15 13 30 15.6 19.57
29 6 15 13 30 16.8 20.38

The water depth in all simulations was
fixed at 12 cm, and according to the
inequality proposed by Odgaard [59], the
height of the submerged vanes was set
within the range of 3 to 6 cm (Scenarios 1—
7). Considering the optimal depth value,
Vane length values were evaluated between
12 and 18 cm (Scenarios 8—13). Similarly,
with the optimal depth and length of vanes
and according to Odgaard’s suggestion, the
vanes' transverse spacing was varied from
12 to 18 cm (Scenarios 14-19). Using the
optimal values for vane height, length, and
transverse spacing and regarding the
recommendations of Odgaard [59] and
Ouyang [39], longitudinal vane spacing was
varied between 24 and 72 cm (Scenarios
20-24). Finally, considering the optimal
four parameters mentioned, the distance
from the intake to the first row of vanes was
selected in the range of 12 to 18 cm
(Scenarios 25-29), also in accordance with
Odgaard’s inequality.

The objective function of all simulations
was to minimize the percentage of sediment
entering the water intake. After each
simulation, the percentage of sediment
entering the intake was calculated as a
proportion of the total transported sediment
and recorded in Table 3. Results from the
seven scenarios for vane height changes
illustrated that increasing the height from 3
to 6 cm reduced sediment entering the
intake from 31.36% to 27.40%—a 3.96%
decrease. Both the SSIIM simulation and
the PSO algorithm results identified a vane
height of 6 cm as optimal, which was then
used in subsequent simulations. Simulation
results of decreasing vane lengths exhibited
oscillatory behavior in performance. A
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minimum percentage of sediment entering
the intake was observed at 15.6 cm in
SSIIM  simulations, while the PSO
algorithm recommended a length of 15 cm
as optimal length. This value was used for
the next stages.

Increasing the transverse spacing from
12 to 13.2 cm caused a decreasing trend for
the sediment entering the intake. However,
beyond 13.2 cm, further increases of
distance led to a decrease in vane
effectiveness, with sediment entering the
intake increasing to 26.84% at 18 cm. Thus,
the lowest sediment entering the intake
occurred at 13.2 cm, by 25.66%, while the
PSO algorithm revealed an optimal spacing
of 13 cm, which was selected for further
analysis. Changes in the longitudinal space
of vanes demonstrated an oscillatory pattern
in sediment intake. Based on SSIIM results,
the minimum sediment entering (21.46%)
occurred at a longitudinal space of 36 cm,
but the PSO algorithm recommended 30 cm
as the optimal longitudinal distance. The
different distances between the intake and
the first vane row were also investigated.

Results showed that as this distance
increased from 12 to 18 cm, vane
effectiveness decreased, and sediment

intake increased from 14.8% to 21.98%.
The PSO algorithm proposed 12 cm as the
optimal distance.

After determining the optimal values for the
five parameters, in this stage, the horizontal
and vertical velocity contour lines
associated with each parameter were
investigated. Due to the high similarity
among the contour-line plots and the large
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number of diagrams, only the contour lines
related to the optimal vane height are
presented in the main text. The other
contour-line plots for the remaining
scenarios are included in the appendix,
while their explanations are provided in the
main text. It should be noted that consistent
depth levels were used across all stages of
the analysis.

3.3.1 Vane Optimal Height

Figures 2 and 3 represent the streamwise
and vertical velocity contour-line plots at
five depth levels for a vane height of 6 cm.
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The mentioned levels include: (a) bed, (b)
h/y = 0.3, (c) h/y = 0.6, (d) h/y = 0.8, and
(e) h/ly = 0.975, where h represents the
vertical distance from the bed to the
specified level.

The velocity variations displayed that by
moving flow from the bed towards the
water surface, the highest velocity gradients
occur in the adjacent of submerged vanes
and also the intake. As shown in Figure 2c,
the flow above the submerged vanes
remains influenced by the vane structures
yet, and high stream wise velocity gradients
are observed.
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Figure 2. Stream-wise velocities in main channel and intake (Vane Height is 6cm) a) h/y—O b)
h/y=0.3, c¢) h/y=0.6, d) h/y=0.8, e) h/y=0.975

A comparison of streamwise velocities
at five levels in the main channel, as shown
in Figure 2, revealed that the minimum
velocities occurred on the side opposite the
vane-induced (inner wall bend). These
velocities increased from the bed toward the
water surface, likely due to the presence of
the submerged vanes and the effect of bed
friction.

Analysis of maximum streamwise
velocities at different levels showed an
initial increase from the bed up to 4/ = 0.8,
then decreased toward the water surface.
The highest streamwise velocities were
observed near the outer bend of the main
channel, just downstream of the first row of
four paired submerged vanes and in front of
the intake. However, the minimum
velocities occurred near the inner bend of
the main channel, after the end of the
intake.

Notably, near-bed maximum velocity
cores tended toward the outer bend and
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intake, while at upper levels, these cores
became more dispersed. From the beginning
of the channel bend, the trend of increasing
velocity with depth was evident; the
minimum streamwise velocity decreased,
and the maximum streamwise velocity
increased.

Within the intake as flow entering the
water intake, streamwise velocity patterns
showed that, as the flow moved from the
bed to the surface, minimum velocities
decreased while maximum velocities
increased. The highest velocities were
recorded at the intake entrance and along
the right wall, whereas the lowest velocities
occurred along the left wall of the intake.

As shown in Figure 3a, the maximum
vertical velocity cores occurred near the
first pair of vanes, with the higher values
occurring near the vanes. Moving away
from this region—both laterally and
longitudinally—the  vertical  velocities
decrease.
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Figure 3. Vertical velocities in main channel and intake (Vane Height is 6¢cm) a) h/y=0, b) h/y—0 3,¢)
h/y=0.6, d) h/y=0.8, ) h/y=0.975

After the flow passed the first pair of
vanes, the vertical velocity contour lines
around the other vane pairs showed lower
velocities compared to those near the initial
vanes. At higher levels above the bed, the
maximum vertical velocity cores shifted
toward the inner bend, even though they
initially occurred near the first vane pair.
Notably, at the last measured depth (Figure
3e), the maximum velocity core moved
toward the inner bend, and the influence of
the vanes became negligible.

As seen in Figures 3a and 3b, negative
vertical velocities occurred near the initial
pair of vanes and extended widely across
the channel width. In contrast, above the
submerged vanes (Figures 3c and 3d),
negative velocity cores appeared near the
outer bend, particularly in the vicinity of the
first row of vanes. This pattern indicates the
presence of localized pressure gradients and
vertical flow directed toward the bed,
resembling  scour-inducing  conditions
observed around bridge foundations [60].
Closer to the water surface, although
negative vertical velocities were still
observed near the outer bend, their cover
extent diminished, and the velocity contours
also became more parallel. This observation
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indicates a decreased influence of the
submerged vanes. The variation in
minimum vertical velocity from the bed of
the main channel to the water surface
showed an oscillatory trend. In such a way
that initially, the absolute value of the
vertical velocity decreased up to A/ = 0.3,
then increased at A/ = 0.6, and finally
decreased again as it approached the water
surface. The highest concentration and
gradient of velocity contour lines were
observed at the same level of 4/ = 0.6.

Maximum positive vertical velocities
were detected near the first pair of vanes
and at the inner bend of the channel,
indicating an upward flow direction toward
the water surface in these regions.

Negative  vertical  velocities  were
observed at the intake inlet, with their
absolute values decreasing as the flow
moved away from the bed. At all levels,
velocity contours representing negative
values extended across much of the intake
area, shifting toward the right wall. The
maximum positive vertical  velocities
increased with increasing levels from the
bed up to A/ = 0.8, after which they
decreased as the flow neared the water
surface. The overall maximum absolute
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vertical velocity in the main channel
occurred near the bed, where negative
velocity values indicated a downward flow.

For the optimal vane length, considerable
stream-wise  velocity gradients were
observed near the submerged vanes and at
the intake inlet (Figure App.l in the
appendix). Moving away from the bed, the
concentration of average velocity cores
formed around the submerged vanes,
indicating their continued influence on the
flow field. Even beyond the footprint of the
vanes, their impact persisted, as evidenced
by the presence of distinct velocity cores
above them. However, this influence
diminished at A% = 0.975, where the
velocity contours became nearly parallel
and the lower velocity values were observed
near the inner bend.

It is also noteworthy that the
concentration of maximum velocity cores
consistently tended toward the outer bend
wall. As the flow approached the water
surface, these cores extended toward the
upstream section of the bend, indicating a
wider dispersion of high-velocity regions in
the upper flow layers.

Additionally, a comparison across
different levels revealed that, as the distance
from the bed increased, the minimum
stream-wise velocity in the main channel
also increased, while it decreased within the
intake. The lowest stream-wise velocities
were observed along the inner bend of the
main channel and near the left wall of the
intake. In contrast, the highest stream-wise
velocities in the main channel occurred
along the outer bend, just downstream of
the first pair of submerged vanes. Within
the intake, the maximum velocities
originated near the left corner of the inlet
and extended toward the central axis and
right wall. Furthermore, the results
indicated that reducing the vane length from
18 cm to 15 cm led to a general decrease in
stream-wise velocity in both the main
channel—particularly in the region
influenced by the submerged vanes—and
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the intake.

