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Abstract
Considering river behavior analysis, numerous researchers worldwide have so far attempted to
construct experimental channels. This piece of research discussed the construction of a channel
with two bends and its application. Beginning from the upstream side, the channel respectively
consisted of an 8-meter-long straight path, two consecutive 180-degree bends, and another 8-
meter-long straight path downstream. In addition to presenting the stages of design and
construction of this channel, this study provided some instances, where different hydraulic
structures, including a T-shaped spur dike, a gate, sharp-edged and wide-edged spillways,
submerged vanes, and a bridge pier, were implemented in meandering paths. A comparison of
the results from the use of different hydraulic structures in this meandering channel showed that
these structures had different effects on bed topography variations. For instance, under similar
flow conditions, the maximum scour depth increased in the sharp-edged spillway experiment by
approximately 40% compared to that in the wide-edged spillway experiment. In addition, the
maximum scour around the T-shaped spur dike located in the external bend was 2.7 times
greater than that with the case it was placed at the upstream internal bend. Reviewing the results
of two cases of using submerged vanes in front of a single pier located at an angle of 180 degrees
in the meandering channel, as compared to the case of a single pier without the use of vanes
shows that the maximum scour depth around the bridge pier was reduced by approximately 10%
when utilizing submerged vanes in conjunction with the single pier. Furthermore, by positioning
three submerged vanes at the intersection of the two bends, the maximum depth of the scour hole
was observed to occur at an angle of 358 degrees, located at a distance equivalent to 5% of the
channel width from the outer wall, corresponding to 0.185 times the channel width. By
repositioning the T-shaped spur dike to a 180-degree angle from the outer bend to the inner
bend, an increase of nearly 35% was observed in the maximum scour within the bend.
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1. Introduction

Predicting river behavior, particularly at bends, is of great importance as rivers mostly have
meandering paths in nature, Akbari and Vaghefi [1]. It is highly complicated to use field studies
and mathematical computations to study river processes. Nevertheless, physical modeling can be
used as a complementary method for simulating complicated processes, Peakall and Ashworth
[2]. However, developing such models is often highly costly and sometimes impossible. While
constructing experimental and research channels under specific conditions helps researchers
study river behavior, this method has made possible many research studies conducted on
laboratory channels. After inspections made on the quality and conditions of different research
channels and considerations of the importance that meandering rivers have, this study has
involved the design and construction of a meandering channel to make different experimental
studies feasible for studying the behavior of river structures present in it.

A review of the research conducted around river engineering topics refers to the particular
importance of studying the flow behavior in bends in different experimental channels with
varied materials, dimensions, and shapes worldwide. Instances of hydraulic channels
incorporated by researchers at different research institutes all over the world have been
introduced as follows:

Researchers such as Raudkivi and Ettema [3], Chiew and Melville [4], Chiew [5],
Shakibaeinia et al. [6], Nazari-Giglou et al. [7], Vaghefi et al. [8], Wang et al. [9], Yagci et al.
[10], Chavan and Kumar [11], and Zou et al. [12] utilized straight channels to carry out their
experiments.

Since flow and sediment patterns in meandering river paths are more complicated than those
in straight paths, river meanders and bends have received less attention from researchers. A
number of these research works are mentioned here:

Tarbiat Modares University in Tehran has a collection of different experimental channels, an
instance of which is a steel channel with glass walls and a 90-degree bend. Ghodsian and
Vaghefi [13] and Vaghefi et al. [14,15] may be stated as instances of research studies conducted
in this university. In China, Wang et al. [16] used a channel with six meandering bends. A
concrete hydraulic experimental channel with a 90-degree bend was constructed in the
hydraulics laboratory of Urmia University by Abdolahpour et al. [17]. Dugue et al. [18]
presented their studies on a single-bend channel with PVVC walls in Switzerland. The University
of Minnesota in the U.S. hosts several experimental channels for researchers, and Khosronejad et
al. [19] conducted some experiments in a straight channel in St. Anthony Falls Laboratory.
Various channels have been used by researchers in India, among which Moharana and Khatua
[20] conducted in a sinuous channel may be referred to. Termini [21] presented his research in a
meandering channel having sinuous curves with an angle of 110 degrees at the University of
Palermo in Italy. Queen’s University in Canada has different research departments in river and
coastal engineering. Meandering channels made of PVC have been used by numerous
researchers, including Binns and da Silva [22]. Mera et al. [23] built a river model with
construction and building materials at the University of A Corufia to study the Mero River in
Cambre, Spain. Pagliara et al. [24] utilized a channel comprised of three bends for their studies.
Liu et al. [25] conducted their research at Sichuan University in China on a meandering concrete
channel with sinuous bends. Akhtari and Seyedashraf [26] used a channel with a 60-degree bend.
In Bushehr, Persian Gulf University has a steel channel with glass walls and a 180-degree sharp
bend designed and constructed by Vaghefi and Akbari [27]. Moganlu et al. [28], Keshavarz et al.
[29], Solati et al. [30], Vaghefi et al. [31], Keshavarz et al. [32], Sedighi et al. [33], and Akbari et
al. [34] conducted a thorough examination of their respective findings within this 180-degree
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sharp bend. Park and Ahn [35] used a double-bend, S-shaped meandering channel with a length
of 16.5 meters, a width of 1 meter, and a height of 60 centimeters in South Korea to carry out
their experiments. This channel consisted of two 150-degree bends connected via a 1-meter-long
straight path. Serajian et al. [36] presented their experimental studies in a 90-degree bend
channel in Ahvaz.

According to surveys on the experimental channels available in different universities and
research institutes, it has been observed that channels with a straight path or with a single bend
have been constructed in most laboratories. These few meandering channels under investigation
are also mostly straight channels that have been changed from straight into meandering using
construction materials to study the behavior of meandering rivers. Therefore, this study aimed to
present a method of constructing a meandering channel comprised of two 180-degree bends.
Experimental channels in a meandering shape with a steel structure and glass walls have less
often been considered and constructed. Among the many prominent features of this channel are
its being 1 meter wide and long and having consecutive 180-degree bends Moghaddassi et al.
[37,38].

Patel and Kumar [39] employed a glass flume measuring 17.2 meters in length, 1 meter in
width, and 0.72 meters in depth for their investigative study. Within the scope of their research,
they examined various configurations of spur dikes, specifically T-shaped, L-shaped, and
rectangular designs. Additionally, Pradhan et al. [40] utilized a T-shaped spur dike in their

research to analyze alterations in the topography of the bed.

This study presented a comprehensive examination of the technical and lesser-known aspects
pertaining to the construction and installation of meandering channels, which are certainly of
significant interest to river engineers. In the following, the stages of constructing a meandering
channel will be addressed from the onset to the end , and instances of its applications will be
presented. Additionally, it illustrated examples of the application of various river structures, such
as bridge piers and spur dikes, ... and compared their performance in relation to scouring and
sedimentation across different channels. This article presented an analysis of technical and less
commonly discussed aspects pertaining to the construction, installation, and operation of
meandering channels, which would be of significant interest to professionals in the field of river
engineering. The discussion included a comparative evaluation of various structures, such as
bridge piers and spur dikes, in relation to their functionality in different channel contexts,
particularly concerning scouring and sedimentation processes.

2. Process of Meandering Channel Construction and Implementation
This section first introduces the meandering channel properties and then addresses the stages
of its construction and setup.

2.1 Meandering Channel Properties

Beginning with the upstream side, this meandering channel is comprised of an 8-meter-long
straight path, two consecutive 180-degree bends, and another 8-meter-long straight path
downstream. The bends have an outer curvature radius of 4 meters, and considering the 1-meter-
wide channel, their relative curvature radius is 3.5. The bed is made of steel, and the channel has
0.8-meter-high walls made of shatter-proof security glass with a thickness of 10 millimeters. A
reservoir with a length of 2 meters, a width of approximately 1 meter, a height of 85 centimeters,
and a volume of 1700 liters is implemented at the channel entrance on five pillars. To adjust the
flow depth in the channel, a butterfly gate is used at the end of the straight downstream path

SPRING 2025, Vol 11, No 2, JOURNAL OF HYDRAULIC STRUCTURES
Shahid Chamran University of Ahvaz



4 N. Moghaddassi, M. Vaghefi

Moghaddassi et al. [37].

The outlet reservoir is made of concrete and is 15 meters long, which transfers water to the
inlet reservoir with the pump set up at its end. Figure 1 illustrates a 3D model along with the

construction of the real model.

2.2 Meandering Channel Construction Stages
2.2.1 Designing and Preparing the Ground

Prevention of potential ground subsidence under the influence of the applied loads requires
implementing a proper and reinforced substructure. A concrete substructure with a thickness of
20 cm and a mosaic pavement was used to reinforce the present bed. In order to determine the
control points and install the channel at the precise location, a Leica Total Station camera was

used.

4= Pump System

Inlet Reservoir

Upstream Bend

Downstream Bend

Butterfly Gate \

(b)

Figure 1. A 3D view of the channel: a) a schematic view and b) a real picture in the laboratory
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2.2.2 Structural Design

Solid work and Sap2000 software programs helped design the structure. The channel's main
structure consists of 20 parts with a length of 2 meters, a width of 1 meter, and a height of 80
centimeters, and each 2-meter-long part is located on five pillars. The required steel for
constructing every part of the channel was considered to be ST37 with a yield strength of 2400
kg/cm?. The loads from different sections, including the glass, the water, and the filler materials
made of Sicilian Sand, are considered in the model. Since the internal stress of the structural
members is insignificant, the deformations and the maximum deflection of the members are the
decisive factors in this analysis. The inlet reservoir and the outlet butterfly gate of the channel
have been designed considering a flow rate of 100 L/s.

2.2.3 Designing Pump and Water Supply System

Supply of water to the meandering channel is made possible using Pumpiran 150-200. In this
pump, the circle number (n) is 1450, the transferable discharge (Q) is 330 m?hr, the head (H) is
9 m, and the power (P) is 15 kw. Due to flow drop on the water transmission pathway, this
system allows a transferable discharge up to 100 L/s. Considering the type of electropump
employed and the pipes available on the market, an 8-inch-long pipe is used at the inlet suction
and a 6-inch-long pipe at the outlet discharge. Considering the discharge pipe harnessed at the
structural wall around the channel and the shock proof implemented at the pump outlet, the
vibration transfer is controlled through the flow pipe in this channel.

An ultrasonic flowmeter, Altek (Type: TFM3100-F1), is used to determine the flow rate with
an accuracy of +1%. Transducers of this type of flowmeter can be installed in different methods:
N, W, Z, or V. The best place to install the flowmeter transducers is a point on the pipeline
which is at the maximum distance from the pump inlet, the valve, or any obstacle generating a
turbulent flow. In this channel, the transducers are 4 meters away from the pump's outlet area.
The minimum upstream distance of the transducers must be five times the pipe's diameter (80
cm), and it is predicted to be 12 meters in this case. Different arrangements of the transducers
were tested and controlled. Given the diameter of the discharge pipe, the best choice in this
project is the V-method installation. The performance of the ultrasonic flowmeter was evaluated
and verified using two different flowmeters. Figure 2 illustrates how the pump, the piping
system, and the flowmeter are installed in this channel.

A concrete reservoir with a width of 1 meter, a height of 2 meters, and a length of 15 meters
is constructed along the channel to tighten the path of water transmission from the outlet section
and pump water to the channel inlet. Construction of this basin includes excavating the site,
implementing a concrete slab for the wall and the bed, isolating and waterproofing,
implementing the tiles and ceramic, installing a trash capture filter at a distance of 1 meter from
the pump inlet, and implementing a concrete slab on the flow path. Figure 3 shows the
construction of the outlet reservoir and the water transmission system.
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3 6-inch water
transfer pipe

e flow meter
ransducers=" -

(©) @
Figure 2. Installation of the pump and the flowmeter: (a) the installed pump, (b) 1- the waterproof
rubber O-ring sealing gasket, and 2- bolts and nuts, (c) the flowmeter transducers in VV-mode, and
(d) the flowmeter control box

2.2.4 Installation of Channel Modules

A 2-meter-long module of the channel structure was first constructed. Then stencils were
supplied for making and installing the glass. After testing and verifying the proper and precise
connection between the parts, the other parts of the structure and glass were built and assembled
in the workshop. After designing and constructing the first module, the other channel modules
were built and assembled according to the working drawings. After assembling different
modules according to the working drawings and visiting the first module, the installation and the
initial test of the glass were done.
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Pipe to connect the
pump inlet

(d)
Figure 3. Construction of the outlet reservoir and the water transmission system: (a) site excavation,
(b) concrete wall implementation, (c) walls and bed waterproofing, (d) bed and body tiling, (e) trash
capture filter implementation, and (f) the final concrete cover on the reservoir

Figure 4 illustrates the construction of a part of the structure, the inlet reservoir, the outlet
gate, and the initial assembly of the channel in the workshop. After the initial assembly of the
whole structure according to the drawings, different channel modules were assembled and
moved to the paint workshop. After painting, the modules were prepared to be loaded for
implementation at the project site. Figure 5 shows the stages of painting the channel modules.
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. H)LI_ -

Figure 4. Construction of the structure and aésembl of the first channel in Azar Ashena Ab Co

(@) (b)
Figure 5. Stages of painting the channel modules: (a) sanding and removing the rust from the parts
and (b) painting

After transferring the modules to the site, the stages of installation and assembly of the
channel, including implementation of the 2-meter-long modules and glass, were done according
to the working drawings. The heat-resistant sealing paste was used to waterproof the modules.
As a waterproofing test, the channel was exposed to a hydrostatic pressure of water for a height
of 0.8 meters for 24 hours.

Engine and gear, which could be transported both electrically and manually, were used to
adjust the gate, and they were able to move the gate with the precision degree of 1 millimeter.
Figure 6 illustrates the different parts of the outlet butterfly gate.
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()
Figure 6. Different outlet gate sections: (a) the gate manual control and (b) the butterfly gate
Using a %-inch PVVC pipe to prevent the turbulent flow from entering the channel and calm it,

a system was designed and implemented as shown in Fig. 7; this set well converted the turbulent
inlet flow of the reservoir into a uniform and steady flow in the channel.

©) o (d)
Figure 7. How turbulence is controlled and the flow is calmed: (a) installing PVC pipes to control
the flow, (b) the flow inlet before turbulence control, (c) the turbulent inlet flow, and (d) the uniform
outlet flow through the channel entrance path
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2.2.5 Design and Construction of Protective Structures

Structural walls and ceilings were implemented around the channel to protect the channel
structure under different weather conditions such as wind and rain, to eliminate the external
variables' effect on experimental results, and to provide appropriate moisture and temperature for
laboratory conditions.

2.2.6 Implementation of Bed

This channel will host various experiments under both rigid and mobile bed conditions (as
shown in Fig. 8). Fig. 8-a depicts the rigid bed, and Fig. 8-b shows the mobile bed filled with
Sicilian fine materials. To prevent materials outpour, galvanized sheets function as sloped
surfaces at the beginning and the end of the channel's straight paths, as shown in Fig. 8-b.