Analysis of the vertical velocity contours
illustrates that near the bed, maximum
vertical velocity cores formed around the
submerged vanes and extended toward the
inner bend (Figure App.2 in the appendix).
From the bed up to y/h = 0.6, strong
velocity cores remained visible around the
first pair of vanes, while velocities around
the subsequent vane pairs gradually
decreased. lose to the bed, the minimum
vertical velocities—characterized by
negative values—were concentrated near
the outer bend and in a small area behind
the first pair of vanes. Moving away from
the bed to y/h = 0.3, the extent of negative
velocity regions expanded, still
concentrated near the outer bend and behind
the first pair of vanes. At this level, the
negative vertical velocities covered a larger
section of the main channel width, including
areas behind all the vane rows and near the
outer bend, indicating a notable downward
flow up to the vane height. Beyond the
height of the submerged vanes, the
influence of the vanes diminished, and the
negative velocity cores became smaller,
primarily near the outer bend and
downstream of the vanes. As the flow
passed the lateral intake and exited from the
bend, the vertical velocity contours became
more uniform and parallel, with maximum
positive velocities observed near the inner
bend and minimum (negative) velocities
persisting near the outer bend.

A comparison of the vertical velocity
contours within the intake at different levels
revealed that, near the bed, maximum
vertical velocities originated from the left
corner of the intake inlet and aligned
parallel to the intake wall as the flow
progressed. The maximum positive vertical
velocities were concentrated near the left
wall, while the lowest (negative) velocities
were observed along the right wall. Moving
away from the bed, the contours
representing minimum velocities originating
from the left corner and extending
diagonally toward the far-right corner of the
intake. As the vane length decreased from
18 cm to 15.6 cm, negative vertical
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velocities continued to appear in the regions
influenced by the submerged vanes, near the
outer bend of the main channel, and at the
intake inlet. In the main channel, the
variation in absolute negative vertical
velocities from the bed to the water surface
exhibited an oscillatory pattern, whereas in
the intake, this trend showed a consistent
decrease. Similarly, the maximum vertical
velocity in the main channel followed an
oscillatory trend with depth, mirroring the
behavior of the absolute minimum values.
In contrast, within the intake, the maximum
vertical velocity increased up to y/h = 0.6
and then decreased as the flow approached
the water surface.

Stream-wise velocities in different levels
revealed that the maximum velocities
occurred near the outer bend, with the
highest concentrations found close to the
bed, particularly around the submerged
vanes and the intake (Fig. App.3 in the
appendix). As the flow approached the
water surface, these high-velocity regions
expanded and extended upstream toward the
beginning of the bend. In contrast, the
minimum velocities were observed along
the inner bend wall, gradually shifting
toward the water surface and extending
downstream after passing the intake,
eventually covering the entire width of the
main channel. The velocity contours
indicated that the maximum velocity core
was concentrated around the first pair of
submerged vanes, on the side opposite the
flow direction. As the flow continued past
the subsequent vane pairs, the streamwise
velocities decreased. Moving upward from
the bed, the velocities around and
downstream of the vanes declined, showing
strong velocity gradients. Further along the
channel, stream-wise velocities continued to
decrease, and the velocity contours tended
toward the inner bend. Near the water
surface, the velocity gradients became
weaker, and at the highest depth level, the
velocity cores associated with the
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submerged vanes and intake disappeared—
indicating the diminishing effect of the
submerged vanes. The results also indicated
that the highest stream-wise velocities
within the intake, near the bed, originated
from the left corner of the intake and
developed parallel to the intake wall as the
flow progressed. Maximum  vertical
velocities were observed along the right
wall of the intake, while minimum
velocities occurred near the left wall. This
pattern persisted with increasing height
from the bed, where the minimum velocities
consistently appeared near the left wall and
the maximum velocities near the right wall.

Overall, it can be concluded that
decreasing the transverse spacing between
the submerged vanes led to a reduction of
the maximum  streamwise  velocity.
Furthermore, the results revealed that the
highest stream-wise velocities occurred not
only at the outer bend of the main channel
and the intake inlet but also in the region
between the first two pairs of vanes facing
the flow. In the main channel, both
minimum and maximum  velocities
generally increased with height. However,
while the maximum stream-wise velocity
increased up to the level of y/h = 0.8, it
declined beyond this point toward the water
surface. In contrast, the minimum velocity
continued to increase throughout the
vertical profile. Analysis of the vertical
velocity contour lines revealed that the
maximum vertical velocity cores formed
near the bed around the second pair of
submerged vanes facing the flow. As the
distance from the vanes increased, vertical
velocities progressively decreased (Fig.
App.4 in the appendix). However, as the
distance from the bed increased, velocity
gradients intensified. Minimum velocity
cores developed on the left side of the
vanes, while maximum velocity cores
formed on the right, extending toward the
outer and inner bend walls, respectively.
Notably, even in regions without submerged
vanes, their influence persisted, as
evidenced by the continued presence of
velocity cores. At y/h = 0.975, although
prominent velocity gradients remained
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around the submerged vanes and the intake,
the velocity cores appeared more localized.
In this layer, the maximum vertical
velocities tended toward the inner bend
wall, while the minimum velocities moved
toward the outer bend wall. Within the
intake, the wvertical velocity gradients
consistently decreased from the bed to the
water surface, with maximum velocities
observed near the left wall and minimum
velocities concentrated near the right wall.

Overall, the results indicated that
positive vertical velocities near the bed and
around the submerged vanes were higher
than at other depth levels within the main
channel. The minimum vertical velocities,
which were negative, were observed at
various levels—near the bed at the
downstream end of the submerged vane
region, and near the water surface beyond
the zone influenced by the vanes. In the
intake, the maximum vertical velocity
occurred near the left wall at a depth
corresponding to y/h = 0.6, which is
approximately above the height of the
submerged vanes. In contrast, the minimum
vertical velocities—also negative—were
present across the entire width of the intake
at all evaluated levels. As the flow
progressed, these negative velocity regions
expanded laterally toward the right wall of
the intake. Near the bed, the area covered
by negative velocities was relatively
limited, but this area increased with
elevation, occupying a larger portion of the
flow field at higher levels.

Compared to the previous sections, the
results for the optimal longitudinal spacing
of the vanes show that reduced spacing led
to greater concentration and density of
stream-wise  velocity  contours.  The
maximum velocity cores were observed
near the outer bend wall, within the region
influenced by the submerged vanes and the
intake (Fig. App.5 in the appendix). Around
the submerged vanes, velocities decreased,
and as the flow moved toward the inner
bend wall, a continued reduction in velocity
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was observed. With increasing distance
from the bed, the maximum velocity cores
expanded upstream, toward the entrance of
the bend and the approaching straight
channel. Up to y/h = 0.8, the presence of
significant velocity gradients indicated that
the influence of the submerged wvanes
remained pronounced. However, by y/h =
0.975, this effect had nearly dissipated, and
the wvelocity contours became nearly
parallel, reflecting a diminished impact of
the vanes. At the intake inlet, the maximum
stream-wise velocities covered the entire
width of the intake, with the highest
velocity contours gradually tending toward
the right wall. As the flow progressed along
the intake, the minimum velocity contours
appeared near the left wall and persisted to
the end of the intake—this pattern was
consistent across all levels. In the main
channel, the minimum stream-wise velocity
showed an increasing trend from the bed
toward the water surface. In contrast, in the
intake, an oscillatory pattern is exhibited in
its minimum velocity distribution with
depth. Similarly, the maximum stream-wise
velocity in the main channel followed an
oscillatory trend with increasing depth,
whereas in the intake, it increased steadily
as the flow approached the water surface.
The results indicated that for the vane's
optimal longitudinal spacing, the maximum
vertical velocity cores formed around the
vanes from near the bed up to the top of the
vane height, particularly near the vanes
located adjacent to the inner bend wall (Fig.
App.6 in the appendix). Moving laterally
away from the vanes toward the outer bend
wall, vertical velocities gradually decreased.
Similarly, near the bed, velocities also
declined when moving toward the inner
bend wall. However, at the depth of y/h =
0.3, the region of maximum vertical
velocities expanded toward the inner bend.
In this region, the area occupied by negative
vertical velocities also widened, covering a
larger portion of the main channel width. As
the distance from the bed increased, the
velocity cores continued to reflect the
influence of the submerged vanes, although
the wvertical velocity gradients became
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weaker closer to the water surface. At the
upper three depth levels, the maximum
velocity cores tended toward the inner bend
wall, while the minimum (negative)
velocity cores were concentrated near the
outer bend wall. A comparison of vertical
velocity contours at different depth levels
revealed that, at the intake inlet, the
minimum  vertical velocities  initially
covered the entire width of the intake. As
the flow progressed, these low-velocity
regions expanded and occupied a larger
portion of the flow field. Conversely, the
maximum  vertical  velocities = were
concentrated near the left wall of the intake
and gradually extended toward @ its
downstream end. In the main channel, both
the maximum vertical velocity and the
absolute minimum vertical velocity (the
latter being negative) displayed oscillatory
trends with increasing depth. In contrast, the
absolute minimum vertical velocity within
the intake decreased consistently from the
bed to the water surface. Meanwhile, the
maximum vertical velocity in the intake
also exhibited an oscillatory pattern, similar
to that observed in the main channel.

As previously noted, the maximum stream-
wise velocity contours were concentrated
near the outer bend wall (Fig. App.7 in the
appendix). The results further indicated that
these maximum velocities extended not
only along the outer bend but also into the
region between the submerged vanes. In
contrast, lower velocities were observed
around the vanes. As the flow progressed,
low-velocity cores developed around the
vanes and gradually tended toward the inner
bend wall. With increasing distance from
the bed, the general trend remained:
maximum velocities were concentrated near
the outer bend wall, while minimum
velocities were directed toward the inner
bend wall. However, the stream-wise
velocity gradients decreased with height.

At the intake inlet, the highest stream-
wise velocities initially occupied the entire
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width of the intake but progressively tended
toward the right wall as the flow moved
downstream. Meanwhile, the minimum
stream-wise velocities were observed near
the left wall, farther from the intake
entrance. A comparison of the maximum
velocities at various distances from the bed
in the main channel revealed an increasing
trend up to y/h = 0.6, followed by a gradual
decrease toward the water surface. This
decrease occurred with significantly smaller
gradients compared to the lower levels. In
contrast, the minimum velocity decreased
up to y/h = 0.3 and then increased toward
the water surface. In the intake, the
maximum stream-wise velocity consistently
increased with height. However, the
minimum velocities showed an oscillatory
pattern—initially decreasing, then
increasing, and finally decreasing again as
the flow approached the water surface.

The analysis of vertical velocity contour
lines showed that the maximum vertical
velocity cores were concentrated around the
submerged vanes at the three levels closest
to the bed. As the distance from the bed
increased, the velocity gradients around the
vanes decreased (Fig. App.8 in the
appendix). Closer to the water surface, with
decreasing velocity gradients in the region
influenced by the submerged vanes, the area
occupied by the maximum velocities
expanded laterally and tended toward the
inner bend wall, consistent with
observations from previous sections. The
minimum  velocity  contours  were
consistently located near the outer bend
wall at all examined levels. At the intake
inlet, the minimum velocities covered the
entire width of the intake at all levels. As
the distance from the bed increased, these
minimum velocities occupied a larger
portion of the intake cross-section and
tended toward the right wall. Conversely,
the maximum velocities consistently
appeared farther downstream from the
intake inlet, near the left wall, and extended
toward the end of the intake. The negative
values of the minimum vertical velocities in
both the main channel and the intake
indicate the presence of downward flow. In
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Figure 4. Streamlines at (a) the bed and (b) the water surface.

the main channel, these negative velocities
were concentrated near the outer bend and,
at levels y/h = 0.3 and 0.6, covered a
significant portion of the channel width.
However, closer to the water surface, the
extent of the area affected by negative
velocities decreased. At the intake inlet, all
vertical velocities were negative. As the
flow progressed, negative velocity contours
tended toward the right wall, while positive
velocities developed near the left wall. The
analysis also revealed that with increasing
distance from the bed, a larger portion of
the intake became dominated by negative
vertical velocities. In the main channel, the
absolute  minimum  vertical  velocity
increased with height up to y/h = 0.8,
beyond which it began to decrease toward
the water surface. Similarly, in the intake,
the absolute minimum vertical velocity
increased up to y/h = 0.6, followed by a
gradual decrease near the surface. Notably,
the trends in maximum vertical velocity
differed between the intake and the main
channel. In the intake, the maximum
vertical velocity increased with height up to
y/h = 0.8 and then decreased toward the
water surface. In contrast, the maximum
vertical velocity in the main channel
exhibited an oscillatory pattern throughout
the flow depth.

When the water flows in a channel with the
aspect ratio of less than 5, or when the flow
path is curved—causing centrifugal forces
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to become dominant—secondary flows are
typically intensified. Additionally, the
presence of submerged vanes on the bed of
the main channel further enhances these
secondary and vortex flows, significantly
influencing the overall flow structure [61,
62, and 63]. On the other hand, installation
of submerged vanes caused modification in
formed secondary flows from the outer wall
to the inner wall, near the bed. This
modification caused a reduction in the
strength of secondary currents and reduced
bank erosion [64]

Figure 4 illustrates the streamlines
interacting with the submerged vanes and
their deflection toward the intake at two
levels: the channel bed and the water
surface. As evident from the figure, the
combined influence of the submerged
vanes, channel bend, and intake generates
strong eddy currents.

Given the significance of the vortices
formed within the flow, vorticity contour
lines are presented in Figure 5 to
quantitatively illustrate this flow parameter.
In the figure, the direction of flow is
oriented downward.

In Figure 5, the stream-wise vorticity is
defined as:

Vor = ——— ®)

The channel with a 180° bend is shown for
the simulation run.
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Figure 5. Vorticity in three cross-sections a) in the middle of the curvature of the bend, b) in front of
the water intake, and c) after the water intake in line with the last pair of submerged vanes

Vorticity contour lines were analyzed at
three cross-sections: in the middle of the
bend, in front of the water intake, and
downstream of the intake near the last pair
of submerged vanes. As shown in Figure 5a,
in the middle of the 180-degree bend, two
positive vorticity cores appear near the
inner and outer walls. Vorticity values
decrease toward the center of the main
channel width. The presence of negative
vorticity in the middle of the channel and
near the bed suggests stronger longitudinal
velocity gradients compared to vertical
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velocity gradients. The contour lines are
mostly parallel, with steeper gradients
observed near the channel bed.

In contrast, the vorticity distribution at
the cross-section aligned with the midpoint
of the intake reveals a different pattern due
to the influence of the submerged vanes
(Fig. 5 b). In this figure, the submerged
vanes are represented by two bold black
vertical lines. Positive vorticity cores are
clearly concentrated around the vanes, with
the highest vorticity occurring near the vane
closest to the intake. Since turbulence
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intensity is derived from velocity
fluctuations, and vorticity also arises from
changes and fluctuations in velocity; it
discussed that there is a relationship
between turbulence intensity and vorticity
and turbulence intensity increased near the
intake inlet. This indicates strong vertical
velocity gradients and intensified secondary
flow in the vicinity of the vanes as showed
in Figure 3a previously. Elsewhere in the
flow field, negative vorticity dominates,
suggesting that longitudinal  velocity
gradients exceed vertical gradients.
Additionally, positive vorticity values are
observed near the bed and are inclined
toward the inner bend.

As previously noted, the final cross-
section was selected downstream of the
intake, aligned with the midpoint of the last
pair of submerged vanes (Fig. 5c). The
contour lines in this section indicate that the
maximum vorticity occurred near the bed
and tended toward the inner wall of the
bend. In addition, positive vorticity values
were present in the region between the two
vanes and in the upper flow layers above
the vane closest to the intake, reaching
toward the outer bend wall. Negative
vorticity cores appeared on the right side of
both vanes (moving in the direction of the
flow), reflecting the dominance of
longitudinal velocity gradients over vertical
ones in those regions. Observation of
Figures 5b and 5c clearly highlights the role
of the presence of the water intake. The
presence of the intake induced strong
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secondary flows and concentrated positive
vorticity near the bed in the cross-section
aligned with the center of the intake.
However, downstream of the intake, these
intensified flow patterns shifted upward,
with strong currents observed closer to the
water surface.

From another perspective, spiral flows
induced by centrifugal forces in a curved
channel are another clear manifestation of
secondary flow development [65]. The
strength of these secondary flows can be
quantified using the following equation:

Vi=Vi=Viy )

Where V; is the transverse velocity
component at the upper layer of the water
column, and Vi, is the transverse velocity
component at the adjacent lower layer. The
index 1 corresponds to the wvertical
discretization levels used in the depth-wise
mesh. Figure 6 illustrates the variations in
the dimensionless secondary flow strength
(Vs/V), where V is the average transverse
velocity component in the main channel,
across three different cross-sections.

As shown in Figure 6, at the first cross-
section—located in the middle of the
bend—the secondary flow strength was
greatest near the bed and gradually
decreased with depth, reaching a minimum
value of -0.05 at the water surface.
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Figure 6. dimensionless strength of the secondary flow for three cross-sections a) in the middle of
the curvature of the bend, b) in front of the water intake, and c) after the water intake in line with
the last pair of submerged vanes

Additionally, a comparison of secondary
flow strength between the inner and outer
walls of the bend reveals that, although the
difference was small, the strength was
slightly higher along the outer wall. In the
second cross-section, located opposite the
midpoint of the intake, the presence of
submerged vanes and the intake itself
significantly influenced the formation of
secondary flow strength contours. In this
section, the cores of maximum secondary
flow strength were observed on the right
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side of the submerged vanes (assuming flow
direction is used as the reference). The
results also indicated that the positive
secondary flow strength values above both
vanes extended all the way to the water
surface. Unlike the previous section, no
negative values of secondary flow strength
were present at the surface. Furthermore,
the maximum strength of secondary flow in
this cross-section was greater than that in
the previous one. At the intake inlet, the
highest secondary flow strength occurred
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near the bed, with positive values observed
both near the bed and at the water surface,
while negative values appeared in the mid-
depth region. This distribution clearly
reflects the presence of vortex and spiral
flow structures. In the third cross-section—
located downstream of the intake within the
main channel—the pattern of secondary
flow strength, including its minimum and
maximum magnitudes around and above the
submerged vanes toward the water surface,
was generally similar to that observed in the
second section. However, at the intake inlet,
although the overall pattern remained
consistent with the second section, the
maximum value of the secondary flow
strength was decreased, and the core of
negative flow strength values was
positioned closer to the channel bed.

This study investigated the flow structure of
sediment-water in an experimental channel
with a 180-degree bend and a lateral intake
positioned at a 120-degree angle. To reduce
sediment entry into the lateral intake, two
rows of submerged vanes (each consisting
of four vanes) were installed at a 45-degree
angle relative to the main channel flow
direction. The optimal computational mesh
size was evaluated to be 2.7 X 1 units in the
flow and channel width directions,
respectively, yielding a sediment transport
estimation error of only 0.55%. Results
indicated that the optimal vane height and
length were 6 cm and 15 cm, respectively—
corresponding to 0.5 times the flow depth
and 2.5 times the vane height. Furthermore,
the optimal transverse and longitudinal
spacings between the vanes were 2.17 and 5
times the vane height, while the distance
from the closest vane row to the intake was
twice the vane height.