5 et

5 e g SO o)
Figure 8. Channel bed: (a) the rigid bed and (b) the mobile bed along with the galvanized sheets at
the beginning and the end of the channel for preventing materials outpour

2.2.7 Designing Other Measuring Devices Related to the Channel and Preparing It
to Begin the Tests

To conduct different experiments with respect to scour in this channel, a flattener device was
designed and incorporated for leveling the bed, as shown in Fig. 9-a. A 12 gauge galvanized
wire was attached to the channel structure throughout the path to allow the bed flattener device
to move on it with the help of rollers. Figure 9-b illustrates the device designed for measuring
the maximum scour depth during the tests. Figure 9-c shows the bed profiler device for
measuring sediment variations and bed scour. Precise point determination will be needed for
conducting experiments in the bend. Therefore, as shown in Fig. 10, bend gradation was done
using the Total Station camera with a precision of 0.1 mm.
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(©
Figure 9. Pieces of equipment used for mobile bed experiments: (a) the bed flattener device, (b) the
scour depth measurement device, and (c) the bed profiler used for measuring sediment variations
and bed scour

Given the high flow velocity on the straight path following the downstream bend outlet, part
of the downstream straight region was made rigid using bricks. To prevent the entrance of
particles to the output reservoir, a region was predicted as the sediment intake basin at the end of
the straight path (Fig. 11). Application of this method could be useful, particularly at channels
with a small length with the possibility of particles entering the pump suction area.
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Figure 11. Creating a sediment intake basin at the end of the downstream straight path to prevent
sediment from entering the outlet reservoir

3. Applications of Hydraulic Structures in the Meandering Channel

As previously explained, it is possible to carry out different experiments regarding river
engineering and different relevant hydraulic structures in this laboratory. Submerged vanes, T-
shaped spur dikes, bridge piers Dehghan et al. [41], gates, and spillways Parsaie et al. [42] are
instances of such structures that were introduced and analyzed in this study.
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In this section, all experiments were performed under incipient motion conditions with a
discharge of 70 liters per second and a water depth of 17 cm at the inlet of the upstream bend
(except for experiments with a spillway). In addition, the duration of 4 hours was considered as
the equilibrium time for all experiments. The channel bed was filled with uniform silica with a
thickness of 30 cm. The average particle diameter (dso) was equal to 1.85 mm and its standard
deviation was equal to 1.2.

3.1 Effect of Submerged Vanes

Using submerged vanes is one of the methods which gain the researchers’ attention to reduce
bridge pier scour or protect the outer wall of bends against erosion. Figure 12 illustrates
submerged vanes placed at the outer bend of a meandering channel.

Figure 12. Application 0 submerged vanes at the outer bend of a meandering channel

As can be seen in this figure, submerged vanes are thin rectangular structures created due to
having a streamwise angle, and a high-pressure and low-pressure region on both sides.
Moreover, these structures cause secondary vortices, change the flow pattern in the riverbed and,
as a result, change sediment transport and scour. For this reason, it is highly important to study
the bed topography variations around them. Figure 13 shows these changes in the meandering
channel under the presence of these three vanes. These vanes are made of Plexiglas with a
thickness of 1 cm and a width of 7.5 cm. They are spaced 7.5 cm apart at a 25-degree angle, so
that they are located at the 180-degree angle of the first external bend, with the center of the
vanes being 10 cm away from the edge of the external bend. The water height over the vanes is 8
cm and their submergence ratio is 50%.

As shown in Fig. 13, with the submerged vanes placed at the junction between the two bends,
a scour hole is developed at a distance of 5% of channel width from the end of the upstream
bend outer wall and the beginning of the downstream bend inner wall. This maximum value in
the upstream bend was 17.6 cm, which occurred at the 178.5-degree angle, while changes in
other parts of the first bend were too small. These trivial changes in the upstream bend were also
reported with no hydraulic structures in this channel Moghaddassi et al. [38]. In the downstream
bend, sedimentary piles were observed near the inner wall of the downstream bend from the 290-
degree angle onward, extended toward the mid-channel. The maximum sedimentation along the
path was 11.9 cm in the downstream bend and at a distance of 60% of the channel width within

SPRING 2025, Vol 11, No 2, JOURNAL OF HYDRAULIC STRUCTURES
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the range of 355 to 358 degrees. In addition, two maximum scour holes were observed near the
inner and outer walls in this bend. According to the figure, it can be seen that the first hole is
skewed from the 210-degree angle to the mid-channel and is drawn to the outer bank up to the
300-degree angle. In this case, the maximum scour hole depth was equal to 18.5 cm at the 358-
degree angle and at a distance of 5% of the channel width from the outer wall. Another scour
hole with a depth of 17.9 cm was also observed at the 182-degree angle at a distance of 5% of
the channel width from the inner wall of the downstream bend.

400

3004

2004

Three Submerged Vanes

Y (cm)

1004

=200

=300

-400 -3%0 -Zi)ﬂ -Ii’m 3 130 230 330 430 530 66(] 730 nKﬂl} 980 I(l:00 Il=00
X (em)
Figure 13. Bed topography variations in the meandering channel equipped with submerged vanes

Upon analysis of the two scenarios involving the application of submerged vanes in front of a
single pier positioned at an angle of 180 degrees within the meandering channel, compared to a
single pier without such vanes, it was observed that the maximum scour depth around the bridge
pier, when utilizing the submerged vanes in conjunction with the single pier, was approximately
reduced by 10%.

In alignment with the findings presented in this study, Odgaard and Wang [43] similarly
demonstrated that submerged vanes serve effectively in safeguarding riverbanks against erosion
and enhancing drainage efficiency at culverts and bridge crossings. Furthermore, the research
conducted by Ouyang et al. [44] indicated that the sediment management capacity within a
complex arrangement of three submerged vanes positioned in a sequential manner decreased as
the spacing between the vanes is reduced.

In their study, Safaripour et al. [45] examined the impact of submerged vanes immersion
ratios on the scour hole slope surrounding pier groups situated within a sharp bend channel. The
findings of this research indicated that submerged vanes had the most influence in the reduction
of the upstream slope, particularly in scenarios involving a single pier, when the vanes were
submerged by 75% in conjunction with triad longitudinal piers featuring a 25% immersion,
where a reduction of about 50% and 74% in scour slope was observed, respectively, in
comparison to piers that were not equipped with vanes.

An analysis of the research findings of Chooplou et al. [46] indicated that when the pier was
oriented at a 90-degree angle within a sharp 90-degree bend, the maximum scour reduction
occurred with the implementation of submerged vanes positioned at a distance of 2.5 times the
pier diameter from the centerline of the pier, as well as at distances of 1 and 1.5 times the pier
diameter. This arrangement resulted in a 30% and 25% decrease in local scour around the bridge
pier.
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3.2 Effect of T-shaped Spur Dike

Numerous researchers have shown interest in studying the behavior of rivers while using spur
dikes to protect the walls against erosion, Bora and Kalita [47]. Since T-shaped spur dikes have
the least amount of scour and the best performance in protecting river walls against erosion
among spur dikes of different geometries Vaghefi et al. [15], Akbari et al. [34], this type of spur
dike was selected to be used in this study. Figure 14 illustrates an instance of the bed variations
in the meandering channel while using a T-shaped spur dike at the 180-degree angle of the
upstream inner and outer bends. These impermeable spur dikes are made of Plexiglas with a
thickness of 1 cm and a wing and web length of 15 cm under non-submerged conditions. These
dimensions were selected based on the recommendations of Ghodsian and Vaghefi [13].

(b)
Figure 14. Bed variations with the T-shaped spur dike installed at the 180-degree angle: (a) the
upstream inner bend and (b) the upstream outer bend

Figure 15 shows the effect of the T-shaped spur dike installed perpendicular to the inner and
outer walls of the upstream bend on bed topography variations of the meandering channel.
According to Fig. 15-a, it can be seen that the maximum scour depth, equal to 22.3 cm, at a
distance of 5% of the channel width from the outer bank of the downstream bend occurs within
the 353-degree angle. The maximum scour around the spur dike, equal to 11.1 cm, was also
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observed at the 179-degree angle near the inner wall of the upstream bend. The maximum
sedimentation height in this case, equal to 10.9 cm, occurred within the range of 233 to 236
degrees of the inner wall of the downstream bend.

The findings from the research conducted by Ghodsian and Vaghefi [13] regarding the
impact of T-shaped spur dikes in a 90-degree channel bend on alterations in bed topography
indicated that the extent of scouring occurring upstream of the spur dike was significantly
greater than that experienced downstream. This observation was confirmed by the results of the
current study.
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Figure 15. Bed topography variations of the meandering channel bed with the installation of a T-

shaped spur dike at the 180-degree angle: (a) the upstream inner bend and (b) the upstream outer
bend
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This is because the duration of the experiments was initially predicted to be 4 hours, but in
the case of the spur dike installed at the outer wall (Fig. 15-b), the maximum scour around the
web and wing of the spur dike was skewed toward upstream after 2.5 hours into the experiment.
According to this figure, it is observed that the maximum scour depth, equal to 30 cm, occurs at
a distance of 10% of the channel width from the outer bank of the upstream bend at the 179-
degree angle. The maximum scour depth in the downstream bend, equal to 21.5 cm, occurred at
a distance of 10 to 20% of the channel width from the inner bank of this bend and at the 181-
degree angle. The maximum sedimentation height, equal to 11.2 cm, was reported at the 212-
degree angle and close to the inner wall of the downstream bend.

Comparison of these two figures indicates that the maximum scour near the spur dike, with
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the spur dike located in the external bend, is 2.7 times greater than its position in the upstream
internal bend. By repositioning the T-shaped spur dike to a 180-degree angle from the outer bend
to the inner bend, an increase of nearly 35% was observed in the maximum scour within the
bend.

In the study conducted by Tripathi, Pandey [48], an in-depth examination was performed
regarding the local scour phenomena surrounding T-shaped spur dikes positioned at various
locations along the external bend of a meandering channel. Their tests were executed within a
meander characterized by a rectangular cross section, featuring two successive bends arranged in
reverse order, each measuring sharp 180 degrees with a relative radius of 1. The channel width
was also set at 1.0 units with the central radius of both bends equal to 1.0 meters, specifically
designed for this purpose. Notably, both the bottom and walls of the rectangular channel were
constructed using impermeable cement material. A bed sediment layer with a thickness of 0.25
meters, exhibiting a mean particle diameter of 2 millimeters and a standard deviation of 1.8
millimeters, was uniformly distributed throughout the channel. The spur dike was constructed
from a perspex sheet with a thickness of 10 millimeters and a height of 200 millimeters,
positioned perpendicular to the curve of the flume bend. The length of the spur dike wing was
typically considered to be 20% of the channel's width (200 millimeters); however, for the
purposes of this study, this ratio was adjusted to 15% of the channel's width (150 millimeters).
The findings of this research indicated that the extent of local scour surrounding the spur dike
was positively correlated with both the Froude number and the positions along the meandering
pathway from the entrance to the bends. Furthermore, the transition stage (curvy region)
exhibited a clear and stable configuration when assessed at an angle of 30 degrees. Conversely,
as the spur dike was positioned nearer to the conclusion of the initial bend, the transition stage
became sharper or more unstable.

3.3 Effect of Bridge Pier

Bridge piers represent one of the most practical and important structures utilized in rivers, the
failure of which causes many casualties and financial losses annually. Figure 16 shows an
example of bed topography variations at the site of a single cylindrical pier in the laboratory. A
PVC pipe with a diameter of 6 cm was used to represent the pier ,based on the recommendation
of Chiew and Melville [4], which was placed at the 180-degree angle.

Figure 16. Installation of a cylindrical bridge pier in a laboratory channel and bed variations near it
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Bed topography variations along the whole meandering path and around this pier are
presented in Fig. 17. According to this figure, the maximum scour depth around the bridge pier
is reported to equal to 10.8 cm, while the maximum sedimentation height, equal to 11.1 cm,
occurs at a distance of 5% of the channel width from the inner bank of the downstream bend
within the range of 235 to 245 degrees. The maximum scour depth in the channel also occurred
affected by the bend geometry at 5% of the channel width from the outer bank of the
downstream bend and at the 348-degree angle equal to 16.1 cm (1.49 times the maximum scour
around the pier). Different parameters (change of position, geometry, angle, flow conditions,
etc.) in relation to bridge pier and bridge pier influence on bed topography variations have their
effects, which have received less discussion regarding meandering channels.

Z (cm)

1.1
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6
Single Bridge Pier 4
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Figure 17. Bed topography variations of the meandering channel with the installation of a
cylindrical bridge pier.

Upon examination of the findings presented by Moghaddassi et al. [49] concerning a
meandering channel, it became evident that in the downstream bend, from the inception to the
midpoint of the bend, there was a discernible trend of increasing maximum scour at the pier,
which paralleled the observations made in the upstream bend. However, commencing from the
angle of 315 degrees, a diminishing trend was noted. Specifically, there was a significant
reduction of approximately 90% in the maximum scour at the pier as the angle was changed
from 270 degrees to 315 degrees.

Asadollahi et al. [50] conducted a numerical and experimental analysis of the flow dynamics
and scour patterns surrounding both individual and grouped bridge piers within a sharp 180-
degree bend. The findings from their research revealed that the maximal scour depth and
sedimentation height associated with the bend with a single pier were found to be 3.4 and 1.8
times the pier diameter, respectively. Furthermore, a comparative assessment of the current
study's outcomes indicated that, for a U/UC ratio of 0.98 and the positioning of the single pier at
90 degrees of the mild bend, the maximum scour approximately equated to 2.1 times the pier
diameter.

The study conducted by Sedighi et al. [51] on a single bend channel featuring a sharp 180-
degree bend indicated that, in scenarios without a pier, the highest level of scour was observed
from angles ranging from 40° to 80°, specifically at a location 20% of the channel width from
the inner bank. Conversely, in the present research, due to the relatively mild 180° bend, no
significant alterations were detected during the same timeframe in this region. Instead, the most
pronounced scouring was identified at the end of the 180° bend at the junction with the
downstream section.
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According to the results presented by Sedighi et al. [51], Keshavarz et al. and Dehghan et al.
[52], it was observed that within a sharp 180-degree bend, the maximum sediment height at the
pier location exceeded that recorded at 90 and 120 degrees for all pier shapes. Conversely, in the
current study, focusing on a mild 180-degree bend, it was determined that for a single pier
positioned at an angle of 135 degrees, the maximum sedimentation surpassed that at 90 degrees,
which in turn exceeded that at 45 degrees. Notably, within the mild bend under consideration,
variations in pier position throughout the bend indicated that the maximum sedimentation
observed in the latter half of the bend was greater than that in the initial half.

3.4 Effect of Gate

Figure 18 illustrates the gate in the meandering channel. The effect of parameters on bed
variations can be analyzed by altering the water depth beneath the gate and the positioning at
different points in the meandering channel.

In this figure, the gate is placed at the 176-degrees angle and the upstream bend, so that it is
3.5 cm away from the channel bed material at the onset of the test. Bed topography variations
with the installation of the gate in the meandering channel are shown in Fig. 19. In this case,
under the presence of the gate in the channel, the maximum scour depth occurred at the gate site
after 1.5 hours into the experiment. This figure shows that the maximum scour depth, equal to 30
cm, occurs within the range of 10% of the channel width from the outer wall of the upstream
bend at the 178-degree angle, and continues up to 5% of the inner wall of the downstream bend
at the 181-degree angle. The maximum sedimentation height was equal to 18.2 cm at the 232-
degree angle at mid-channel and at the 247-degree angle at a distance of 20% of the channel
width from the outer wall of the downstream bend. This was the highest amount of
sedimentation observed under the influence of the structures used in this study.

Figure 18. Installing a gate at the meandering path
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Figure 19. Bed topography variations of the meandering channel with the installation of the gate

3.5 Effect of Wide-Edged Spillway

Figure 20 illustrates the installation of a wide-edged spillway at the junction of two
meandering channel bends. This spillway is 16 cm wide and installed at a 180-degree angle. The
discharge in this test is 30 liters per second and the water depth in the direct upstream direction
is 16 cm. The depth changes were such that the water depth was 16 cm at the upstream bend
entrance, 15.5 cm at the end of the upstream bend before the spillway, 6 cm at the beginning of
the spillway edge, and 4 cm at the spillway outlet. Test duration was 4 hours, as in other tests.

Figure 21 indicates bed topography variations along the meandering channel in the presence
of the wide-edged spillway. The maximum scour depth at the upstream bend, equal to 3 cm,
occurred near the outer wall at the 174-degree angle, while that at the downstream bend, equal to
10.2 cm, occurred at the 194-degree angle near the outer wall. The maximum sedimentation
height, equal to 5.4 cm, happened at a distance of 5% of the channel width from the inner wall of
the downstream bend at the 200-degree angle. As can be seen in this figure, from the 230-degree
angle of the downstream bend to the end of the bend, there are no significant changes in bed

topography.
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Figure 21. Bed topography variations of the meandering channel with the wide-edged spillway
installed

3.6 Effect of Sharp-Edged Spillway

Figure 22 depicts the installation of a sharp-edged spillway with a thickness of 16 mm (0.1
times the width of the wide-edged spillway) at the junction of the two bends. In this case, as in
the previous case, the discharge is 30 liters per second and the water height over the spillway is 5
cm.

Figure 23 shows bed topography variations around the sharp-edged spillway with other parts
of the channel for comparison. As can be seen, the maximum scour depth, equal to 14.3 cm,
occurred in the channel at the 226-degree angle and at the outer wall of the downstream bend,
while this maximum value occurred around the spillway at the 181-degree angle with a height of
12.2 cm. The maximum sedimentation height began at a distance of 10 to 20% of the channel
width from the inner wall of the downstream bend and reached a height of 5.4 cm towards the
outer wall at the 224-degree angle.
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Figure 22. Installation of the sharp-edged spillway in the meandering channel
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Figure 23. Bed topography variations of the meandering channel with the sharp-edged spillway

Comparison of Fig.21 and Fig.23 indicated that if this sharp-edged spillway is used with a
ratio of 0.1 times the width of the wide-edged spillway, the maximum sedimentation height
along the path remains constant. With both spillways, under the influence of bend geometry, the
maximum scour depth took place near the outer bank of the downstream bend. Furthermore,
implementing a sharp edge Spillway instead of a wide edge at the junction of the two bends

resulted in a maximum scour increase of approximately 40%.

As mentioned above, these are merely examples presented here on the use of these structures
in a meandering channel. In fact, for more extensive and practical research, the combination of
these structures can be used to study the flow status and changes in bed topography in a
meandering channel to examine the interaction effect of these structures.

4. Conclusions

Considering the importance of investigating meandering rivers' behavior, a meandering,
double-bent channel was designed and constructed. This channel comprises a straight path
upstream, two consecutive 180-degree bends, and another straight path downstream. The circular
flow system is developed by the pump and the side reservoir attached along the channel, and a
semi-automatic system controls this flow. Further, a butterfly gate implemented at the channel
outlet is responsible for adjusting the flow properties. In addition to the stages of designing and
constructing this channel, this study presented instances of performance of different hydraulic
structures, including a T-shaped spur dike, a gate, a sharp-edged and a wide-edged spillway, a
bridge pier, and submerged vanes installed in the channel, and their effect on meandering paths.
All these experiments were performed under incipient motion conditions. A summary of the
most important results is as follows:

e Installation of submerged vanes created two maximum scour holes near the inner and outer
walls of the downstream bend. These maximum values were 17.9 and 18.5 cm occurring at
182 and 358-degree angles, respectively.

e The maximum scour around the T-shaped spur dike in the external bend was 2.7 times
greater than that around this spur dike in the internal bend.

e The maximum scour in the channel, with the cylindrical pier placed in it, was equal to 16.1
cm, which was 1.49 times the maximum amount of scour around the pier itself.

e The highest amount of sediment bars observed in the channel, equal to 18.2 cm, was
associated with the condition in which the gate was implemented.
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e In the sharp-edged spillway experiment, the maximum scour depth increased by
approximately 40% compared to the wide-edged spillway experiment.

e As witnessed here, the different hydraulic structures will have different effects on river bed
topography variations. Predicting the behavior of rivers under the influence of different
structures using experimental results will help reduce the damage caused by implementing
those structures in reality.
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Abstract

Tsunamis are a series of ocean waves with exceptionally long wavelengths and can be incredibly
destructive when they reach coastal areas. These waves are typically triggered by underwater
earthquakes, volcanic eruptions, or landslides. The immense force and energy of a tsunami wave
can result in widespread devastation, flooding, and loss of life. It is crucial to comprehend the
behavior of tsunami waves in order to develop effective early warning systems and strategies for
managing such disasters. Numerical modeling has become a valuable tool for simulating the
propagation of tsunamis and the processes of inundation. This research focuses on utilizing the
Mike3 Flow Model FM for numerical modeling of tsunami waves. The model was tested using
the results of solitary wave theory solutions and basic tsunami wave experiments conducted at
the hydraulic laboratory of Changsha University in China. Statistical analysis of the numerical
simulation results showed that the Mike3 Flow Model FM can provide accurate calculation of
complex tsunami wave flows and deliver important results such as tsunami wave height, wave
run-up length, flow volume, and temporal-spatial velocity profiles. Notably, the study observed
an improvement in the accuracy of the numerical model as the ratio of wave height to water
depth (H/h) decreased. Furthermore, it was confirmed that the accuracy of the numerical model
in simulating wave velocity (RMSE < 0.14) surpassed its performance in simulating wave
surface elevation (RMSE < 2.29), compared to experimental data.
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1. Introduction

One way to reduce the damage caused by tsunami waves is to simulate the mechanism of
wave formation and propagation in order to predict the magnitude of inundation, overtopping,
control, design of flood protection structures, and the impact of wave forces in coastal areas [1,
2]. The results obtained from tsunami wave modeling, such as wave run-up height, wave
overtopping from the coastline, volume of water crossing the coastline, flow velocity, and water
depth, significantly influence the extent of coastal damage. Controlling each of these factors can
be a crucial step in reducing the damage.

Tsunami waves act as shallow-water waves due to their long wavelength even in deep waters
[3]. The velocity of tsunami waves decreases as they approach shallow coastal waters, depending
on the coastal slope, coastal environment, and existing structures. This reduction in velocity,
combined with the constant period and reduced wavelength, leads to an increase in wave height
due to phenomena such as shoaling and refraction [4, 5]. Due to their long period and long
wavelength, tsunami waves are approximated as a single wave [6, 7]. The single wave has a crest
that is entirely above the water surface. Water particles in the single wave move forward and
become motionless without returning to complete a full cycle. In comparison to oscillatory
waves, the single wave has a transitional state and has unlimited wave length and period, thus
remaining unchanged in shape and height at a constant depth over time [8, 9].

Numerous laboratory experiments and numerical models have been conducted to simulate
solitary wave behavior. Synolakis [10] measured the maximum wave run-up on the shore for 76
waves of specific heights at constant water depth using a two-dimensional simulation of solitary
waves in a rectangular channel with a wave maker at one end. Zelt [11] simulated the breaking
of solitary waves in a laboratory experiment conducted in a channel, with a water height of 0.21
meters and a wave height-to-water depth ratio of 0.28. They presented a numerical method for
calculating water surface elevation and validated the results with experimental data. Honarmand
et al. [12] simulated two-dimensional solitary wave generation on a sloping beach using a
numerical method without mesh and exponential basis functions. Honarmand et al. [13]
simulated the two-dimensional propagation of solitary waves on a sloping beach using the Flow
3D model and validated the results by comparing them with the experimental data from
Synolakis [10] for wave run-up and tsunami wave propagation on a steep coast.

Chen et al. [15] investigated the reflection of solitary waves after colliding with a vertical
barrier using high-speed cameras and image processing technology. The researchers conducted
numerical modeling based on the experimental results, comparing the accuracy of the numerical
modeling with existing theoretical methods. The study by Zagian et al. [16] focused on the flow
structure resulting from the propagation of solitary waves on a thin submerged plate. The impact
of the submerged plate angle was examined, revealing additional vortices in experiments with a
positive angle, while no vortices were observed for a negative angle. Investigation of clockwise
vortices behind the submerged plate indicated a decrease in vortex strength with increasing
angles in both directions. Wang et al. [17] conducted a study on the interaction between solitary
waves and a vertical submerged wave breaker using a numerically developed method based on
constrained interpolation profile (CIP), capable of examining the influence of viscosity. After
validation, the impact of the submerged wave breaker on the transmission coefficient of solitary
waves was assessed. The researchers concluded that the width of the wave breaker has the least
effect on the transient characteristics of solitary wave transmission through a submerged
structure, while the height of the wave breaker effectively reduces the transmitted wave height.
Finally, comparison of output results from semi-analytical relationships with experimental data
and real information from the coasts of Vaticano in Italy indicated acceptable results .
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Cavaliere et al. [18] presented a semi-analytical relationship for predicting the location of
solitary wave breaking on a sloping beach. They conducted an experimental study to propose
this relationship. He et al. [19] focused on investigating the influence of bed roughness on the
characteristics of solitary wave transmission in their study. They reported that, contrary to the
influence of bed roughness on the shape of solitary waves, the peak of the solitary wave is not
significantly affected by the roughness. The effect of solitary waves on a submerged floating
tunnel was examined by Zou et al. [20]. In this study, the solitary wave amplitude, distance of
the submerged tunnel from the wave rising point, cross-sectional geometry of the tunnel, and
relative density of two fluids were considered as the study variable parameters. The results
showed that using a parametric cross-section for the submerged tunnel instead of circular and
elliptical sections can significantly reduce the wave-induced force. A comprehensive
investigation was conducted by Huang and Dong [21] utilizing a numerical model to analyze the
dynamic interaction between a solitary wave and a submerged dike. The study focused on
examining the influence of the solitary wave height and the dimensions of the dike on various
factors such as drag force, flow field characteristics above the dike, and wave transformation
features. The researchers identified the presence of two distinct vortexes at the right toe and the
lee side of the dike, highlighting these locations as potential sites for scour. In a related study,
Huang et al. [22] explored the interaction between solitary waves and emergent rigid vegetation.
This investigation involved experimental procedures, with the modified Boussinesq equations
employed to simulate the laboratory experiments. Key parameters under scrutiny included wave
height, vegetation length, and vegetation density. The researchers derived an empirical
expression for the mean drag coefficient and observed a notable increase in maximum wave
height immediately prior to the vegetation, while also noting a reduction in wave transmission in
the presence of dense vegetative cover.

The utilization of the Mike 3D Flow Model FM has become ubiquitous in the realm of
hydraulic engineering due to its ability to accurately simulate a wide array of complex hydraulic
phenomena. This powerful computational tool has been effectively employed in various studies
to address challenges such as scour, sedimentation, flow pattern, and salinity, among others [23,
24, 25, 26]. In addition, numerous research studies in the literature investigated solitary waves
and their characteristics. Despite the widespread usage of the MIKE model in study of the
hydraulic of coastal structures, less attention was paid to simulate solitary waves by this model.
In the present study, the capability of the model for solitary waves simulation is investigated.
The validation of the model is done using experimental data presented by Chen et al. [14]. The
results of the present study are used to assessment the MIKE model capabilities in the study of
the hydraulic of solitary waves and coastal structures.

2. Materials and Methods
2.1. Numerical model

The MIKE 3D Flow Model FM employs the cell-centered finite-volume method and
unstructured flexible mesh to discretize the primitive equations in both Cartesian and Sigma-
coordinates. This model is based on numerical solutions for the 3D incompressible Reynolds-
Averaged Navier—Stokes equations, incorporating the Boussinesq and hydrostatic pressure
assumptions. It includes continuity, momentum, heat, salinity, and density equations for
comprehensive simulation of fluid flow [27].
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Figure 1. Schematic of unstructured (horizontal direction) and structured (vertical direction) mesh
in Mike 3 Flow Model FM [27]

2.2. The governing equations

The continuity and momentum equations in the Cartesian coordinate system are expressed as
follows:

The continuity equation is written as:

6_u + @ + % =S (1)
ox oy oz

The momentum equation is written as:
The momentum equation in X direction is written as:

ou eu? v ouw
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Where t is the time; X, y, and z are the Cartesian coordinates; n is the water surface elevation; d is
the still water depth; # = n + dis the total water depth; u, v, and w are the velocity components
in the X, y, and z directions; f = 20 sin ¢ is the Coriolis parameter (Q is the angular rate of
revolution and ¢: the geographic latitude); g is the gravitational acceleration; p is the water
density; Sk, Sxy, Syx, and Syy are components of the radiation stress tensor; v; is the vertical eddy
viscosity; Pa is the atmospheric pressure; and pyis the reference density of water. S is the
magnitude of the discharge due to point source, us and vs are the velocities of point source in x
and y directions, and F, and F, are horizontal stress terms.

2.2.1. Turbulence Models

Turbulent stress can be modeled based on a concept called eddy viscosity. Eddy viscosity is
divided into two types: horizontal eddy viscosity and vertical eddy viscosity. In many numerical
modeling approaches, small-scale turbulence cannot be captured by choosing fine spatial
discretization. However, this type of turbulence can be accounted for by considering turbulence
models.
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2.2.2. Vertical eddy viscosity
The viscosity of a vortex is computable based on the logarithmic law (Eq. 3)

| : 3)
v, = U,h[c1 #-{- CZ(#) ]

where U, = max (U, U;p) and Uy, and U, are shear of the bed and water surface, as well as
the coefficients ¢; and c,, are 0.41 and -0.41, respectively; h and z represent the water depth and
the vertical distance from the bed, respectively.

In the context of the RANS equations for Reynolds stresses, the eddy viscosity plays a crucial
role in capturing the turbulent behavior of fluid flow. In the current model, a constant value of
10° m?/s has been adopted for the horizontal component of the eddy viscosity. It has been
observed that the model's sensitivity to variations in this constant is negligible, indicating a
robustness in its predictive capabilities.

2.2.3. Horizontal eddy viscosity

In many cases, the value of horizontal eddy viscosity is considered constant. However, the
Smagorinsky relationship expresses turbulence based on characteristic length and deformation
ratio, which is a function of flow velocity, as follows:

A=c2I? [255S, @

1,0u. Ou;

1725, T ®)
Where, ¢s is the constant Smagorinsky coefficient; I is a characteristic length; S;; is a
deformation ratio and A is a horizontal eddy viscosity value.

2.3. Evaluation of the Numerical Model
Solving the theory of solitary waves
The water surface elevation in solitary waves is determined by solving analytical equations 6
and 7, While the flow velocity is calculated using equation 8 [28, 29].
3H ., C

SE(t) =H sech [(E) m (t—toa)] (6)

C =[g(H +h)}"* (7)
o SEQ)

"O=C e en ®

Where, SE(t) is a water surface level, h represents the water level, H denotes the wave height, ¢
stands for the solitary wave velocity, t represents time, t,,,,Signifies the wave crest occurrence
time, g represents the acceleration due to gravity, and u(t) denotes the water current velocity.
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2.4. Numerical Simulation Components

The solution domain on the plane (Figure 2) is discretized using flexible rectangular
structured meshes with dimensions of 1 square centimeter per element and 15 uniform vertical
layers of the sigma type. In optimizing the mesh dimensions for our study, careful consideration
was given to ensure independence from grid sizes and minimize computational time. To achieve
this, a series of tests were conducted using both small and large mesh sizes, with the resulting
wave velocity fluctuations meticulously recorded. Ultimately, the mesh size yielding the
minimum velocity fluctuations was selected for our analysis. In the simulation, the effect of
shear stress between water and walls due to the smoothness of the walls, as well as the effect of
shear stress between water and air, were not considered. Additionally, in order to ensure
numerical stability and accuracy in the results, a Courant number of 1 was chosen, and the
simulation was executed with a time step of 0.05 second.