A comparison of this study’s results with
previous research reveals that Ouyang [32]
identified the optimal vane height as
ranging from 0.58 to 0.7 times the flow
depth. The present study's result (H/y = 0.5)
are in complete agreement with the
presented range, but remains closely aligned
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with values reported by Odgaard and Wang
[27]. Conversely, Tan et al. [31] reported a
smaller optimal height range of 0.125 to
0.33 times the flow depth, which differs
significantly from the findings of this study.
Additionally, Tan et al. [31] investigated
vane length and found the optimal range to
be 2.5 to 10 times the flow depth, whereas
the current study determined a ratio of 1.25.
A key factor contributing to the discrepancy
may be that Tan et al. [31] accounted for
bed form development in their analysis,
which can significantly influence flow
structure, depth, and sediment transport.

Although international studies have not
extensively investigated the effects of
varying the longitudinal and transverse
spacing between submerged vanes, or their
distance from the intake, local research
provides some insights. Davoudi and Shafai
[66] found that the optimal longitudinal
spacing between vanes was eight times the
vane height. Similarly, Montasseri et al.
[67] reported that the optimal distance from
the first row of vanes to the outer wall of
the bend was two times the vane height,
while the optimal transverse spacing
between vanes was 1.5 times the vane
height.

Kalathil et al. [51] reported that the use
of collars and submerged vanes reduced
sediment ingress into lateral channels by
46.82% and 85.36% at vane angles of 15°
and 40°, respectively. Moradinejad et al. [7]
demonstrated that combining skimming
walls with spur dikes enhanced sediment
reduction efficiency at intakes, achieving up
to 81% effectiveness. Farshidnia et al. [3]
found that optimizing the length and height
of parallel skimming walls significantly
improved sediment control at lateral
intakes, with sediment reduction
efficiencies reaching up to 74%. Fahmy et
al. [68] employed baffle columns as an
alternative to avoided walls, achieving a
71% reduction in accumulated sediment
within the intake. Ezz-Aldeen et al. [69]
investigated sedimentation at a pumping
station in the Mosul Dam reservoir through
simulations. Their results showed that using
a combination of dykes and strategic
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placement reduced sediment deposition
within the intake and pumping station by
42%. Despite variations in the experimental
conditions across different studies, the
reported reductions in sediment inflow to
intake using different countermeasure
structures were generally consistent with the
findings of the present study. Here, by
optimizing key design parameters, sediment
inflow to the intake was reduced by up to
63%.

Analysis of the flow structure across all
scenarios with optimal parameters revealed
that near the bed, the cores of maximum
stream-wise velocity were directed toward
the outer bend and the intake. As the flow
approached the water surface, these high-
velocity cores expanded and became
evident from the onset of the bend. The
minimum vertical velocities (negative
values) were concentrated at the intake inlet
and decreased with increasing distance from
the bed. At all depth levels within the
intake, negative velocity streamlines
covered a significant portion of the intake
cross-section and tended toward the right
wall. The findings also indicated that the
highest stream-wise velocities in the intake
occurred near the right wall, whereas the
maximum  vertical  velocities  were
concentrated near the left wall. Reducing
the vane length from 18 cm to 15 cm led to
a decrease in stream-wise velocity both in
the main channel—particularly in regions
influenced by the submerged vanes—and
within the intake. A reduction in the
transverse spacing between vanes also
resulted in lower maximum streamwise
velocities. Karami et al. [34] demonstrated
that increasing the longitudinal spacing
between consecutive submerged vanes leads
to greater velocity gradients—a finding
corroborated by the results of the present
study. Additionally, while reducing the
distance between the submerged vanes and
the intake had minimal impact on the
velocity distribution at higher elevations
above the bed, it generally contributed to a
reduction in streamwise velocity throughout
the flow field.

This study also examined the presence
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and intensity of secondary currents. In the
absence of submerged vanes, the maximum
secondary current strength was concentrated
near the bed and extended across the entire
width of the main channel. However, the
introduction of submerged vanes altered the
distribution pattern of secondary current
strength. With the vanes in place, the cores
of maximum secondary current strength
shifted to the left side of the vanes, and the
region exhibiting negative current strength
near the intake showed a noticeable
reduction in surface area. This research’s
findings provide engineers and designers
with valuable guidance for the effective
implementation of submerged vanes,
enabling a substantial reduction in sediment
ingress. This improvement not only lowers
operational and maintenance costs but also
contributes meaningfully to the sustainable
management of water resources. The
findings of this research, when combined
with economic considerations and analyses,
can open new avenues for future studies in
river engineering. By identifying the
optimal dimensions and installation spacing
of submerged vanes, these results can
support more effective implementation in
river management and planning projects.
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Minimum 0077278 m/s, Minimum  0.004734 m/s,
Fig. App.1 Stream-wise velocities in main channel and intake (Vane Length is 15cm) a) h/y=0, b)
h/y=0.3, ¢) h/y=0.6, d) h/y=0.8, e) h/y=0.975

(@)

"/ Intake Connection Location
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== 1
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Fig. App.2 Vertical velocities in main channel and intake (Vane Length is 15cm) a) h/y=0, b)
h/y=0.3, ¢) h/y=0.6, d) h/y=0.8, ¢) h/y=0.975

Maximum 0.005297 m/s
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A.l. Influence of the transverse distance of Vanes
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Maximum 0.202082 m/s Maximum  0,148571 m/s

Minimum  0.076890 m/s, Minimum  0.004719 m/s,

Fig. App.3 Stream-wise velocities in main channel and intake (transverse distance of Vanes is 13cm)
a) h/y=0, b) h/y=0.3, ¢) h/y=0.6, d) h/y=0.8, ) h/y=0.975
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Intake Connection Location
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Maximum  0.004872 m/s
0 —

Minimum -0.066248 m/s, Minimum  -0.013397 m/s,
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Intake Connection Location
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Maximum  0,022668 m/s Maximum  0.011675 m/s

Minimum  -0.020293 m/s, Minimum  -0.008180 m/s,

(e)

Intake Connection Location

Maximum 0,010894 m/s

= 0

Minimum -0.008816 m/s, Minimum  -0,002812 m/s,

Fig. App.4 Vertical velocities in main channel and intake (transverse distance of Vanes is 13cm) a)
h/y=0, b) h/y=0.3, ¢) h/y=0.6, d) h/y=0.8, e) h/y=0.975

Maximum 0,005253 m/s

A.2. Influence of the Longitudinal Distance of Vanes
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(e)

Maximum 0207713 m/s Maximum 0.152842 m/s

Minimum  0.078955 m/s, Minimum 0.004786 m/s,

Fig. App.5 Stream-wise velocities in main channel and intake (longitudinal distance of Vanes is
30cm) a) h/y=0, b) h/y=0.3, ¢) h/y=0.6, d) h/y=0.8, e¢) h/y=0.975
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Maximum  0.023042 m/s Maximum  0.004937 m/s

Minimum  -0.021104 m/s, Minimuiri -0.013567 m/s,
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(d)

Intake Connection Location

Maximum  0.022028 m/s Maximum 0.012238 m/s

0 o

Minimum -0.020620 m/s, Minimum -0.008481 m/s,

(e)

Intake Connection Location

Maximum 0.010392 m/s Maximum 0.005457 m/s

Minimum -0.009941 m/s, Minimum -0.003140 m/s,

Fig. App.6 Vertical velocities in main channel and intake (longitudinal distance of Vanes is 30cm) a)
h/y=0, b) h/y=0.3, c) h/y=0.6, d) h/y=0.8, e) h/y=0.975
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A.3. Influence of the distance of the first row from the intake
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(e)

Maximum 0206856 m/s Maximum_ ¢,005202 m/s,

Minimum  0.079857 m/s, - Minimum 0005202 m/s, L &
Fig. App.7 Stream-wise velocities in main channel and intake (distance of the first row from the
intake is 12c¢m) a) h/y=0, b) h/y=0.3, ¢) h/y=0.6, d) h/y=0.8, ¢) h/y=0.975
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0 o
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o
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Minimum -0.016494 m/s, Minimum  -0.005870 m/s,

Fig. App.8 Vertical velocities in main channel and intake (distance of the first row from the intake is
12cm) a) h/y=0, b) h/y=0.3, ¢) h/y=0.6, d) h/y=0.8, e) h/y=0.975
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Marine fish cage culture (aquaculture/mariculture) is a rapidly
growing food production method globally and in the Persian Gulf, yet
it is highly sensitive to site selection. A sustainable approach to site
selection can result in nutrient-rich, healthy, and continuous food
production yields. Conversely, poor site selection can lead to
excessive pollution, low yields, and operational failures, which can
severely degrade the coastal/marine environment. Although the
Persian Gulf has a history of aquaculture, suitable site identification
and capacity assessment remain underexplored. Targeted research is
crucial to optimize sustainable aquaculture, supporting both
economic and ecological goals. This research presents a
comprehensive sustainable method for probing and selecting
appropriate sites for mariculture along the northern Persian Gulf
coastlines. The selection process considers various factors, including
hydrodynamic and meteorological parameters that impose restriction
on mariculture practice as well as environmental parameters that
affect fish production, potential environmental impacts,
infrastructure availability, and the interests of other coastal users.
Considerations also include the impact on coastal security,
environmentally protected areas, recreational activities, tourism,
navigation, and other fishery interests. By integrating all geographic
data layers into GIS, suitable areas and potential capacity for the
practical implementation of sustainable fish cage culture along the
northern Persian Gulf coastlines were revealed. The analysis reveals
the identification of six distinct regions along the northern shoreline
of the Persian Gulf, encompassing a total area of one million square
kilometers. These delineated areas currently are able to facilitate a
cage culture production capacity estimated at approximately 200
kilotons per annum.

Site Selection, Mariculture, Fish Cage Culture, GIS.

Marine aquaculture is recognized as one of the fastest-growing
and most vital industries globally [1], [2], [3], [4], offering a means
to alleviate pressures on marine and coastal ecosystems while
meeting essential food demands [5]. Furthermore, marine
aquaculture plays a significant role in enhancing food security [6],
[7]. According to the United Nations Food and Agriculture
Organization, "Food fish has a nutrient profile superior to all
terrestrial meats, serving as an excellent source of high-quality
animal protein and highly digestible energy”. It also provides
abundant omega-3 polyunsaturated fatty acids (PUFAs), fat-soluble
vitamins (A, D, and E), water-soluble vitamins (B complex), and
essential minerals (calcium, phosphorus, iron, iodine, and selenium).
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Fish is considered a staple animal protein
source with the potential to address various
aspects of global malnutrition. When
mariculture operations are both sustainable
and profitable, they enhance food
availability and access, essential for
alleviating poverty and bolstering economic
resilience. Additionally, mariculture can
reduce the pressure on wild fish populations,
allowing these stocks to stabilize if properly
managed, thereby supporting the traditional
fishing industry. Success in the practice of
mariculture of various animal and plant
species in terms of both quantity and value
and maintaining a diverse production
portfolio ensures a stable food supply amidst
fluctuating prices and the availability of wild
fish [8]. Moreover, a profitable commercial
aquaculture industry generates employment,
supports ancillary businesses, contributes to
tax revenues, and fosters further investment
in the science and technology of sustainable

aquaculture.
Commercial mariculture can have
devastating impacts on coastal

environments, particularly coral reefs.
Eutrophic  pollution from mariculture
operations has been documented to affect
coral reefs up to 80 kilometers away [9].
Several commercial mariculture operations
worldwide  have  caused significant
environmental degradation and destruction
to coral reefs [10], [11], [12], [13], [14]. In
response, regional and national governments
have had to permanently shut down these
operations. These failures resulted from
exceeding the environmental -carrying
capacity of their locations, leading to
eutrophic “Dead Zones” characterized by
decreased dissolved oxygen levels and the
accumulation of inhospitable hydrogen
sulfide in both the benthic environment and
water column. However, some commercial
mariculture operations near coral reefs have
demonstrated  minimal  environmental
impacts. These successful operations
typically ensure that mariculture activities do
not exceed the environmental carrying
capacity of the location and actively reduce
the enrichment load of the operation to
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maintain this balance. Determining the
environmental carrying capacity of a
proposed mariculture site is crucial for
designing sustainable operations. Despite
this, environmentally sustainable
mariculture density levels are often not
optimal for profitability or product yields. As
a result, many operations increase fish
density and growth rates to enhance
profitability, which can gradually lead to
environmental degradation. Gao and Dong
[15] reviewed the technical, environmental,
spatial, and governance  challenges
associated with expanding mariculture
offshore. Their findings suggest that site
selection must integrate ecological
sustainability with socio-economic factors.
Their study underscores the importance of
robust  regulatory  frameworks  and
stakeholder engagement in ensuring the
long-term viability of offshore fish cage
culture.

wave and current dynamics play a crucial
role in site selection. Properly understanding
and modeling these forces can prevent
structural failures and optimize fish cage
placement for better stability and
productivity. The environmental carrying
capacity for sea cage culture in the Persian
Gulf, emphasizes the importance of current
velocity and other  hydrodynamical
characteristics and their effect on rate of
deposition of organic matter onto sediment,
in site selection. Therefore, careful
consideration of such parameters can
significantly enhance fish production while
minimizing ecological impacts. This
approach ensures sustainable development in
aquaculture by balancing productivity with
environmental protection. Lapenkov et al.
[16] investigated the seasonal dynamics of
geochemical characteristics in sediments
around fish farms in Lake Ladoga, Russia.
Their findings reveal that seasonal variations
in organic pollution can influence site
suitability. The study advocates for current
speed being an important parameter in site
selection, as it plays the most significant role
in transporting out the pollutants. Jiang et al.
[17] modeled the impact of aquaculture
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facilities on hydrodynamics and solute
transport in the North Yellow Sea. Their
research highlights the importance of
understanding the interactions between
culture systems and the marine environment.
Proper  site selection  considering
hydrodynamic characteristics such as
minimum and maximum current speed in the
region should account for these interactions
to prevent adverse effects on water quality
and marine ecosystems. Liu et al. [18]
utilized numerical simulation and similarity
theory to model the settling flux of
biodeposition in cage culture environments.
Their research, conducted in a bay setting,
provides insights into managing nutrient
loads and maintaining water quality. This
methodology is pivotal for sustainable cage
culture practices, emphasizing the need for
detailed hydrodynamic studies in site
selection processes.

The importance of effects of extreme sea
conditions on cage structure, mooring loads,
carrying capacity and fish yields have been
probed by many researchers [19], [20], [21],
[22], [23]. Lee et al. [21] examined the
dynamic responses of floating fish cages to
waves and currents, crucial for structural
integrity and fish health. Their simulation
studies indicate that careful consideration of
hydrodynamic forces is essential in site
selection to prevent structural failures and
ensure the safety and productivity of the
aquaculture operations. Lader et al. [22]
conducted an experimental investigation on
the wave response of closed flexible fish
cages. Their findings are crucial for selecting
sites that minimize wave-induced stress on
cage structures. By understanding the
interactions between waves and cage
systems, aquaculture operators can choose
locations that enhance the structural stability
and safety of their operations. Swift et al.
[23] focused on the effects of biofouling on
the carrying capacity of marine fish cages.
Their experimental work suggests that
biofouling can significantly increase drag
forces, leading to structural stress and
reduced water flow. This study emphasizes
the need for considering both minimum and
maximum current speeds in site selection in

Journal of Hydraulic Structures

105

areas with substantial biofouling risks to
ensure the longevity and efficiency of fish
cages.

Inland  facilities and  supporting
infrastructure are crucial for the successful
operation of aquaculture facilities. Despite
being theoretically perfect for aquaculture,
the majority of coastal areas require
extensive infrastructure development before
they can realize their full production
potential [24]. Key infrastructure
components include access to all-weather
roads to facilitate efficient transportation of
operational  supplies, personnel, and
harvested fish. Additionally, proximity to an
electrical supply is essential for powering
water pumps, office air-conditioning, and
ice-making facilities, especially at nurseries
and fish landing sites. Furthermore, cage
culture sites should be equipped with a jetty
featuring sufficient water depth to safely
accommodate boats carrying feed and
harvested fish, even under adverse weather
conditions. The effects on recreation and
tourism, as well as the impact on navigation
and other fishery interests, must be carefully
considered to ensure that the selected site is
suitable for cage aquaculture and does not
adversely affect other important coastal
activities and interests.

Geographic Information Systems (GIS)
can significantly aid in solving site selection
problems by analyzing spatial data to
identify optimal locations based on various
criteria such as proximity to resources,
geophysical  constraints, environmental
conditions, and infrastructure availability.
Micael et al. [25] utilized Geographic
Information Systems (GIS) in a multi-
criteria decision-making tool for mariculture
site selection. Their approach integrates
physical, chemical, and socio-economic
factors, providing a holistic framework for
identifying optimal sites. This study
underscores the value of advanced spatial
analysis techniques in making informed site
selection decisions. A study by Salama et al.
[26] identified suitable sites for finfish cage
farming along the eastern Red Sea coast of
Saudi Arabia. The research utilized GIS-
based models to analyze water quality,
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temperature, and current patterns. Their
approach highlights the importance of site-
specific environmental assessments to
optimize fish growth and minimize
ecological disturbances. Jayanthi et al. [27]
employed a spatial analysis method to map
coastal lagoon characteristics, crucial for
determining suitable sites for aquaculture.
Their study on the southeast coast of India
highlights the importance of environmental
parameters such as salinity, water depth, and
substrate type. This comprehensive approach
ensures optimal site selection that minimizes
ecological impact while maximizing
aquaculture productivity.

The study area of this study encompasses
the northern shoreline of the Persian Gulf
(Figure 1). The Persian Gulf is a shallow,
semi-enclosed water body with a total
surface area of 251,000 km?2. It is situated
between the Arabian Peninsula and Iran,
extending 1,259 km from the Arvand River
delta to the Strait of Hormuz. The deepest
point of the basin reaches 120 meters near
Small Tunb Island, with potentially greater
depths in the Strait of Hormuz. The
shallowest points range from 0 to 30 meters.
Despite the longstanding utilization of the
Persian  Gulf for aquaculture, a
comprehensive understanding of the most
suitable locations and the actual capacity for
such practices remains inadequately
explored. This oversight hinders the
optimization of aquaculture potential in the
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region, underscoring the necessity for
targeted research and  assessment.
Identifying ideal sites and quantifying their
capacities are essential steps toward
enhancing sustainable aquaculture practices
in the Persian Gulf, thereby fostering both
economic growth and ecological balance.