Figure 2. A plan view of computational domain mesh

In this study, the potential of the MIKE 3 Flow Model FM in simulating tsunami waves was
evaluated using experimental data provided by the Hydraulic Engineering Department of
Changsha University in China by Chen et al. [14]. Figure (3) illustrates a cross-section of the
experimental model. The canal has 40 meters long, 0.5 m wide, and 0.8 m high. At the beginning
of the canal, a tsunami wave is generated using a piston, while at the channel end, a sedimentary
beach with a length of 7.5 m is located. The beach has a variable slope ranging from 1:10 over a
length of 3.5 m to 1:20 over a length of 4 meters towards the beginning of the canal. Natural
sediment particles with an average diameter of 0.368 mm were used as the beach sediment bed
in the experimental model. The generated wave height was 0.15 m, and the initial water depth
was 0.35 m. For wave surface elevation, water level changes, and flow velocity measurements, 7
wave gauges (Canadian RBR Limited Liability Company model), 4 ultrasonic water level
gauges (Beijing Sinfotek Science and Technology Co., Ltd), and 3D acoustic Doppler velocity
sensors (Norway Nortek AS) were utilized. Additionally, a Logitech C910 HD Webcam with a
resolution of 1MP was used to capture momentary images of the advancing and receding wave
flow alongside the flume. The positioning of the gauges is as shown in Figure (3).

7 AUWLG O Wave gauge

12 3 4 5 6 7 1 2 3 4
00 ¢ 0 0 0 & 4o A Fay
Wave maker
H 7 Still water level =
|
h 110 T 12
0 X
Wave energy absorber | 3.5m I 4.,0m |

[ I 1
Figure 3. Cross-sectional view of experimental set-up [14].
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In order to discern the disparities in values between the outcomes derived from simulation
and analytical relationships and experimental data, various evaluation indicators such as Mean
Absolute Deviation (MAD), Mean Squared Error (MSE), Root Mean Squared Error (RMSE),
and Coefficient of Determination (CD) R? were employed. When considering the first three
indices, values approaching zero signify an enhancement in the accuracy of the modeling
outcomes. Furthermore, a coefficient of determination nearing 1 indicates a favorable
correspondence between analytical and modeling results. It is possible to quantify the four
performance assessment parameters used in this research using Equations (9) to (12).

1 _
MAD= 3L, (p; — P) ©)
MSE= - %, (P, — 0;)? (10)

RMSE= /%2;11(3 —0;)? (11)

L, (B—P)(0;-0)

CC =
\/Z{L(Pi —-P)23L,(0; - 0)?

~1<cc<1 (12)

where 0; and P; are, respectively, the observed and the predicted values, O is the average of
observed values and N is the quantity of observations.

3. Results and Discussion
3.1. Numerical Model Validation

In the initial phase, a comparison was conducted between the outcomes derived from the
existing analytical calculations (Egs. 6-8) and the results obtained from numerical simulations,
with the aim of validating and confirming the software. The water depth utilized in these
calculations and simulations was standardized at 35 cm, while the ratio of wave height to water
depth was simulated at 0.28, 0.42, and 0.57. In order to ensure the numerical software's precision
and dependability, several models were assessed to determine adjustable coefficients within the
software. This was done to align the simulation results as closely as possible with the analytical
values. After several rounds of trial and error, specific values were assigned to the Smagorinsky
coefficient (cg), maximum vertical eddy viscosity, and bed roughness height, as detailed in Table
(1). This was carried out to minimize discrepancies between the modeling results and the
analytical findings.

The simulation results pertaining to wave velocity and wave surface elevation, as well as
their comparison with the output of analytical equations (equations 6 to 8), are depicted in Figure
4. Upon examination of the results presented in this figure, it is evident that while the flow
velocity (u) and wave surface elevation (SE) obtained from the software demonstrate a
reasonable level of agreement with the results derived from analytical equations, the accuracy of
the modeling results diminishes somewhat in comparison to the analytical results as the wave
height to water depth ratio (H/h) increases.

Table 1. Calibration of the Numerical Model Coefficients

Parameter Value Dimension
Smagorinsky coefficient (cs) 0.18 -
Maximum vertical eddy viscosity 0.4 m?/s
Manning coefficient (n) 0.01 -
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Figure 4. (b, d, f): a comparison of wave velocity (u) and (a, c, e): wave surface elevation (SE)
obtained from numerical simulation and analytical solutions
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A comparative analysis of the results derived from analytical relationships and modeling
using the aforementioned evaluation indices is delineated in Table (2). Upon scrutiny of the
indices for two parameters, wave velocity and wave surface elevation, it is apparent that while
the software generally yields satisfactory results in solitary wave modeling, the accuracy of
modeling outcomes diminishes with an escalation in the ratio of wave height to water depth
(H/h). Additionally, based on the findings presented in Table (2), the software demonstrates
relatively greater proficiency in computing wave velocity as opposed to modeling wave surface
elevation, given that the errors accrued in the wave surface elevation segment are more
pronounced for a constant H/h ratio. It is imperative to note that the term "n" in Table (2)
pertains to the quantity of data points utilized for result comparison.

Table 2. The output indicators of evaluation for comparing the results of simulation and analytical
relationship results.

H/h=057 H/h=057 H/h=042 H/h=042 H/h=028 H/h=0.28
u(m/s) SE (cm) u (m/s) SE (cm) u(m/s) SE (cm)

n 31 31 31 31 31 31
MAD 0.048 1.15 0.033 0.78 0.017 0.25
MSE 0.015 10.84 0.006 2.88 0.0013 0.27
RMSE 0.124 3.29 0.077 1.69 0.037 0.52
R? 0.79 0.78 0.89 0.90 0.95 0.97

3.2. Investigating the potential of numerical model in wave simulation

The study delves into the potential of numerical modeling in simulating wave behavior, with
a particular focus on its application in assessing tsunami waves. The accuracy and limitations of
the numerical model are rigorously evaluated through statistical analysis and comparison with
experimental data. Upon validation of the numerical model using established wave theory
equations, the investigation progresses to the examination of its capability in replicating tsunami
waves based on experimental results. The findings, analyzed using specified evaluation
indicators, reveal a strong concordance between the model's output and the actual data,
particularly at specific positions along the simulated channel.

Notably, the highest degree of modeling accuracy is observed at certain positions, such as x =
3.5 m for water surface elevation estimation and x = 0.5 m for flow velocity estimation. These
findings are supported by the lowest root mean square error (RMSE) and the highest coefficient
of determination (R?). However, it is crucial to acknowledge that the utilized numerical model,
the Mike 3 Flow Model FM, rendering it incapable of accurately simulating severe water surface
elevation and flow velocity oscillations. The comparison between the numerical results and
experimental data highlights minor discrepancies, particularly evident in the inability of the
model to precisely replicate extreme water surface elevation and flow velocity oscillations, as
depicted in Figures 5 (d) and (f). The examination extends to the analysis of water surface
elevation and flow velocity at various sections along the channel length. The results demonstrate
a discernible reduction in water surface elevation as the wave encounters the shoreline slope,
followed by a substantial decrease upon crossing the shoreline. Specifically, there is a gradual
decrease in wave crest height from 15 cm to 10.5 cm over a 3.5 m initial slope length, and a
further reduction from 10.5 to 7.5 cm over a 0.5 m distance after the shoreline (Figs 5 a, b, c).
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Conversely, the water flow velocity exhibits an increase as it traverses the shoreline slope, from
0.8 to 1.4 m/s (Fig. 5 e). Furthermore, the presence of negative velocity values indicates
instances of wave flow reversal at specific positions along the channel, signifying complex wave
dynamics (Figs. 5 €, f, g, h).

Table 3. A comparative analysis of numerical model results and experimental data utilizing
statistical characteristics

u (m/s) SE (cm)

- Xx=25m x=22m x=15m x=05m x=4m x=35m x=2.5m x=0

n 51 51 51 51 51 51 51 51
MAD 0.09 0.05 0.08 0.04 0.98 0.29 0.94 0.25
MSE 0.02 0.01 0.02 0.00 1.96 0.24 5.26 0.27
RMSE 0.13 0.11 0.14 0.07 1.40 0.49 2.29 0.52
R? 0.93 0.91 0.77 0.92 0.97 0.99 0.75 0.97

In the context of flow rate per unit width, the value at position x=0 decreases from 0.55 m?®/s-
m due to the slope of the shore. At distances x=3.5 m and x=7 m, the value further decreases to
0.14 m3/s-m and 0.02 m3/s-m, respectively. The flow experiences a reversal at distance x=0
starting at 2.5 seconds and continues until the end of the simulation, with a maximum value of
0.04 m¥s-m (Figure 6). The maximum flow velocity varies with wave position, as illustrated in
Figure (7a) it reaches 0.72 m/s in the middle part of the wave crest, 1.3 m/s at the shore slope
position (Figure 7b), and 2.1 m/s when crossing the shoreline (Figure 7c). A backflow velocity
of 0.96 m/s is observed at the shoreline (Figures 7d and e).

Figure 8 provides a visualization of the vectors and streamlines of water velocity for the
central section of the flow at the 7th second of simulation. The vectors depict the path of water
flow in different depth layers, indicating the wave flow reversal at the 7th second along the
shoreline (at a distance of x=3.5 m). However, it is noteworthy that the maximum flow velocity
according to the numerical results is 2.1 m/s, occurring at a distance of 30 cm from the shoreline
(Fig. 7c). The observed increase in flow velocity can be attributed to the decrease in water
surface elevation at the shoreline.
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numerical modeling and experimental results
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4 Conclusion

In the current investigation, the study focused on evaluating the ability of the Mike 3 Flow
Model FM in accurately simulating free-surface flows, particularly tsunami waves. The
numerical model underwent calibration and validation using experimental data conducted by
Chen et al. [14] at Changsha University, China, in 2015. Evaluation indices including Mean
Absolute Deviation (MAD), Mean Squared Error (MSE), Root Mean Squared Error (RMSE),
and Coefficient of Determination (R?) were utilized to assess the variance between the
simulation results and the experimental data.

While minor disparities were noted at certain points between the simulation results and the
experimental data, the comparison distinctly demonstrates that the three-dimensional model
adeptly captures the dynamics of non-steady flows throughout the entire observation period.
Furthermore, the three-dimensional model has the capability to furnish comprehensive and
precise insights into the physical parameters of wave evolution in both spatial and temporal
dimensions, encompassing water depth, wave height characteristics, flow velocity, wave front
propagation distance, and other pertinent factors.

Upon comparing the numerical results with experimental data, it became evident that the
accuracy of the numerical model in simulating wave velocity (RMSE < 0.14) surpassed its
performance in simulating wave surface elevation (RMSE < 2.29). This disparity underscores
the nuanced nature of wave dynamics and highlights the need for continued refinement in
numerical modeling approaches. Overall, these findings underscore the potential of the
numerical model in capturing wave dynamics, particularly in scenarios where the ratio of wave
height to water depth is low. However, further research and validation against diverse
experimental datasets are warranted to fully ascertain the robustness and generalizability of the
numerical package. In light of the current investigation, it is imperative to recognize that our
focus has been primarily on analyzing the flow pattern. However, it is essential to emphasize the
necessity for additional research to assess the efficacy of the aforementioned numerical model in
simulating erosion and sedimentation patterns. This further exploration will provide a more
comprehensive understanding of the model's capabilities and limitations in replicating real-world
scenarios. Consequently, such research will contribute to the advancement of knowledge in this
field and facilitate the development of more accurate and reliable numerical models for practical
applications.
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Abstract

Designing appropriate filter materials is as important as ensuring the safety factor of the entire
body of earth dams. The performance of the downstream filter zone in earth dams could be
significantly influenced by base soil features, particularly in the case of cohesive broadly graded
cores. The effects of several variables, such as base soil plasticity, fine content, and clay content,
on the properties of effective filter materials were investigated experimentally in the current study.
Results obtained through the no erosion filter (NEF) test indicated that the plasticity of base soil
materials had no apparent correlation with the corresponding filter materials. However, fine
content was found to have significant effects on the boundaries of the no erosion filter, especially
for soils classified as Group 1. Although there was a decreasing tendency in Diss size with
increasing clay content of the base materials, the effects of clay content on the required filter
materials were not as significant as those of fine content. In conclusion, designing filter materials
by concurrently considering dss and fine content (F) of base materials appears to be more logical
than separately utilizing these effective parameters. In this scenario, the new filter design criterion
was derived using regression technigques based on experimental results.
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PP < Percentage finer than 0.002 mm;

PP < Percentage finer than 0.005 mm;

F Fine content (%)

Pl Plasticity index (%)

PSD Particle size distribution;

Dist Size of filter material of which 15% of the material passes;
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D1s¢size of filter material found from no erosion filter test to be the

Disbay boundary between successful and unsuccessful test;
q Size of base soil materials of which n percentage of the material
n .
passes;
n The percentage passing diameter dn;
NEF No - erosion filter;
CL Low plasticity clay;
CH High plasticity clay;
ML Low plasticity silt;
D Percent dispersion or degree of dispersion;
MDD Maximum dry density (gr/cmq);
OoMC Optimum moisture content (%);
Kt Coefficient of permeability of filter material (cm/sec);
USCS Unified soil classification system;
Base soi Group 1 A base soil with a fine content of 85% or more;
Base soil Group 2 A base soil with a fine content of less than 85%;
Fine content Percentage finer than 0.075 mm;
Clay content Percentage finer than 0.002 mm.

1. Introduction

The phenomenon of soil erosion and sediment transport are among the key hydrodynamic
processes recognized as one of the major challenges and an important potential failure mode in
the exploitation of surface water resources worldwide [1,2]. Therefore, research has been carried
out regarding the design of filters [3]. Generally speaking, the performance of an earth dam is
equally dependent on the performance of the core as well as the protective filter. Designing the
filter can thus be considered as important as designing the core, and in fact, the two are inseparable
as reflected by the way established design criteria have been presented [4,5]. Filter materials must
be sufficiently fine to prevent the migration of erodible particles of the base soil, and at the same
time, they must be adequately coarse to allow drainage of seepage water without the accumulation
of excessive pore water pressure [6]. Hence, filter materials are designed based on two general
criteria: retention criterion and permeability criterion. Filter retention criteria are usually expressed
in three forms - the geometric grading criterion, the constriction-based criterion, and the hydraulic
criterion [7]. The design of filter based on geometric grading criterion basically involves particle
size distributions (PSDs) of the base soil and the filter, and is presented in the form of filter-base
soil grain size ratios [8-12]. D15f and d85 sizes are often specified as representative sizes for the
filter and base soil, respectively, in geometric grading criteria. The phenomenon of internal soil
erosion is significantly influenced by relative density, relative particle size distribution of base
soils and filters and applied hydraulic gradient [13,14]

On the other hand, the required permeability of filter materials should be specified within the
hydraulic criteria. Thus, designing filters based on hydraulic criteria involves considering both the
PSD of the base soil and the permeability of the filter. In this approach, the filter's permeability
(k) and the dgs size of the base soil are commonly used as representative parameters. Unlike
grading criteria, hydraulic criteria emphasize the relationship between filter permeability and the
PSD of the base materials [5].