In the Persian Gulf, local resistant fish
species include Gilthead Seabream (Sparus
aurata), European Seabass (Dicentrarchus
labrax), and Sobaity Seabream (Sparidentex
hasta) [28]. Additionally, several candidate
species have been identified for potential
cage culture development, such as Silver
Pomfret (Pampus argenteus), Milkfish
(Chanos chanos), Cobia (Rachycentron
canadum), Asian Seabass (Lates calcarifer),
Rabbitfish (Siganus canaliculatus), and other
Seabream species (Sparidentex hasta ‘sheim’
and Acanthopagrus latus ‘sobiaty’) [29]. At
present, no comprehensive site selection
study or authoritative reference exists
specifically addressing the details of cage
culture of any above-mentioned species
within the Persian Gulf. The data and results
presented in this study aim to provide a
preliminary framework for investors,
planners, and policymakers to support the
strategic development of the marine
aquaculture sector. The threshold values for
environmental and technical parameters used
in this assessment were derived from widely
accepted scientific and official sources and
relevant literature.
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Figure 1: Study Area, the Persian Gulf
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Jahani et al. [30] explored the impacts of
cage aquaculture on the benthic environment
in the Persian Gulf. Their research
demonstrated that organic enrichment from
fish farming significantly affects sediment
quality. The study highlights the need for site
selection criteria that consider sediment
health to mitigate negative environmental
impacts, advocating for more stringent
regulatory measures in the site selection
process. Risk et al. [28] developed a
hydrodynamic circulation model for the
Persian Gulf, allowing the tracking of
dissolved material paths. In a model run
simulating one year of full operation for the
proposed number of fish farms, it is
estimated that most reefs on the Iranian side
will be exposed to nutrient levels too high for
reef survival. Significant trans-border
movement of nutrients is expected, affecting
the waters of neighboring countries. In fact,
within a few years, the entire Gulf will be
impacted. These planned aquaculture
projects have the potential to damage
mangroves and destroy all reefs in the
Persian Gulf in a very short period of time.
Abbasian et al. [14] conducted a numerical
experiment, along with data gathering from
sediment samples, showing that the farms’
“footprint” of anoxic bottom conditions
extends much beyond the actual size of the
farms (exceeding 2 km) in the Persian Gulf,
due to dominant tidal currents. These studies
indicate that it is essential to consider the
hydrodynamic characteristics of the study
area, including currents, waves, winds, and
surges, as the primary limiting factors for
selecting sites for fish cage culture.

Despite the valuable efforts made to
identify various aspects of cage aquaculture
in the Persian Gulf, a comprehensive site
selection study that considers all effective
parameters is still unavailable. This study
developed a comprehensive and sustainable
methodology for selecting appropriate sites
along the northern Persian Gulf coastlines,
aiming to identify optimal locations for
mariculture activities. The process requires
evaluating multiple parameters, including
environmental factors influencing fish
production, potential ecological impacts,
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infrastructure availability, and the interests
of other coastal stakeholders. By integrating
and visualizing data layers using GIS, it
became possible to evaluate multiple factors
simultaneously, streamline the selection
process, and make informed, data-driven
choices aligned with the scope of this study.
Specific considerations, such as
hydrodynamic and meteorological
restrictions, proximity to conservation areas,
operational techniques, local planning
context, landscape impacts, and access to
essential infrastructure, were implemented
as the main criteria. This inclusive approach
ensures that the proposed mariculture sites
are environmentally sustainable while
addressing the needs and concerns of all
parties involved in the management of
coastal resources.

It is necessary to determine the most
effective criteria in site selection for cage
aquaculture. Based on reviews in the
literature, the selection of suitable sites for
mariculture is influenced by several factors.
Environmental (chemo-physical) parameters
are crucial in determining a site's suitability
for fish production. Additionally, potential
environmental impacts must be considered,
along with the infrastructure needed to
service aquaculture operations. Safeguarding
the interests of other users of coastal waters
is also essential. Proximity to existing fish
farms, which may influence the viability and
sustainability of the proposed site, must be
thoroughly evaluated. Proximity to nature
conservation interests, including coral reefs
and environmentally protected areas, is
another critical consideration. The planning
context, including local plans or coastal zone
designations and existing aquaculture zones
or plans, plays a significant role in
determining the feasibility of a new site.
Potential impacts on the landscape and visual
seascape must be evaluated, along with the
availability of land access and necessary
infrastructure. Additionally, the impact and
proximity to areas of coastal security and
other activities or restrictions, such as
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environmental protected areas or military
zones, are important factors.

The capacity for fish production by cage
culture depends on several parameters, and
fish farms cannot be placed very close
together. The primary reason for this spacing
is to allow sufficient water current to pass
along the cages, flushing out bio-deposits.
Another major concern is to maintain a
contingency plan for epidemic diseases,
preventing widespread infections among
adjacent farms. Laws and regulations vary
significantly worldwide. In this study, a
minimum distance of 3 km between
medium-sized farms with a capacity of 1500
tons per year is assumed to be sufficient,
according to FAO/World Bank [31]. Such a
farm would comprise 12 floating cages, each
with a capacity of 125 tons per year,
featuring a high-density polyethylene
(HDPE) collar diameter of 28 meters and a
net depth of 10 meters. This cage size is
commonly used by local fish industries. This
estimation approach yields a nominal
production capacity based on the suitable sea
surface area. However, many of these sea
areas are adjacent to undeveloped lands that
lack the infrastructure necessary to support a
viable mariculture industry. Accordingly, a
practical capacity should also be estimated,
as it is substantially lower than the nominal
figures. Finally—and importantly—this
study does not address the total carrying
capacity of the Persian Gulf. As a semi-
enclosed water body, it has a finite ability to
absorb  biomass discharges  without
compromising its ecological integrity.
Accurately estimating this overall carrying
capacity  would  require  extensive
environmental monitoring and detailed
biogeochemical analyses, which lie beyond
the scope of this study.

A good data collection method for the
Persian Gulf’s metocean in relation to
aquaculture  should combine  direct
measurements, satellite observations, and
numerical model outputs. Instruments like
ADCPs, buoys, tide gauges, and CTDs help
measure currents, waves, sea level, and water
quality. Satellite data (e.g., from MODIS
[32]) provide useful large-area information
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like sea surface temperature and chlorophyll.
Additionally, local and global ocean models
(such as HYCOM [33]) can supply
continuous and historical datasets needed for
planning and monitoring aquaculture
operations. Satellites such as MODIS help
monitor sea surface temperature and algae.
Weather stations add wind and air data.
Aquaculture sites should be checked often
for temperature, oxygen, pH, and ammonia.
GIS can help choose safe and useful
locations. All data should be stored in one
system, checked for accuracy, and used to
make models and simple reports. This helps
farmers and planners protect the sea and
grow healthy fish.

Site selection in this study is based on a
set of geophysical, environmental, and
logistical criteria aimed at identifying areas
suitable for fish cage culture. These include
water depth and distance from the shoreline.
Sea surface temperature, wind and wave
conditions, and current speed limits are
dynamic variables that can exhibit
significant seasonal and interannual
variability, potentially influencing
operational feasibility and productivity. In
this study, a general approach has been
adopted to avoid the complexities associated
with accounting for interannual variations.
For example, a conservative temperature
range was defined to ensure that
environmental conditions remain broadly
suitable for the cultivation of conventional
aquaculture fish species throughout the year,
thereby minimizing the risk of temperature-
related production limitations. Additionally,
the analysis excludes areas that would
interfere with coastal and navigational
activities or overlap with designated
environmental protected areas, which are
typically fixed but may be subject to future
regulatory changes. Acknowledging the
temporal nature of some criteria is essential
for understanding the robustness and
adaptability of proposed sites. It should be
noted that this study aims to estimate the
aggregative total capacity for mariculture
along the northern shoreline of the Persian
Gulf, rather than to prescribe specific site-
level recommendations. While the applied
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criteria help identify broadly suitable areas,
a detailed investigation and feasibility study
would be essential for each prospective sub-
area to account for localized environmental,
technical, and regulatory conditions.

The primary approach adopted in this
study for identifying suitable zones for fish
cage culture assumes that all areas along the
coastline are initially considered appropriate.
However, any area that fails to meet the
acceptable range for any of the specified
criteria is excluded from consideration. In
other words, all criteria are treated equally,
and failure to satisfy even one constraint
results in the disqualification of that region
as a potential site.

A comprehensive economic feasibility
assessment of all potential cage culture
projects was beyond the scope of this study.
It is important to note that the economic
viability of aquaculture initiatives is
influenced not only by site-specific physical,
socio-political and socio-economic
conditions but also by investor-specific
factors such as financial capacity,
operational background, and strategic goals.
Such variables that are not accessible to the
authors at this stage. Therefore, the focus of
the present study is limited to identifying
coastal areas that are biophysically and
hydrodynamically suitable for fish cage
culture, providing a foundational framework
for further, more detailed investigations.

The identification and selection of sites
for coastal and marine aquaculture
(mariculture) involved integrating satellite
imagery with various mapped datasets,
including environmentally protected areas,
navigation routes, infrastructure (e.g., ports
and offshore facilities), and coastal features
such as bathymetry and topography, wind
and wave and current characteristics.
Geographic Information Systems (GIS) were
employed to conduct spatial analysis on the
collected datasets, enabling the identification
of suitable aquaculture sites through a
stepwise process. This process included data
collection and compilation, database
integration and preparation, initial mapping
via database analysis, conversion and
transfer of information layers to ILWIS
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software, elimination of unsuitable areas
based on predefined criteria, and finally, the
export of areas meeting the acceptable site
characteristics. The essential criteria that
were considered on a broad scale for the
selection of potentially appropriate sites for
cage aquaculture include the following
items:

Water depth is likely the most critical
criterion for the siting of cages, as it
facilitates the dispersion of particulate matter
and enhances water exchange. Additionally,
deeper nets can maintain more stable water
quality and temperature while reducing
water movement during storms [7].
Bathymetric data were collected from
various sources, including the National
Cartographic Center (INCC), ETOPO, and
the General Bathymetric Chart of the Oceans
(GEBCO). Based on our field investigations
and interviews with industry professionals
actively engaged in fish cage culture, it is
evident that the most prevalent type of cages
used in the Persian Gulf region are HDPE
floating cages with nets extending to a depth
of 10 meters. Consequently, we recommend
a depth range of 20 to 60 meters for
identifying optimal aquaculture sites for
these fish species.