To address the challenges associated with traditional filter design criteria, the state-of-the-art
design criteria known as constriction-based criteria were introduced. This method simultaneously
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considers the effects of various parameters such as PSD, compaction, grading, surface area,
porosity, and uniformity coefficient of filter materials during the design process. The approach
involves applying a programming subroutine to convert the filter’s PSD curve into constriction
size distribution (CSD) curve. After determining the CSD curve of filter materials, two key
parameters, namely the controlling constriction size (D¢ss) and self-filtering constriction size
(Dcgs), are measured. The procedure continues by modifying the PSD curve of the base materials,
removing particles larger than Dcgs Size, and measuring the new representative size (d"ss) form the
modified PSD curve of the base soil materials. Finally, this criterion emphasizes the relationship
between the controlling constriction size of the filter and the modified PSD of the base materials
[5].

In the traditional filter design criteria, the actual or modified dgs size of base materials is usually
used as a representative of the base soil in filter design practices. However, significant questions
arise regarding whether the effectiveness of the filter could be influenced by other base soil
features such as plasticity, clay content, fine content, etc. It is well known that the process of
internal erosion for cohesive base materials is more complex than for non-cohesive ones [15]. This
complexity arises because the internal erosion process can be significantly influenced not only by
the particle size distribution of core and filter materials but also by the erodibility of base soils
[16]. Vakili et al. [17] investigated several base soils, including cohesive, broadly graded and
dispersive soils, and found that the erodibility and dispersivity of the base soil significantly impact
the formation of internal erosion and, consequently, the required filter materials. They reported
the strong and adverse relationship between dispersivity degree of core materials and their
corresponding no-erosion filter boundaries [17]. Furthermore, the effects of water quality on the
NEF test results, when the base soil materials were broadly graded, cohesive, and dispersive, were
examined by Vakili et al. [7] using two different waters including distilled and Malaysian river
waters. It has been found that the chemistry of water reservoirs can change the erosion rate of
dispersive base materials and, therefore, the required Dss size of filter materials [7].

For the case of broadly graded, cohesive, dispersive base materials, the geometric grading
criteria of Disi/dgs = 0.6037(dss) ~ %% and Dise/dgs = 10.0exp(-0.009D) were introduced by Vakili
etal. [17]. They believe that the former criterion could predict the no-erosion filter boundary better
than traditional filter design criteria if only the dgs size of base materials is taken into account.
However, the latter criterion was considered relatively new because, in addition to particle size
distribution, the dispersivity degree of core materials is also considered concurrently in the filter
design process.

By and large, there are still uncertainties in designing suitable materials for the case of broadly
graded, cohesive, dispersive base materials. To highlight the current problem statement, consider
two different base soils, each having the same dgs and dispersion degree but differing properties
such as different clay and contents. In such cases, materials with similar gradation curves,
specifically similar Diss values, might be considered appropriate filters according to universally
accepted existing filter design criteria, such as the Sherard and Dunnigan [18] criteria. In other
words, the Dis¢/dgs ratios would be identical for both cases, irrespective of other base soil features.
Therefore, due to the differing characteristics of base soils, there is a general question: do these
base soil-filter combinations exhibit similar behavior in terms of mass retention capability and
flow rates? Alternatively, could identical filter materials be effective in both cases? Or do factors
like plasticity, fine content, and clay content render the filter system ineffective? Hence, further
investigations are necessary to examine the influential parameters of cohesive base soil on the
characteristics of required filter materials. In the majority of filter design criteria, only the effects
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of dgs size of base materials are considered. Therefore, the main objective of this study was to
assess the effects of base soil features on filter effectiveness, if any.

2. Materials and Methods
The results from the experimental tests program were analyzed to determine:

1- The effect of base soil plasticity on filter effectiveness;

2- The effect of base soil fine content on filter effectiveness;

3- The effect of base soil clay content on filter effectiveness.

To achieve the aforementioned aims, twenty-two base soils with varying characteristics were
collected from Batu Gajah, Malaysia. To assess the characteristics of the base materials, all
collected samples were tested for particle size distribution in accordance with ASTM D 422 [19],
plasticity index following ASTM D 4318 [20], double hydrometer as per ASTM D 4221-99 [21],
and standard compaction tests according to ASTM D 698 [22]. Based on the aforementioned tests,
the main features of the samples were determined, including fine content, clay content, plasticity
index, soil dispersivity, soil class according to the Unified Soil Classification System (USCS),
optimum moisture content (OMC), and maximum dry density (MDD), as presented in Table 1.

To assess the performance of various filter-base soil combinations, the NEF tests were carried
out. The NEF test, originally developed by Sherard and Dunnigan [18], was followed in this study
according to the procedures described by Sherard and Dunnigan [18] and Soroush and Shourijeh
[23]. Figure 1 shows a photo of the actual experimental setup of the NEF test equipment.

The NEF test cylinder was transparent, with a diameter of 11 cm and a height of 30 cm. In the
test procedures, a drainage layer made of gravel-sized material was placed at the bottom of
cylinder, separated from the filter layer by a wire screen. The filter material was 10 cm thick and
consisted of 4 compacted sub-layers. The fabricated filter materials were initially saturated and
thoroughly mixed. The filter materials placed into the NEF cylinder were compacted using both
vibration and tamping techniques. A relative density of 75% was used for the compaction of the
filter materials in the NEF test.

Figure 1. A view of the NEF equipment arrangement under test

SPRING 2025, Vol 11, No 2, JOURNAL OF HYDRAULIC STRUCTURES
Shahid Chamran University of Ahvaz




48 A H. Vakili, A.Falamaki

Instead of using granular-sided materials, a plastic ring was used to intrude into the final filter
layer; this plastic ring, which intruded into the final filter layer, also known as water-tight plastic.
The overlying base soil was 2.5 cm thick and consisted of 2 sub-layers, each compacted to
maximum dry density. Note that the base soil samples were first mixed with distilled water before
being compacted in the NEF test cylinder. The amount of water added was equal to the required
value to achieve the optimum moisture content determined by the standard Proctor test. The
prepared samples were placed in an airtight plastic bag and stored for 24 hours to allow equilibrium
between the dissolved salts in the soil pore water. A 1 mm diameter perforation was made through
the base soil layer and extended 1 cm into the filter layer. Another wire screen separated the base
soil layer from the upper drainage layer, which, like the lower drainage layer, also made up of
gravel size material. At the beginning of the test, the inlet valve and air vent were slightly opened
while the outlet valve remained closed. After saturating the gravel drain with water and de-aerating
it, the air vent was closed and the outlet valve opened. The water pressure of 400 kPa or 4.0 kg/cm?
was applied during the procedure. In other words, the applied hydraulic gradient was
approximately 1600 due to water flow through the perforation.

The performance of filter-base soil system was assessed by collecting the effluent, measuring
the flow rate every minute, inspecting the effluent turbidity, and determining the perforation size
after each test. A filter material was considered successful in protecting the base soil if no visible
erosion occurred- i.e., no enlargement in the initial size of perforation. The duration of each test
was typically about 20 minutes. Longer tests were not necessary, as erosion of the base material
usually occurs within the first 20 minutes of the test (Delgado Ramos and Locke, 2000).

For filters, 14 different types of clean sandy samples with various PSDs or Diss Sizes were
artificially prepared. The filter materials placed into the NEF cylinder were compacted using both
vibration and tamping techniques. Granular soils, such as filter materials, are typically compacted
to achieve a desired relative density. Relative density serves as a compaction index for granular
soils [24]. Relative densities of 75% were utilized for compacting the filter materials in the NEF
test. It's noteworthy that relative densities of 70% have been observed to suffice in field conditions
to mitigate the risk of flow liquefaction during earthquakes [25]. Conversely, Fell et al. [25] argue
that there are no discernible benefits in using relative densities exceeding 80% for the filter zone
of earth dams. Moreover, employing relative densities greater than 80% can lead to excessive
breakdown of filter materials [25]. Therefore, it appears reasonable to apply a relative density of
75% in the test procedure.
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Table 1: Characteristics of base materials collected for the current study
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1-S; 0.03 91.0 40 930 16 CL
1-S, 0.065 88.0 35 510 17 CL
1-S3 0.038 920 40 610 24 CL
1-S4 0.02 96.0 48 820 35 CH
1-Ss 0.015 100.0 41 450 31 CH
1-Se 0.062 86.0 37 320 13 CL
1-S7 0.055 90.0 20 69.0 8 ML
1-Sg 0.050 920 35 410 12 CL
1-Sq 0.044 88.0 40 82.0 17 CL
1-S1o 0.060 88.0 36 750 24 CL
1-Sp 0.065 87 44  96.0 34 CH
2-S11 0.20 83.0 35 650 16 CL
2-S1p 0.10 820 33 740 20 CL
2-Si3 0.30 76.0 35 320 15 CL
2-Sus 0.15 780 7.0 150 25 CL

2-Si15 0.15 75.0 33 500 16 CL
2-S16 0.090 830 34 430 31 CH
2-S17 0.091 830 32 81.0 17 CL
2-S18 0.13 71.0 14 890 11 ML
2-S19 0.18 80.0 31 56.0 18 CL
2-Sz 0.09 820 30 370 17 CL
2-Sp1 0.23 750 25 9.0 13 CL

For the preparation of base materials, the base soil samples were thoroughly mixed with water.
The quantity of water added was adjusted to achieve their optimum moisture content, as
determined by the standard Proctor test (by referring to Table 1). The prepared samples were
placed into airtight plastic bags and maintained for 24 hours to achieve equilibrium between
dissolved salts in the soil pore water. The base soil was then compacted inside the cylinder using
a tamper. The compaction process continued until reaching a final thickness of 25 mm. Note that
all base materials were compacted at their maximum dry density (MDD) and optimum moisture
content (OMC).

The pressure of water applied in the NEF test procedure was 400 kPa or 4.0 kg/cm?. In other
words, the applied hydraulic gradient was about 1600 due to water flow through the performed
hole. Considering the geometry and reservoir heights of large dams, pressures of over 350 kPa
must be applied in filter test procedures for a highly accurate simulation of large dams [12]. Note
that the duration of each test is normally about 20 minutes and tests for a longer period are not
compulsory because erosion of the base materials usually takes place within the first 20 minutes
after starting the test [27].
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Based on the NEF test results, the boundary between successful and unsuccessful filter
materials could be determined for any given core materials with specific properties [18,25]. In this
study, the Disnay Values were determined for all base soil specimens.

3. Results and Discussions
3.1. Effects of plasticity of base materials on filter effectiveness

The influence of base soil plasticity on the no-erosion filter boundary is illustrated in Figure 2.
The plasticity of the collected base materials was found to have little effect on the no-erosion filter
boundary, as already reported by Sherard and Dunnigan [18], Foster and Fell [25], and
Zomorodian and Moghadam [28]. However, Delgado et al. [16] found a strong correlation between
the plasticity of base materials and the Disr Size of required filter materials. Delgado et al. [16]
believed that base soil plasticity increases directly with its fine content, thus leading to a decrease
in the Das¢ size of required filter materials. Although there is a general trend of increasing Disnay/dss
ratio with increasing plasticity index, the correlation obtained is not as strong as those obtained by
Soroush et al. [29] and Delgado et al. [16].

20
18 *
16
14
1 D,s¢/dgs = 0.2096P1 + 1.7005
& R2=0.1806 R
£ 8 *e
o ¢ L ‘_: . . 7
4 .
¢ %o0 o
2 . L 3
0 .
0 5 10 15 20 25 30 35 40
Pl (%)

& Experimentally determined results

Figure 2. Variation of the plasticity index of the base soils against ratio of Disway/ dss for broadly
graded, dispersive core materials

Nevertheless, the given endorsement comes with the following remarks:

1- The plasticity of almost all base soils tested by Soroush et al. [29] was less than 10. However,
the plasticity index of base materials collected for the current study ranged from 8% to 35%. Thus,
the results obtained in the current study may not be compatible with those of Soroush et al. [29],
as the current study covers a wider range of base materials.

2- The compatibility of the NEF test results against the criterion suggested by Delgado et al.
[16] is illustrated in Figure 3. The experimentally determined results were found to be
incompatible with the criterion suggested by Delgado et al. [16], as the majority of the plots are
placed below the line. The criterion becomes questionable, especially for those base materials with
a plasticity index less than 20%. In other words, the criterion suggests a Das¢ Size of more than 0.9
mm for base materials with a PI less than 10. However, all base materials tested by Soroush et al.
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[29] required filter materials with a Dist Size less than 0.4 mm, illustrating the inaccuracy of the
criterion. Further evidence from the current study supports this. For instance, sample 1-S7 had an
ML classification with a Pl of 8%. The criterion suggests a Dist of 1.15 mm as a no-erosion filter
boundary. However, the experimentally determined no-erosion filter boundary was 0.35 mm,
which is 3.3 times smaller than the criterion. Thus, the base soil features could not be effectively
represented by plasticity in filter design purposes.

1.4
1.2
. \
T N
g€ 0.8 \
= ¢
206 A4 .
04 . . ¢ ——
X3 ¢ o 24 .
0.2 .
0 .
0 5 10 15 20 25 30 35 40
Pl (%)

& Experimentally determined results === Delgado et al., (2012) design criterion

Figure 3. Comparison of the NEF test results with design criterion suggested by Delgado et al., (2012)

3.2. Effects of clay content of base materials on filter effectiveness

The effect of clay content of base soil materials on the no-erosion filter boundary is given in
Figures 4 and 5. Generally, the Dasnay Size of filter materials tends to decrease, and the Dispay/dss
ratio tends to increase as the clay content of base materials increases. This general tendency could
be attributed to the susceptibility of the clay particles to dispersion and de-flocculation. In other
words, the extent of eroded particles increases as the degree of segregation of the clay particles
increases, thus diminishing the filter effectiveness.

Two definitions exist for clay particles in the literature. Clayey soils are usually defined as soils
with particles less than 0.002 mm. However, particles in the range of 0.002 to 0.005 mm are
sometimes considered as clay [24]. The better trend could be observed between clay content and
required filter materials when particles less than 0.005 mm are considered as clayey soils, as shown
in Figures 6 and 7.

The best fit expression obtained by Foster and Fell [25] is compared with the best fit expression
derived from the current study for base soils Group 1, as observed in Figure 8. The best fit
expression proposed by Foster and Fell [25] could not successfully predict the appropriate filter
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materials in terms of Dass size, as 10 out of 11 plots are placed below the line, reflecting a no-
erosion probability of only 9%.
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Figure 4. Variation of the clay content (PP < 0.002) of the base soils against experimentally
determined filter boundary (Disbdy) for broadly graded, dispersive core materials
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Figure 5. Variation of the clay content (PP < 0.002) of the base soils against ratio of D1shay/ dss for
broadly graded, dispersive core materials
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Figure 6. Variation of the clay content (PP < 0.005) of the base soils against experimentally
determined filter boundary (Disbdy) for broadly graded, dispersive core materials
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Figure 7. Variation of the clay content (PP < 0.005) of the base soils against ratio of D1sbay/ dss for
broadly graded, dispersive core materials
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Figure 8. Comparison of the NEF test results with Foster and Fell [25] design criterion for base soil of
Group 1

Consequently, as experimentally determined by the current study, selecting the criterion of
D1si/dgs = 4.0 as the no-erosion lower bound could be logical for various broadly graded, cohesive,
dispersive base materials of Group 1 with different clay content.

3.3. Effects of fine content of base materials on filter effectiveness
The influence of fine content of base soil materials collected on the required filters is
diagrammatically illustrated in Figure 9.
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Figure 9. Variation of the fine content of the base soils against experimentally determined filter
boundary (D1sbay) for broadly graded, dispersive core materials
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Although there is a general tendency for decreasing Daisnay Size of filter materials with
increasing fine content of base materials, the effects of fine content may be observed more
appropriately in Figure 10, where the scattering of D1sway/dss versus fine content has been plotted.
In other words, Figure 10 illustrates the concurrent effects of particle size distribution (PSD) and
fine content of base materials on the no-erosion filter boundary. The correlation between these
variables is governed by an exponential function and can be expressed as follows:

Dist = dgs (0.0164 x exp (0.0672 F) (1)
19 |
17
15
13 D,c¢/dgs = 0.0164exp (0.0672F) )
) R?=0.6973

5

D 15bdy/ d 85

= W U
.
. 0:
.

o

60 65 70 75 80 85 90 95 100

Fine content (%)

& Experimentally determined results

Figure 10. Variation of the fine content of the base soils against ratio of Disnay/ dss for broadly
graded, dispersive core materials

Decreasing Dishay Size of required filter materials with increasing fine content of base soil
materials was as expected. In other words, the base soil becomes finer or smaller as its fine content
increases, and thus, finer filter materials are needed for retaining the erodible particles of base soil
materials.

Variations in fine content were found to have significant effects on the no-erosion filter
boundaries of base soils of Group 1, as observed in Figures 11.
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Figure 11. Suggestion a new design criterion for base soils of Group 1

Based on results plotted in Figure 11, safe filter materials could be designed by considering
fine content and dgs size of base materials simultaneously as follows:

1- As long as the fine content of base materials is more than 85% but less than 90%, the
criterion of Dsi/dgs = 4.0 could be applied.

2- For base soil material with fine content in the range of 90% to 96%, the criterion of Dis¢/dss
=0.7916F - 67.0 could be applied.

3- For base material with fine content more than 96%, the criterion of Disi/dss = 9.0 could be
applied.

It is interesting to note that, although fine content was found to significantly determine the
characteristics of required filter materials for base soils of Group 1, as observed in Figure 12, its
effect on the no-erosion filter boundary of soil Group 2 is negligible.
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Figure 12. Variation of the fine content against ratio of Dis¢/ dss for Group 2

The hydraulic filter design criterion by Delgado et al. [30] for soils of Groups 1 and 2 is given
together with experimentally determined filter requirements in Figure 13. Since only 2 out of 22
plots are placed below the line, following the criterion would mean having an erosion probability
of only 9.0%, demonstrating the accuracy of the criterion suggested by Delgado et al. [30].
Although the criterion suggested by Delgado et al. [30] had a considerable factor of safety in
relation to the base materials tested in this study, its application could become questionable for
base soils Group 2 as the criterion has suggested filters with high permeability values.

Finally, designing filter materials by concurrently considering dss and fine content of base
materials seems to be more logical than separately using these effective parameters. Otherwise, it
is recommended to design the required permeability of filter materials by considering the fine
content of base materials and following a hydraulic criterion like Delgado et al. (2006).
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Figure 13. Comparison of the NEF test results with design criterion suggested by Delgado et al.,
[30]

4. Conclusions

As demonstrated in this research study, base soil plasticity was found to have negligible effects
on no-erosion filter boundaries. In other words, results from the current study demonstrate that
fine content could determine no-erosion filter boundary more substantially than clay content.
Consequently, as experimentally determined by the current study, selecting the criterion of D1s¢/dss
= 4.0 as the no-erosion lower bound could be logical for various broadly graded, cohesive,
dispersive base materials of Group 1 with different clay content. Finally, only considering dgs as
a base soil representative may result in inappropriate filter design. Therefore, in addition to the
particle size distribution (PSD) of base materials, the effects of other base soil features such as
fine content could be taken into consideration by using the formula Dist = dgs x (0.0164 x
exp(0.0672F)). The study suggests categorizing base soils of Group 1 into several groups and
designing filter materials as follows:

1- Dise/dgs= 4.0 for 85%< F< 90%;

2- Disi/dgs = 0.7916 F- 67.0 for 90%< F< 96%;

3- Disi/dgs= 9.0 for F> 96%.
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Abstract

Given the hostile nature of offshore environments, ensuring the structural stability of offshore
platforms is crucial to their design. A computer program was developed for the preliminary
stability analysis of offshore platforms under significant environmental loads. The program
output was applied to a minimum facility platform under extreme storm conditions, providing
insight into its structural resilience. A comprehensive framework for experimental studies of the
platform’s stability was also established using a scaled physical model. This research investigates
the effect of blasting loads and the distance of explosions on Steel Jacket Type Offshore
Platforms (JTOPs) in both air and water environments. Simulations were conducted using
Abaqus 2023, where four blasting loads (1, 2, 5, and 10 tons) were applied at varying distances
(10, 20, 50, and 100 meters) from the structure. Results indicate that in water, the blasting wave
increased by over 11 times as the distance from the platform increased, highlighting the
significant amplification effect of the water medium. In contrast, the influence of the blasting
load was considerably reduced in air, suggesting a notable difference in the platform’s response
to underwater versus atmospheric explosions. The displacement over time for different blast
scenarios. At 0.5 seconds, the main model (2,000 kg at 20 meters) recorded the highest
displacement, around 1.65 meters. Case 1, 2, 3, and 4 follow with displacements of
approximately 1.35 m, 1.2 m, 0.95 m, and 0.7 m, respectively. Results indicate that displacement
increases with higher blast loads and proximity, particularly in the water medium.

Keywords: Blast Loading; Jacket Offshore Structure; Strengthening; Numerical Analysis;
Shock Wave.
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1. Introduction

The increasing demand for alternative energy sources has led to significant rivalry between
fossil fuels and other renewable energy sources since fossil fuels are considered non-renewable
[1], [2]. Nevertheless, several contemporary platforms have included advanced technology
derived from the preexisting offshore platforms (OSP) utilized in gas and oil exploration [3], [4],
[5]. Significant progress has been achieved in ocean engineering, including a diverse array of
inventive offshore structure configurations spanning from stationary to buoyant platforms. The
structures encompassed in this category consist of floating liquid natural gas vessels, units of
mobile offshore production, floating drilling production storage and offloading, units of floating
generation, units of floating storage, units of floating offloading and storage, floating offshore
wind turbines, jack-up rigs, and deep-water semi-submersible platforms [6], [7].

In recent decades, significant focus has been placed on studying the behavior of engineered
structures when subjected to blast or impact loads [8]. Terrorist organizations worldwide are
increasingly using explosives to target civilian buildings and infrastructure, posing a rising
concern in contemporary communities [9]. Explosive devices have decreased in size and risen in
power over the years, resulting in greater mobility of the explosive material and expanded range
effects. The casualties from an explosion are often caused not just by immediate deaths resulting
from the direct release of energy but primarily by structural collapses that may develop and lead
to significant loss of life [10].

The issue of structural resistance to likely to explode loads was extensively studied for
several years and made significant progress within the military community [11]. For this reason,
most of these discoveries are not available to the public and are limited to military usage.
However, design engineers may access documentation that enables them to forecast the impacts
of an explosive detonation [12], [13].

The Steel Jacket Type Offshore Platforms (JTOPSs) rank as one of the most utilized structures
within the offshore oil industry of today [14]. As part of its design, JTOPs are generally intended
to endure physical loads caused by waves, currents, wind, and earthquakes associated with the
environment. As terrorist attacks have increased in recent decades, engineers have tended to pay
more attention when designing structures to carry specific loads, such as explosives. In design
codes, explosive loads are not considered comprehensively [15]. A variety of factors influence
the effect of explosions, including the type of structure and its location, as well as the type,
location, and intensity of the explosion. In the design of modern structures, it is necessary to
prevent progressive collapse because of blasts [16], [17], [18]. Therefore, in the design of
modern JTOPs, progressive collapse due to blast must be considered. It is essential to design so
that the economic effects of failure are minimized as much as possible. The use of non-linear
analyses can assist the designers in identifying weak points in structural systems subjected to
blast and wave loads and reduce the likelihood of unfavorable Jacket platform failures [19], [20].
Pile-supported JTOPs are essential components of oil and gas exploration and production. It is
important to note that pile-supported structures may face many lateral loadings; in some cases,
they may also be subjected to strong waves and blasts, making assessing such structures'
performance under blast loads an essential factor [21], [22], [23]. Considering the recent increase
in terrorist attacks worldwide over the past few decades, researchers have begun to pay closer
attention to specific loads, such as blast loads [17], [24]. Understanding the precise behavior of
JTOPs under blast loads is necessary for developing methods for designing and fabricating
structures resistant to explosive loads [25], [26].

Numerous research studies have examined the dynamic deformations of applying explosive
blast stress on plates. The classification of failure modes of structures under impulse loading,
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ranging from significant inelastic deformation to ripping and shear failure at the supports, was
emphasized by Neuberger et al. [27], [28]. Shock tubes are a preferable alternative to explosives
for generating shocks, and they are widely employed in shock/blast simulation research. The
impact of blast loading on E-glass fiber-based composites and other materials was
experimentally investigated by Tekalur et al. [29], [30], [31] via shock tubes and controlled
explosive tube loading. The findings indicated that the E-glass fiber composite gradually
deteriorated when subjected to high-rate loading, similar to the conditions reported by Hoo Fatt
and Palla [32]. This deterioration was characterized by a progressive failure of the front face
owing to indentation, followed by the entire collapse of the core. The investigations have been
consistently advanced by the identical research group, yielding significant outcomes. These
investigations have extensively investigated several factors, including the dispersion of blast
energy throughout the impact procedure and the preservation of structural integrity in sandwich
constructions subjected to blast pressures.

In comparison with previous study, the current study considered the first article that presents
a strengthening for offshore structure against blasting load. As well as investigate the effect of
the distance away from blasting location on the structural behavior under the blasting. This
research is innovative as it bridges this gap by examining the behavior of JTOPs under different
blast loads and explosion distances in both air and water environments. Using Abaqus 2023, this
study performs comprehensive simulations of explosive loads on JTOPs, analyzing not only the
structure's immediate response but also the progressive collapse mechanisms that might occur
due to underwater explosions. By incorporating both media (air and water), the research brings
new insights into the disparity of blast effects in different environments, an area not sufficiently
addressed in current literature. This work could have profound implications for improving the
design and safety of offshore platforms, minimizing the risk of catastrophic failure under blast
loading, and guiding future non-linear analysis techniques for designing blast-resistant offshore
structures. Using a 3-D model of the HE4 Platform in the Persian Gulf provides a detailed and
realistic representation of the structure, crucial for accurate simulations of its behavior under
environmental loads and blasting impacts. This approach accounts for the unique conditions of
the Persian Gulf, such as water depth and wave patterns, ensuring the findings are region-
specific. The model captures complex interactions between the platform and its environment,
including the effects of blasting in both air and water, which enhances the accuracy of the
analysis. By incorporating detailed geometries and structural components, the 3-D model allows
for precise stress distribution and deformation analysis, leading to better design optimization and
improved safety. This comprehensive approach ensures the study's conclusions are both relevant
and practical for enhancing offshore platform resilience. However; the current study aims to
investigate the effects of blast loading located on the behavior of jacket offshore steel structures
as well as changing the blasting load with changing the distance to identify which load will
effects more (small load near to structure or high load away the structure) to apply this idea 4
loads have been used (1, 2, 5 and 10) ton at (10, 20, 50 and 100)m away from the structure, the
main reason for applying load on various distances to identify the effect of displacement,
deformation and strength as well as identify the load amplification in water based on the
distances. The responses of JTOP structure that subjected to blast loads induced by explosions
on the water surface using three-dimensional (3D) Finite Element modeling and analysis as well
as investigate the effect of structure strengthening by steel plate the behavior of JTOP under
blasting load (2 ton at 20 m distance). As a method for representing JTOP behavior realistically,
the present study uses numerical simulations based on non-linear material models.
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2. Numerical Model and Simulation
2.1. Model Description

A case study is conducted using a 3-D model of a recently developed jacket platform in the
Persian Gulf, known as the HE4 Platform. The platform's design and analysis adhere to the
guidelines outlined in [33]. Given that several jacket platforms worldwide adhere to same design
specifications, the findings of this study have the potential to be extrapolated to other
comparable offshore platform behaviors. The water depth at the platform's position is 74.6
meters.

The vertical distance between the mudline elevation (elevation 274.4 m) and the top of the
jacket elevation (elevation 9.2 m) of the jacket section of the platform is 83.6 m. Figure 1 depicts
the configuration of the jacket as modeled in the ABAQUS program, as described by [34]. The
platform under consideration is a jacket with four legs, exhibiting a damaged ratio of 1:10 in one
row and a straight configuration in the other row. The absence of batter in a single row of legs is
attributed to the presence of a Jack-up drilling platform in addition to the stationary platform
[35]. The platform under consideration is representative of platforms often found in the Persian
Gulf region [35], [36], [37].

The platforms used in other places have a similar arrangement of legs [38]. The jacket is
comprised of four compartments that are reinforced. The jacket plan exhibits a square form at
the working point level, measuring 23 m x 23 m. It is further expanded to 23 m x 31.53 m at the
mudline height using the batter. A grouted section is formed by filling the space between the pile
and leg with grout, resulting in a composite section. The cans and brace ends serve to enhance
the structural integrity of all significant joints inside the jacket.

Elv. +22.5m

Elv. +13.2m
Elv.+8m

.
?
L

¢ 8 e }X Story Level 4

oom oo
| ) !
Rl
® A

* e
|

Elv.-9m
Story Level 3
Elv.-29m

Story Level 2

Story Level 1

Elv.-71m
| Mudline -74.4 m

Figure 1. The configuration of the platform modeled in ABAQUS.
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Four piles, each having a diameter =1.32 m and a wall thickness=5.5 ¢cm, are used to support
the jacket. It is significant to state that the analysis model utilizing ABAQUS software only
includes the main structural features. The weight of the jacket under consideration in the analysis
encompasses several components, such as the jacket construction, pile within legs, Boat
Landing, Barge Bumpers, Anodes, and Mudmats. The weight of the deck encompasses several
elements such as structural components, mechanical systems, electrical systems,
instrumentation, and pipelines. These components are subjected to intense loads at all nodes of
the deck.

2.1.1. Model Validation

It is crucial to comprehend both the UNDEX stresses and the reaction mechanisms of
buildings that are most suitable for withstanding or reducing the impact of an explosion. The
response of plates to a UNDEX event depends on many characteristics, including the peak
pressure of the shock wave, the exponential decay, the effects of cavitation, the secondary and
subsequent pulse loading, and the spatial and temporal fluctuation of the shock pulse on the
structure. An intricate difficulty arises when attempting to describe and analyze the impact of
UNDEX loads on structural elements/systems due to the combination of intense impact loading
and a nonlinear structural response that includes both geometric and material non-linearities.
Additionally, the characteristics of the material, including its sensitivity to strain rate, the
influence of temperature, and metrics related to rupture and damage, change when subjected to
dynamic loading and reaction.