The location of fish breeding sites should
be in proximity to a port with a pier, allowing
boats from the farm to berth in a sheltered
area. This proximity ensures efficient access
for distributing farm products, transporting
food, juvenile fish, fuel, equipment, and
other necessary materials [24]. It also
facilitates increased site inspections by farm
managers and experts. To ensure timely
transportation, the travel duration from the
port to the farm should not exceed 2 hours,
corresponding to a maximum distance of 20
kilometers assuming a typical boat speed of
7 knots. Practically, suitable harbors for
berthing farm boats should accommodate
vessels of at least 15 meters in length. This
approach accounts for the currently available
production capacity. However, to estimate
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the ultimate (nominal) aquaculture potential
of the northern Persian Gulf coastline,
proximity to existing ports and harbors must
be excluded from consideration, and only the
distance to the nearest shoreline should be
applied. Consequently, fish production
capacity is calculated for both scenarios: the
ultimate capacity based on geographic
potential alone, and the current capacity
constrained by existing infrastructure.

The temperature range of the water must
be appropriate for the species being cultured.
Consequently, seawater temperature data
should be collected and analyzed to inform
species selection. Temperature directly
influences fish metabolism and,
subsequently, their oxygen consumption,
activity levels, and the production of
ammonia and carbon dioxide. In general, sea
surface temperatures in the Persian Gulf
have shown significant variability, ranging
from about 22°C to 35°C, influenced by
seasonal and climate-related factors [34],
[14]. Recent studies suggest that the optimal
water temperature for marine fish cage
culture in the Persian Gulf ranges from
approximately 20°C to 32°C.A research
conducted in northwestern parts of the
Persian  Gulf indicates that water
temperatures varied from 11.8°C to 32.5°C,
with  significant  environmental and
ecological impacts observed within this
range [30]. These temperature ranges are
consistent with general recommendations for
marine aquaculture, emphasizing the
importance of monitoring and managing
water  temperatures to ensure the
sustainability of fish stocks in the region. In
this study, although resilient fish species are
considered, regions with a temperature range
of 13-30°C are presumed suitable for
aquaculture. In this study, oceanographic
data were obtained from HYCOM [35].

Strong winds, such as typhoons and
cyclones can destroy all structures above the
water and may damage in-water structures.
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The optimal wind speed range for cage
aquaculture in the Persian Gulf has been
identified to ensure effective water
circulation, minimize structural stress on
cages, and maintain water quality. Wind
speeds between 3 to 6 m/s are ideal for these
conditions. Recent studies suggest that for
floating cages, the maximum permissible
wind and wave limits are 40 km/hr (11.11
m/s) and 1 m respectively [36]. Another
implication of high wind speeds is the
consequent wave induced turbulence which
drastically degrade the fish production
quality and quantity. For instance, research
by Barbier et al. [37] highlights that high
wind speeds can lead to significant
turbulence, which may cause increased stress
on cage structures and potentially disrupt the
growing environment for aquatic species.
Similarly, a study by UNDP/FAO [38§]
emphasizes that maintaining wind speeds
below 10 knots (5.14 m/s) for floating cages
helps in balancing water circulation and
minimizing the risk of damage to the cages.
Accordingly, the wave heights should not
exceed 1.0 m. The wind field dataset (ERAS)
was collected from the European Centre for
Medium-Range Weather Forecasts
(ECMWF) and the National Centers for
Environmental Prediction (NCEP) data
center [39]. In the current study, weather
condition surveys were conducted, and areas
with wind speeds below 15 nautical miles per
hour (7.7 m/s) were identified as suitable for
the construction of cage aquaculture sites.
Besides the cage structure stability, there
is a more restricting criterion imposed by
waves. Based on interviews with farmers and
experts, it was determined that delaying fish
feeding for three to five days annually poses
no issues in the breeding process. In
rudimentary feeding methods, boat activity
is restricted to maximum wave heights of
less than one meter. Jedari Attari et al. [40]
developed a  comprehensive  wave
hindcasting/forecasting system for the
Persian Gulf. Analysis on the 25-year long
wave climate data reveals that some areas in
the study area experience severe wave
heights  repeatedly, = making  them
inappropriate for cage -culture practice.
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Therefore, locations in the Persian Gulf
experiencing storm events with waves
exceeding 1 meter and lasting longer than
three days are deemed unsuitable. This
determination ensures additional security by
excluding areas where such events occur
more than six times in 25 years
(approximately every four years on average).

Adequate water exchange in cage culture
systems is vital for oxygen supply and waste
removal, but strong currents can deform
cages and reduce their volume. Maintaining
optimal current speeds ensures water quality,
effective waste dispersion, and reduced
stress on both cages and cultured species.
The currents within the Persian Gulf are
primarily tide-dominated, meaning tidal
forces largely govern their movement and
circulation patterns. [41], [42], [43]. Lopez et
al. [44] conducted a study to on structural
stress imposed on the collar HDPE pipe of
the fish nets and suggested that while
existence of minimum currents maintain the
quality of surrounding water, current speeds
beyond 1 m/s exert excessive stresses on the
structure of the nets. Huang et al., [45] also
suggested that farming sites should be
positioned in zones where the -current
velocities are below 1 m/s. Prema [36]
suggests a range between 0.05 m/s to a
maximum of 1 m/s would be satisfying
current velocity for cage culture. Analysis on
hydrodynamic current data [46] reveals that
the Persian Gulf experiences tide-dominated
currents, with typical velocities in coastal
areas ranging from 0 to 0.8 m/s. In certain
locations, such as areas characterized by
funneling and shallowness, current velocities
can reach up to 1.2 m/s. In this study, a flow
current range of 0.3 (a minimum to ensure
adequate carrying capacity of the site) to 0.8
m/s (a maximum to avoid imposing stress
both on structures and fish) has been
identified as suitable for the construction of
cage aquaculture sites. Maintaining current
speeds within this range ensures efficient
waste removal and optimal oxygen levels,
which are critical for the health of the
cultured species.
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Mariculture site selection must consider
several exclusion zones to ensure operational
safety and environmental protection [47].
Sites should be located at least 1 km away
from waste dumping points and coastal
underwater pipe outlets to prevent
contamination. Additionally, areas with
underwater cables or conduits should
maintain a minimum distance of 200 m to
avoid interference with moorings or cages.
Due to potential military activities, such as
navigation routes or firing ranges, a buffer
zone of 5 km is recommended around areas
of military importance. Furthermore,
aquaculture cages should be kept at least 500
m away from vessel anchorage areas,
typically found near harbors or industrial
zones, where marine traffic standby
anchorage is managed. For optimal fish
production and safety considerations, fish
cage licenses should be situated at least 1 km
away from designated navigation routes to
mitigate disturbances caused by large
vessels, including waves and underwater
engine noise. Additionally, to minimize
potential conflicts with tourism activities,
mariculture sites should be located at least 3
km away from tourist hotels and beaches,
particularly in areas where tourism is
integrated with residential districts near
major urban centers. Furthermore, due to
security sensitivities, aquaculture facilities
should avoid placement near national border
areas.

The Persian Gulf coast supports coral
reefs extending from Khark Island in the
northwest to Qeshm and beyond in the
southeast [48]. Recent field observations
indicate that the northern coastline of the
Persian Gulf harbors more coral than
previously reported [28]. These reefs are
critically important for fisheries, serving as
nurseries for juvenile fish and refugia for
adults. Fisheries yields from reef areas are
significantly higher than those from adjacent
sediment plains. The major threats to the
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reefs of the Persian Gulf include
sedimentation, pollution, nutrient

enrichment, and overfishing [49]. These
threats are well-documented globally [50].
Overfishing is considered a significant factor
in the global decline of coral reefs [51], while
others argue that nutrient increases are a
major driver of this decline [52]. Harmful
algal blooms, such as red and brown tides
driven by nutrient influx, pose a threat to the
Persian Gulf reefs and those in other regions.
For example, Namin et al. [53] reported
widespread coral mortality near the Strait of
Hormuz following a red tide event in 2008-
2009.

The development of aquaculture in
environmentally sensitive areas necessitates
a meticulous approach to minimize potential
risks to these ecosystems [54] [55]. It is
imperative to recognize that the restoration
of natural habitats can be a protracted
process, often demanding significant time
and resources [56]. Stakeholders must
prioritize sustainable practices that not only
enhance aquaculture productivity but also
preserve the ecological integrity of affected
regions. Through careful planning and
responsible management, we can ensure that
the benefits of aquaculture do not come at the
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expense of our vital natural resources. To
safeguard protected arecas, a minimum
distance of 5 km from these sites has been
adhered to. The dataset identifying marine
protected areas was compiled through
collaboration between consulting teams and
the Department of Environment, likely based
on GPS positions and distributed in GIS
format. It is crucial to prioritize the
protection of sites of particular ecological
significance, including marine protected
areas, conservation areas, habitats crucial for
bird populations, wetlands supporting
waterfowl, coral reefs, tidal flats and
mangrove forests.