The significant global conflicts of the world wars played a crucial role in advancing research
related to UNDEX. Consequently, many controlled experiments were carried out aboard ships
and submarines, with the results being systematically documented. Cole [39] provided one of the
first extensive accounts, including experimental findings, theoretical assessments, and formulas
to characterize the explosion and its pressure history. Shock Factor= 0.794, Charge
mass=0.08kg, Standoff distance=0.15m. The current study dependent on Cole [39] to simulate
the blasting load which is already taken from real explosion and the validation of the current
structure under the selected blasting load is shown in Figure 2.
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Figure 2. The validation model has been conducted based on Cole [39].
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2.1.2. Finite element modeling

A Finite Element model of a newly deployed jacket platform in the Persian Gulf is used as a
case study in this research. A numerical model of the experimental specimen is developed in
ABAQUS, which is compared with the results in literature to validate the numerical model. A
finite element model created in Abaqus is illustrated in Figure 3. Our next step was to mesh the
model using B31 elements (A 2-node linear beam in space).

Figure 3. A finite element model designed in Abaqus.
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The UNDEX Loading

Noncontact underwater explosions pose a significant risk to maritime vessels, including
submarines and ships. Submerged structures may be classified into two groups based on the
distance between the exploding charge and the target (standoff distance): far-field explosion and
near-field explosion [40].

The pressure versus time history plot in Figure 3 illustrates the many events that took place
throughout the UNDEX event [41]. Underwater explosions may result in many loading
processes, such as hull cavitations, bulk, bubble-pulse loading, gas bubble oscillation, bottom
reflection waves, free surface reflection waves and incident shock waves [42]. The compression
wave resulting from the shock wave reflection from the ocean floor imposes an extra stress on
the structure. The pressure generated by the shock wave is diminished due to the reflection of the
shock wave from the surface of the open ocean [43], [44]. The shock wave generated by the
UNDEX charge is referred to as the incident wave. The acoustic field produced by the
interaction between the incident wave and the submerged structure is referred to as the dispersed
wave. A spherical incident shock wave is used to describe the initial shock wave. This shock
wave is delivered as a transient load on both the structural meshes and acoustic at their common
surfaces, known as the wetted interface. The shock wave's distribution onto the plate is
determined utilizing the incident pressure wave formulas, as illustrated in reference [45].

In this study, gravitational loading was considered as a critical factor in the overall structural
analysis of the jacket offshore platforms. Gravitational loading, primarily due to the platform's
self-weight and the additional weight of equipment and materials, was modeled as a constant
vertical load acting on the structure. This includes both dead loads (permanent structural and
equipment weight) and live loads (temporary or variable loads such as operational equipment
and personnel). The gravitational load was incorporated in the simulations alongside other
environmental forces (e.g., wave, wind, and blast loads) to assess the combined effects on the
platform's structural performance. This approach ensures a comprehensive evaluation of the
platform's stability, considering the influence of both static and dynamic loads on its integrity
and resistance to collapse. Based on the APl RP 2A-WSD (American Petroleum Institute)
provides specific guidelines on calculating gravitational loads, which have been considered in
this study. Furthermore, the 1SO 19902 standard also addresses the treatment of gravitational
forces in the design of offshore steel structures.
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Figure 4. UNDEX Phenomenon: high pressure bubble and shock wave [41].

The pressure history of the shockwave at a stationary position, denoted as P(t), begins with
an immediate pressure peak, Pmax, and then a subsequent decrease that is often represented by an
exponential function. The pressure profile equation, as obtained by empirical methods [39], [40],
[46], may be expressed in a way that follows.:

P(t) = Ppace (¢ t)/0)(MPa) t > ¢, ey

Whereas

t refers to the duration elapsed after the charge detonation in (msec)

t, refers to the arrival shock wave duration to the target after the charge detonation (msec);
Phax refers the peak pressure value (MPa) at the front wave shock;

0 refers to the decay duration constant that depicts the exponential decay in (m.sec) and is equal
to the duration detected by the peak pressure to fall to 1/e durations its initial magnitude.

The magnitude of the blast and the distance from the charge where the pressure is recorded
determine the decay constant and peak pressure. The expression for the peak pressure, denoted
as Ppax, and the decay constant, denoted as 0, is as following [47]:

1/3
Bnax = K1 < R

A
> (MPa)
)

W1/3
0 = K,wt/3
2 ( _

Az
> (millisecond (msec))

The max bubble radii of exploding gas, Ry.x, and the initial pulsation periods, T, are
presented in the case of TNT charge [48]:
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1/3

R = 3.38 —W
max = S ((D + 10.3)) (m) )
W1/3
T = 2.1W(SQC),

The constants K1, K2, and Al, A2 are contingent upon the kind of explosive charge used in
the utilization of various explosives. The input constants listed in Table 1 [49] are as follows.
The explosive charge weight is denoted as W in kilograms (Kg), the charge depth is represented
as D in meters (m), and the distance between the exploding charge and the target is denoted as R
in meters (m). In addition, Cole [39] offered more details on the methodical exposition of
physical consequences linked to underwater explosives.

Table 1: The variables of shock waves for different exploding charges.
Explosive material kind

Constants

HBX-1 TNT PETN Nuclear
K1 53.51 52.12 56.21 1.06E4
Al 1.144 1.180 1.194 1.13
K2 0.092 0.0895 0.086 3.627
A2 -0.247 -0.185 -0.257 -0.22

Taylor's plate theory may be used to precisely forecast the reflecting pressure on the fluid-
structure interaction surface once pressure from an underwater explosion impacts a flexible
surface, including the hull of a surface ship [40]. In the case of an air-supported plate with a
mass per unit area (m) and exposed to an incident plane shockwave, denoted as P;(t), a pressure
reflection wave, denoted as B.(t), exits the plate while it is in motion at a velocity v, (t). The
application of Newton's second law of movement,

dv
m'd—tp=Pi+Pr (4)

The velocities of the fluid particles behind the incident and reflected shockwave are denoted
as v;(t) and v,-(t), respectively. Consequently, the velocity of the plate is determined.

vp(t) = vi(t) — v (t) (®)

The incident shockwave pressure P; = prcv;, Whereas the reflecting shockwave pressure
P.(t) = pgcvy. In this equation, ps represents the fluid density and c represents the acoustic
velocity. By replacing the pressure in equation (4) and solving it with equation (1), the value of
B.(t) is obtained.

Pr(t) = Pi(t) — PrCvy = maxe_((t_tl)/g) — PfCVy (6)
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Equation (4) can then be rewritten as

dv
-2t prey, = 2Bgge (E00/9) ™

Differentiating (7) yields the following expression for plate velocity, where ¥ = psco/m and
t > 0. The total pressure on the plate is

2P,
Pi(€) = 2Pi(t) — prevy = m’;‘; [e=((t=t2)/6) _ ype—h(t-t1)/0) (8)

A shock factor (SF), which is proportional to the energy density of the shockwave arriving at
a structure, due to various combinations of charge weight and standoff distance is derived by

SF 9)

3 0.45vw (Kg!/?
N R m

The study simulates underwater explosions (UNDEX) using Abaqus software, modeling the
impact of varying blasting loads (1, 2, 5, and 10 tons) and explosion distances (10, 20, 50, and
100 meters) on the offshore structure. Key parameters include the magnitude of the blast, the
distance from the structure, and the medium (air or water) to assess how these factors influence
the impact. The simulation models the pressure waves generated by the explosion and their
interaction with the platform. It also analyzes the structural response, focusing on stress
distribution and deformation to evaluate stability and potential damage. This approach provides
a comprehensive understanding of how different explosion scenarios affect the structural
integrity of offshore platforms.

2.2. Elements mesh details

To determine the best mesh density (i.e., number of elements), selecting a suitable mesh size
is a significant step in FEM. Structure models were subjected to a convergence analysis to obtain
an appropriate mesh size by dividing Structure models into an appropriate number of elements.
When the reduction in mesh size (increment in the elements' number) has no effect on the
finding, the findings have reached a suitable convergence.

To identify the appropriate mesh size for each modeled component, a sensitivity analysis was
conducted. This involved altering the mesh size in various sections of the system and obtaining
the findings of the frequency analysis. By performing this sensitivity analysis, the optimal mesh
size for each component could be determined, ensuring accurate and reliable frequency analysis
findings as illustrated in Figure 5.
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Figure 5. the mesh accuracy based on the lateral loading.

2.3. Assigning Boundary Condition

The jacket offshore steel structures analyzed in this study are designed and reinforced in
accordance with internationally recognized standards and guidelines commonly adopted for
offshore platforms, particularly within the oil and gas sector. APl RP 2A-WSD (American
Petroleum Institute), which recommended practice governs the planning, design, and
construction of fixed offshore platforms, offering comprehensive guidelines on structural
integrity, safety factors, and the consideration of environmental loads such as wind, wave, and
seismic forces. And I1SO 19902 (International Organization for Standardization), which
addresses the requirements for offshore steel jacket structures, including design, construction,
and maintenance. It covers loads, materials, structural components, and fatigue analysis.
Numerous elements for simulating the behavior of steel structure were applied. These
components are commonly utilized in ABAQUS. The details of the elements and their
descriptions are shown in the table below.

Table 2. The element type and description.

Name of Type of

No. materials Element

Symbol Descriptions

2-node beam element with linear interpolation

1 Steel beam B3l formulations in three-dimensional space

4-node double curved thin of thick shell,
2 Steel plate Shell S4R reduced integration, hourglass control, finite
membrane strain

3 Soil and Deformable C3D8R 8-node brick element
waster solid
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The boundary situations have an essential role in accurately forecasting the behavior of the
model. In this thesis nine strengthen type had been made for each of the four model as can be
seen in the attached excel file, the types of strengthen are describes below:

2.3.1. Case 1

In this Case two parallel steel plates that has placed at the 10 m away of the edge with 72
circular hole (with radius 0.5m) the distance between holes is (3 m horizontally and 2.5m
vertically) as illustrated in Figure 5 and 6.

ZaN

Figure 7. First strengthening case dimensions details.
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2.3.2. Case 2

This Case consists of two parallel steel plates with same dimensions as case one (one of the
plates placed at 5 m away of the edge and the other one placed at 15 m away from the structure
edge the distance between two plates is 10 m) with 72 circular hole (with radius 0.5m) the
distance between holes is (3 m horizontally and 2.5m vertically) as illustrated in Figure 7.

/N

Figure 8. Front view of second strengthening case.

2.3.3. Case 3

This Case consists of two parallel steel plates with same dimensions as case one (both plates
have been placed at the edge of the structure) with 72 circular hole (with radius 0.5m) the
distance between holes is (3 m horizontally and 2.5m vertically) as illustrated in Figure 8.

NN/ N\/
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Figure 9: Front view of third strengthening case.
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2.3.4. Case 4

This Case consists of four steel plates with same dimensions as case one (they placed at four
structure edge one at each edge) with 72 circular hole (with radius 0.5m) the distance between
holes is (3 m horizontally and 2.5m vertically) as illustrated in Figure 9.

Figure 10. Front view of sixth strengthening case.

3. Results and Discussions
The obtained results from ABAQUS software program have been classified into the
following sections:

3.1. Blast load and displacement

The relationship between displacement that occurred due to different blasting loads (1, 2, 5
and 10) ton and time as shown in Figures 10-13. Figure 10 shows that applying blasting load
with 1 ton at 10 m distance away from the offshore steel structure was mainly affected by the
transition media of load where the water increasing the impact load significantly from 0.223043
to 0.906891, which means the presence of water increase the blasting load more than 3 time its
effect on air and this results are compatible with Jang et al., [50] they found that the water
increase the blasting load with 2.6 time compare with air. The presence of water significantly
amplifies the impact of blast loads compared to air. Water's higher density and lower
compressibility facilitate more efficient transmission of blast energy, leading to increased
structural displacement and deformation. The fluid nature of water also causes blast waves to
expand, intensifying their effect on structures. Consequently, the same blast load results in a
substantially greater impact when in water than when in air.

Figure 11 shows that applying blasting load with 2 ton at 20 m distance away from the
offshore steel structure was mainly affected by the transition media of load where the water
increasing the impact load significantly from 0.149723 to 1.65706, which means the presence of
water increase the blasting load more than 11 time its effect on air and increasing the distance
between the structure and source of explosion in air comparison with Figure 11, but in water
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increasing the distance lead to expansive the wave [51] and this results are compatible with
results obtained by [52] which show that the blasting wave has been expanded in water due to
water fluidity. Same results have been shown in Figures 12 and 13 when applying 5 and 10 ton
at 50 and 100 m distances, respectively. The amplification of blast loads in water is attributed to
the medium's higher density and lower compressibility compared to air, which facilitates more
efficient wave propagation. This results in greater energy transfer to the structure, intensifying
the blast wave's effect. Additionally, the fluid properties of water cause the wave to disperse,
further enhancing the overall impact on the structure.
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Figure 11. The relationship between displacement and time for JTOPs for blast load 1 ton at 10 m.
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Figure 12. The relationship between displacement and time for JTOPs for blast load 2 ton at 20 m.
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Figure 13. The relationship between displacement and time for JTOPs for blast load 5 ton at 50 m.
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Figure 14. The relationship between displacement and time for JTOPs for blast load 10 ton at 100
m.

3.2. Structure Deformation

The structure deformation for all selected blasting loads (1, 2, 5 and 10) tons has been shown
in figures 14-17. Based on Figure below increasing the distance between applying load and the
source of applying lead to reduce the deformation of structure in air and increasing the
deformation in water.
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Figure 16. The deformation of JTOPs for blast load 2 ton at 20 m.
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Figure 18. The deformation of JTOPs for blast load 10 ton at 100 m.
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3.3. Strengthening Structure
3.3.1. Blast load and displacement

Figure 18 shows that applying blasting load with 2 ton at 20 m distance away from the
offshore steel structure was changed based on the strengthening case, where case 5 with single
parallel steel plate has the highest displacement, while case 8 with steel slices has been placed on
four offshore structure’s sides has the lowest displacement.

1.8
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’ 2000 kg 20 m
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= 1.2 Casel
£
-
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S
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o
Q
0 0.6
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Case 3
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0 0.1 0.2 0.3 0.4 0.5 Case 4
Time (sec)

Figure 19. The relationship between displacement and time for strengthened JTOPs subject to blast
load 2 ton at 20 m.

3.3.2. Structure Damaging

Figure 19 shows that applying blasting load with 2 ton at 20 m distance away from the
offshore steel structure was changed based on the strengthening case, where case 5 with single
parallel steel plate has the highest displacement value 2.54489m, while case 8 with steel slices
has been placed on four offshore structure’s sides has the lowest displacement value 0.282685m.
The relationship between displacement and damage is a positive relationship, therefore Case 4
has the lowest damaging and best condition to resist the explosion, while case 1 has highest
damaging and worst condition against the same explosion.
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Figure 20. Max displacement value for model 2 ton and 20 m displacement with different
strengthening.

3.3.3. Structure Deformation

Figure 20 to 22 show the offshore structure deformation simulation for different strengthen
cases by ABAQUS software program using 2 ton blasting load located at 20 m away from the
structure. Figure 20 shows the offshore structure deformation for case 1 that strengthening with
two parallel steel plates at the middle of the structure. The structural deformation has been
reduced after placing symmetrical strengthening. Figure 21 shows reduction in deformation of
the structure in one side due to unsymmetrical strengthening of the offshore structure.