3. Result and Discussion

In this study, we employed a Geographic
Information System (GIS) platform to
identify suitable areas for cage aquaculture
in the Persian Gulf. Various constraining
parameters were collectively considered,
including navigational corridors, oil and gas
pipelines, protected areas, unsuitable current
speeds and wave heights, inconvenient water
depths, and distance from the shoreline.
Figure 2 maps the spatial distribution of
these restricting criteria.

54°E 56°E

50°E 52°E

Navigation corridor
Energy pipeline
Protected areas

30°N

Current speed over 0.8 m/s

Current speed below 0.3 m/s z
Stormy waves (Hs > 1 m for +3 days) | &
Depths < 20 m or depth > 60 m
Maximum wave heights >5 m ;

Distance to shore > 20 km

Figure 2: Mapping restricting criteria.

Unfortunately, there is a lack of scientific
evidence or official documentation to
ascertain the extent of capacity utilization
within the fish cage culture sector in the
Persian Gulf. According to a report from a
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reputable news agency, the current
production from fish cage culture in this
region amounts to approximately 40 kilotons
[56]. Despite this production figure, an
evaluation of the existing roadways and land



https://jhs.scu.ac.ir/

Assessment of Site Suitability and Capacity...

infrastructure indicates that there remains
substantial potential for further investment in
the industry, suggesting an opportunity for
growth and enhancement of production
capabilities. Figure 3 depicts the areas
identified as suitable for cage culture based
on GIS layer analysis. After excluding non-
favorable regions, six distinct areas (A to F)
have been identified as potentially suitable
for profitable and sustainable fish cage
culture practices, ensuring the protection of
environmentally valuable areas. Table 1 lists
the geographical characteristics and
hydrodynamical properties of the proposed
selected sites, along with current and future
nominal potential fish cage culture capacity.
Based on calculations, it is estimated that the
northern shoreline of the Persian Gulf
currently possesses the capacity to support
up to 200 kilotons of fish production through
cage culture. This estimation takes into
account the accessibility of inland facilities
and transportation routes essential for the
efficient utilization of these areas.

However, should the entirety of the
coastline be developed and suitable
infrastructure (powerline, roads, harbors, ...)
be established along the shoreline, the
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The main scope of this study was to spot
suitable sites for conducting cage culture
practice. We have not considered the
biogeochemical processes involved in
aquaculture. Consequently, rough estimation
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nominal potential capacity for fish
aquaculture yields could reach nearly one
million tons annually. This ambitious
projection underscores the significant
opportunities available within the sector,
contingent upon strategic planning and
investment in sustainable practices. Such
developments would not only enhance food
security but also contribute to the economic
vitality of coastal communities. It should be
carefully noted that the estimated value

presented herein serves as a highly
hypothetical approximation, derived
primarily from the geometric assessments
and spatial evaluations of identified

desirable regions. This estimate does not
take into account the ecological constraints
that inherently influence biological systems.
A comprehensive investigation into nutrient
cycling and the intricate biogeochemical
processes at play would be essential to
elucidate the practical maximum capacity for
aquaculture within the specified area.
Understanding these dynamics is critical for
informed  decision-making  regarding
sustainable  practices in  aquaculture
development [57].

56° E
Figure 3: Suitable Areas (A~F) for fish cage culture along the northern coastlines of the Persian
Gulf.

of aquaculture production capacity just
based on geometry, physical and general
environmental restrictions may result in
extraordinary huge numbers which does not
match with biogeochemical carrying
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capacity of the study area. For future
research, it is recommended to focus on
enhancing the sustainability and resilience of
mariculture operations through a robust
monitoring framework. A comprehensive
approach should involve assessing current
fish farm monitoring initiatives, designing a
tailored program suitable for the Persian
Gulf environment, establishing standardized
data collection protocols, leveraging
collected data for impact evaluations, and
crafting a specialized monitoring guide that
addresses the region's distinct geographic
characteristics. These efforts are pivotal for
maintaining operational viability and
environmental harmony amidst dynamic
challenges and changing circumstances.

Additionally, integrating principles from
Integrated ~ Multi-Trophic =~ Mariculture
(IMTM) could optimize environmental
conservation efforts which involves
cultivating multiple species across different
trophic levels to utilize eutrophic waste,
particularly from finfish. This approach
mimics natural nutrient cycling, reducing
eutrophic input and maintaining
environmental capacity [58], [59]. By
implementing IMTM strategies, future
studies can effectively mitigate
environmental impacts, sustain operational
viability, and preserve biodiversity in coral
reefs and seagrass beds amid evolving
challenges [60], [61].

Table 1. Geographical, hydrodynamical, and fish production characteristics of selected proposed

Production Capacity (kt/year) ¢

sites.
Areas A B C D E F Total
Total Area (km2) 758.01 25914 183.55 3561.66 405.61 244049 9940.72
Average Depth (m) 14 28 32 38.1 45 34.2 -
Average Distance to Shoreline 17.5 127 143 77 76 36 i
(km)
Average No.‘of Excess Wave 1 13 1.4 15 3 | i
Events in 25 years
25-Year Significant Wave Height  3.53 3.18 3.91 4.42 4.87 3.33 -
Averaged Maximum Current 53 o5 941 06 062 053 .
Speed (m/s)
Averaged Distance to
Environmentally Protected Areas 269.5  202.7 64.7 183.9 271 184 -
(km)
Averaged Distance to Wild-Life
Habitat Areas (km) 67.8 52.2 178.7 112.3 197 175 -
Current Fish Yield (kt/year)? 40%
Current Fish Production b
Capacity (kt/year)" 6.8 66 7.4 65 6.4 48.4 200
Nominal Ultimate Fish 45 355 17 380 39 160 ¢ 996 ©

a) This value was obtained based on
estimates reported by news agencies [56]. To
date, no official reports from authorized
institutions or peer-reviewed scientific
references have been published to verify this
figure.

b) It is important to note that the current
potential capacity is contingent upon the
availability of essential inland infrastructure,
including transportation routes, power lines,
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harbors, utilities, and industrial support
services.

c¢) This estimation is derived from
geometric analysis and a limited set of
criteria considered in this study. Three key
assumptions underpin these projections: (1)
that all prerequisite infrastructure along the
coastline is fully developed, and (2) that the
overall carrying capacity of the Persian Gulf
(being a semi-enclosed water body) has not


https://jhs.scu.ac.ir/

been accounted for. A thorough ecological
and biophysical assessment is needed to
understand the cumulative impact of organic
loading in an environment with limited self-
purification capacity. Additional factors,
such as the emergence of contagious diseases
that can significantly reduce yields, must
also be considered. Furthermore (3), socio-
economic conditions will inevitably
influence the extent to which this industry
can sustainably expand.

d) Regarding Site F, despite its
considerable spatial extent, it has been
assigned a lower future nominal capacity.
This assessment is primarily due to its
dependence on a few remote and relatively
small islands for land-based infrastructure
support. Even under the assumption that
these islands are fully developed and
populated, they are unlikely to offer the level
of logistical and industrial support required
for the intensive demands of cage culture
operations.

In this study, a set of scientifically
grounded criteria was applied to identify
suitable sites along the northern coastline of
the Persian Gulf. These criteria included
water depths ranging from 20 to 60 meters,
proximity to ports within 20 kilometers, and
sea surface temperatures between 13°C and
30°C. Sites were limited to areas with
maximum wind speeds of 7.7 m/s and
excluded zones frequently affected by waves
during storm conditions (defined as wave
heights exceeding 1 meter for more than
three consecutive days occurring more than
once every four years). Additionally,
acceptable current speeds ranged from 0.3 to
0.8 m/s, and a 5-kilometer buffer zone was
maintained to avoid interference with both
navigation/coastal  activity areas and
environmentally protected zones. Using
these criteria, GIS layers were generated
wherein areas not meeting all criteria were
excluded. The resulting GIS layers identified
several suitable spots for establishing cage
aquaculture farms, extending from the
northwest coastal areas in front of Mahshahr
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(Khozestan Province) to the southeast, strait
of Hormuz (Hormozgan Province). The
developed approach not only enhances the
potential for sustainable aquaculture
development but also serves as a model for
integrating spatial analysis with
environmental management in coastal and
marine ecosystems. Implementing the cage
culture practice in the sites proposed by this
study ensures a profitable and sustainable
mariculture business and moreover mitigates
the potential environmental hazards
threatening the precious coral reefs and
coastal habitats in the region. The findings of
this study indicate that the northern coast of
the Persian Gulf possesses the capacity to
sustain approximately 200,000 tons of fish
production annually through cage culture,
given the constraints of  existing
infrastructure.  Notably, the region's
theoretical maximum potential could reach
nearly one million tons per year, provided
that spatial suitability is fully realized
without logistical restrictions. However, it is
imperative to acknowledge that this
projection is based on a spatial analysis
utilizing a limited array of physical and
operational criteria and does not account for
critical ecological factors, including the
overall carrying capacity of the Persian Gulf
as a semi-enclosed water body. Therefore, a
comprehensive  investigation into the
biogeochemical processes and total carrying
capacity of the region is essential prior to the
implementation of aquaculture in all
identified suitable areas proposed by this
study. Nevertheless, integrating future
ecological monitoring and feedback systems,
such as  Integrated  Multi-Trophic
Aquaculture (IMTA) and Life Cycle
Assessment (LCA), is essential for
promoting sustainable resource use and
minimizing environmental impact [62], [63].
These systems enable real-time data
collection, adaptive management, and
informed decision-making to enhance
ecosystem health, resilience, and long-term
productivity.
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