Figure 22 shows increment in the structural deformation after placing the steel plates at the
edge of the structure, due to increasing the structural resistance against the blast load that
happened when increasing the surface area of that effected by blasting load and that compatible
with [53].
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Figure 21. Strengthened offshore structure Case 1 with 2 ton loading and 20 m distance
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Figure 22. Strengthened offshore structure Case 2 with 2 ton loading and 20 m distance
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Figure 23. Strengthened offshore structure Case 3 with 2 ton loading and 20 m distance

Figure 23 shows the offshore structure deformation for case 4 that subject to 2 ton blasting at
20 m and strengthening with four parallel steel plates near to the structural edges. Figure 23
shows increment in the structural deformation after placing the four steel plates comparison with
figure 22 due to increasing the structural resistance against the blast load that happened when
increasing the surface area of that effected by blasting load and that compatible with [53].
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Figure 24. Strengthened offshore structure Case 4 with 2 ton loading and 20 m distance
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4. Conclusion

The study concludes that the presence of water significantly amplifies structural displacement
under blasting loads, with a threefold increase in displacement compared to air for a 10-ton load.
Increasing the distance between the structure and the blast source reduces displacement in air but
causes the opposite effect in water. Similarly, deformation increases with distance in air, while
decreasing in water. Strengthening technigques generally enhance structural resistance, except for
the use of steel plates, which increases the exposed surface, leading to higher displacement and
deformation. These findings highlight the complex interactions between blasting loads,
environmental conditions, and structural reinforcement:

e Applying 10 tons of blasting load in water leads to 3 times structure displacement when
applying similar load at air.

e Increasing the distance between the offshore structure and the source of blasting leads
to reduced structure displacement in absence of water, while lead to increase the
structure displacement in presence of water.

e Increasing the distance between the offshore structure and the source of blasting leads
to increased structure deformation in absence of water, while leads to reduce structure
deformation in presence of water.

o Applying different strengthening cases lead to increase the structure resistance against
blasting load incases 1, 2, 3, while using steel plate around the structure lead to increase
the structural surface that exposure to blasting and then increasing the structural
displacement and deformation.

For future work, it is recommended to investigate the response of different materials under
similar blasting conditions, analyze the dynamic response of structures to repeated blasts, and
examine the impact of water depth on displacement and deformation. Further research should
focus on optimizing strengthening techniques to enhance structural resistance and evaluating the
long-term effects of blasting loads, such as fatigue and material degradation.
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Investigating the vulnerability of underground water to
pollution (case study: East and Northeast of Chaharmahal and
Bakhtiari province)
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Abstract

Groundwater aquifers, as one of the most important and vulnerable water resources, are exposed
to pollution in various ways, and the detection and control of pollution in them is more difficult
and costly than surface water. Also, due to the persistence of pollution in these sources, the best
way to prevent their pollution is to identify polluting sources and vulnerable sources, prepare
vulnerability zoning maps and adopt appropriate management policies. Considering the
importance of the existing aquifers in the east and northeast of Chaharmahal and Bakhtiari
province as a supplier of drinking water and agriculture in Barzagi sector of Shahrekord, Farsan,
Borujen and Kiyar cities, this research aims to identify the vulnerable areas of the mentioned
aquifers using DRASTIC model was done in GIS environment. Then validation was done using
the available data. The results showed that the vulnerable classes were: low pollution 42.71%,
very low 33.53%, low to medium 17.83%, no pollution 4.07%, medium to high 1.57% and high
0.29% covers the area.

Keywords: risk assessment; DRASTIC model; special vulnerability; Chaharmahal and
Bakhtiari.
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1. Introduction

Groundwater is considered as an important source of water resources due to its low pollution
potential and high storage capacity compared to surface water. The presence of pollutants caused
by human activities on the surface of the earth and the penetration of these pollutants into the
aquifer reduces the quality of underground water, for this reason it seems necessary to prevent
the pollution of groundwater [1]. One of the appropriate tools that helps effectively in
groundwater management is the preparation of maps in which vulnerable or sensitive areas to
pollution are identified. In this way, different areas can be compared with each other and have a
single criterion for evaluation. There are different methods to determine the vulnerability
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talebi@meybod.ac.ir (Corresponding author)
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potential of the groundwater table, including overlapping methods, mathematical methods,
statistical methods and combined methods. The overlapping methods are based on combining
the layers obtained from different parameters and have the same working basis. These methods
differ in the use of the type and number of parameters, but ultimately lead to recording a
numerical index or score for each feature [2]. One of the most practical overlapping methods is
the Drastic method, which was provided by the US Environmental Protection Agency to
determine the potential of groundwater [3]. In this research, the DRASTIC model is used to
evaluate the potential of groundwater pollution in the eastern and northeastern regions of
Chaharmahal and Bakhtiari provinces.

Checha Ramhal and Bakhtiari province with an area of 16,532 square kKilometers is located in
the southwest of the country, in the east and northeast of this province are Shahrekord, Farsan,
Kiyar and Borujen counties. The suppliers of drinking water and agriculture in a large part of the
province are located in the mentioned cities [4]. In recent years, the increase in population and
the consequent increase in water demand, as well as the decrease in the quality and pollution of
groundwater due to the development of industry and agriculture, have caused attention to the
quality of groundwater resources. One of the appropriate ways to prevent groundwater pollution
is to identify vulnerable aquifer areas and manage the exploitation of water resources and land
use. Changing the quality of groundwater is a big risk for the development of agriculture, animal
husbandry, tourism and economy of the province. Considering the importance and necessity of
this matter in this research, the zoning of the vulnerability potential of the aquifers is done using
the DRASTIC model in the GIS environment.

The DRASTIC model was first introduced in 1987 by Aller and the US Environmental
Protection Agency developed it in 1990 to be used as a standard system for assessing
groundwater contamination potential [5]. DRASTIC model is one of the most practical
overlapping methods. The term DRASTIC stands for parameters that control groundwater
pollution in the hydrogeological system. These parameters include: groundwater depth (D),
recharge (R), aquifer constituents (A), soil type (S), topography (T), effect of unsaturated zone
() and hydraulic conductivity of the aquifer (C). Groundwater determines the depth that the
pollutant must travel to reach the water table and is very important [6]. Net nutrition is a very
important factor for the penetration and transfer of pollutants from the unsaturated zone to the
saturated zone, and it takes solid and liquid pollutants to the groundwater level and can also
increase the water level [7]. The aquifer environment includes empty spaces and fractures that
hold and pass water, so the ingredients of the aquifer affect the flow inside it [8]. The soil
environment is called the weathered part above the unsaturated zone. This part is very important
in terms of biological activities and the presence of organic substances, and it has a high power
to remove and reduce the concentration of pollutants [9]. Topography refers to the changes in the
slope of the land, which controls the pollutant movement and its retention on the land surface
[10]. The unsaturated environment includes the part located between the water table and the soil
environment, which is essentially unsaturated or discontinuously saturated [11]. Hydraulic
conductivity shows the ability of aquifer materials to transport water. The movement and
diffusion of water and pollutants in the aquifer is controlled by hydraulic guidance [12]. The
DRASTIC model is based on the following four assumptions that should be considered for
choosing the study area. 1- Contamination enters the groundwater from the surface of the earth.
2- The pollution is washed away by rain and enters the underground water. 3- Transfer of
pollution through water and at a similar speed. 4- The area studied under the DRASTIC system
must have an area of more than 40 hectares [13]. Finally, after collecting and digitizing the
hydrogeological information, the seven mentioned factors that control the pollution potential.
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They are overlapped and combined to prepare a vulnerability map, and a new layer named
DRASTIC index is obtained.

In recent years, the evaluation of groundwater has been done by researchers in the world and
in Iran with several methods, which shows the importance of this issue, which is mentioned in
some studies. Siganga et al. (2023) in a study entitled the assessment of groundwater
vulnerability in a region in Kenya using the drastic method concluded that Maraka region and
Muchi town are more vulnerable than the rest of the studied regions [14]. Ansari and Jabbari
(2023) in the article assessing the vulnerability of the aquifer in a semi-arid region of Iran
(Izadkhash Fars Plain) announced that almost 50% of the plains were in the high vulnerability
class and 28% were in the very high vulnerability class. Places with high vulnerability to
pollutants and polluted water were observed in the east and center of the plain. The influence of
the formations in the east of the basin can be seen because the amount of sulfate has increased
sharply at the outlet of the rivers in the east of the basin, which indicates the presence of
evaporite formations with chalk. In the center of the basin, the heavy texture of the soil, low
slope and more accumulation of water entering the basin, some of which have a lot of salts, have
increased the vulnerability of this part. Another result of this study is that the DRASTIC model
is highly effective in evaluating vulnerabilities similar to this research [15]. Among the reasons
for the differentiation and innovative aspects of this research compared to similar cases, we can
mention: the vast extent of the study area (four major cities of the province including:
Shahrekord, Borujen, Farsan and Kiyar) mentioned. On the other hand, nitrate and groundwater
quality index have been used to validate the drastic model. To calculate the groundwater quality
index, the standards of the Iranian Institute of Standards and Industrial Research and the
standards of the World Health Organization have been considered.

2. Materials and ways
2.1. The study area

Chaharmahal and Bakhtiari province with an area of 16533 square kilometers and an average
height of 2668 meters in the range between 31 degrees 14 minutes to 33 degrees 47 minutes
North latitude and 49 degrees 49 minutes to 51 degrees 34 minutes East longitude in the
southwest of the Iranian plateau and the central part Zagros mountain range is located. Figure 1
shows the location of Chaharmahal and Bakhtiari province. Shahrekord, Farsan, Kiyar and
Borujen cities are located in the east and northeast of this province [16]. The aquifers of
Shahrekord, Farsan, Kiar, Shalamzar, Sefidasht, Boruj and Gandaman-Beldaji, which supply
drinking and agricultural water to a large part of the province, are located in the mentioned
cities.
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Figure 1. Location of the study area

2.2. Data collection and preparation

The present research is descriptive and analytical in terms of type and practical in terms of
purpose. This research was carried out through the steps of: collecting the required data and
information and preparing standard maps, assessing the vulnerability potential of Alogi using the
DRASTIC model and validating the DRASTIC model. For this purpose, the available statistics
and information were entered into the GIS database. From various information sources,
including topographic maps with a scale of 1/50000 and land use and geological maps with a
scale of 1/100000 of the National Geological Organization, soil map, meteorological statistics,
hydrology, groundwater level, results of pumping tests, drilling logs Observational, exploration
and exploitation wells, maps of geophysical studies and statistics of water resources were used.
These data were obtained from organizations such as Iran Resources Management Company,
Provincial Regional Water Company, Provincial Agricultural Jihad Organization and Soil and
Water Research Institute. Map information (such as topographic and geological maps) after
being digitized and tabular information such as groundwaterlevel, was converted into
information bank format and entered into the database, and ArcGIS 10.5 software was used to
prepare the required layers. In order to evaluate the vulnerability of groundwater pollution, 7
layers of information including groundwater depth, net nutrition, aquifer environment, soil
environment, slope, unsaturated environment and hydraulic conductivity of the aquifer were
used. In order to prepare the depth layer to the water level, the statistics and information of 150
piezometric wells in the area were used. To prepare the slope map, a digital topographic map of
the area with a scale of 1/100,000 along with auxiliary elevation points related to observation
wells was used. The obtained topographic map was converted into a raster and then the slope
value was calculated for each cell. Piscopo (2001) method was used to prepare the feeding layer.
Piscopo replaced the nutrient potential of an area based on the amount of rainfall, topography
and permeability of the area, replacing the method provided by the United States Environmental
Protection Agency. To calculate the amount of nutrition, the slope is extracted from the digital
elevation model of the area and using the criteria in table (1) was classified.
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Table 1. The method of rating the effective slope factor in net feeding [17]
Parameter Slope%

4 <2
3 2-10
2 10-33
1 33<

Permeability map was also prepared and classified according to the soil hydrology group of
the region and according to the criteria defined in table (2) and table (3).

Table 2. minimum infiltration intensity in soil hydrological groups [18]

Soil Hydrological groups Soil Type Penetration Rate
A Sand and gravel High
B loamy sand-clay Medium
Cc sand
D Lumi low
Clay, saline very low
soils, stone

Table 3. Method of rating effective soil permeability factor in pure nutrition [19]
Parameter Permeability
5 High

Medium -

High
Medium

low
very low

PN WS

Then, using the data obtained from meteorology, the precipitation map of the studied area
was prepared and classified according to table (4).

Table 4. Method of rating effective precipitation factor in net feeding [20]

Parameter Rainfall(mm)
4 850<
3 700-850
2 500-700
1 <500

After preparing the mentioned maps, in order to obtain net nutrition, all three maps of slope,
infiltration and rainfall of the area were overlapped and net nutrition was obtained from equation
D).

Relationship (1) amount of nutrition = % slope + amount of rainfall (mm) + amount of
permeability (mm) And finally, the nutrition map was ranked using table (5).
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Table 5. Net nutrition ranking method [21]

Rank Range
10 11-13
8 9-11
5 7-9
3 5-7
1 3-5

The aquifer environment and its ingredients determine the length and trend of the
groundwaterflow system in the aquifer. The coarser the materials are, due to the higher
permeability of these materials, the vulnerability potential of the aquifer will be higher [22]. To
prepare the aquifer layer, the logs of observation and exploitation wells in the region were used.
First, the geology map was introduced to the ArcGIS environment and the Eliminate command
was performed to remove small areas, then according to the type of log wells (from the reservoir
level to the bedrock) or the numerical value based on table (6) was entered in the field created in
the geology map. and after that the Dissolve command was executed to unify the common codes,
and finally, with the polygon to raster command, the vector map was converted to raster and the
final map of the aquifer environment was obtained.

Table 6. ranges and ratings related to the aquifer environment [23]
Range Rank
Massive shale
Igneous/metamorphic
Igneous / weathered
metamorphism
Frosts
Layered sandstone,
limestone
Massive sandstone
Massive limestone
basalt
Limestone

Boowooourwn

The soil environment means the upper part of the unsaturated zone, which continues until the
penetration of plant roots or the activity of organic organisms. The potential of soil pollution
depends on soil characteristics such as soil texture, permeability, and soil organic matter
percentage [24]. The soil map of the area was produced according to the land use map and using
the existing soil maps of the area in the GIS environment, and the soil environment layer was
produced and stored as a raster layer and classified using table (7).
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Table 7. Ranges and rankings of soil texture type [25]
soil pattern Rank
Narc or 10
lack of soil 10
layer
Sand
sand
plant
fertilizer
dense clay
Sandy loam
loam
Silty loam
clayey
loam
Fertilizer
loose clay

P NWMAOOITO N

Milder slopes provide the opportunity and possibility of more contamination penetration
along with rainfall and in this way, create more pollution potential. Therefore, in the DRASTIC
model, areas with a lower slope are ranked higher. The important role of topography can be
mentioned in the development and evolution of soil. So that in steep slopes compared to gentler
slopes, the thickness of the surface soil layer is less. Therefore, topography by affecting the soil
development also affects the pollution potential [26]. In order to prepare the slope layer, using
the digital elevation model map of the region in the ArcGIS environment, in the Spatial Analyst
section, using the slope determination tool, this layer was prepared and classified and weighted
according to the standards and criteria defined in table (8).

Table 8. Slope ranges and ratings [27]
Slope % Rank

0-2 10

2-6 9
6-12 5
12-18 3

18< 1

The unsaturated environment refers to the lower part of the topsoil up to the water table. The
unsaturated environment layer, similar to the soil layer, affects the pollution potential, and the
extent of its effects is a function of the permeability and characteristics of the environment of the
unsaturated zone. In the unsaturated part, the type of the unsaturated zone and the ability to
absorb and retain pollutants and the texture of the geological materials present in it are taken into
consideration. Fine particles in clay have greater absorption and retention power than coarse
particles and prevent the movement of pollutants into the waters. It is underground and reduces
the potential of aquifer pollution. To prepare this layer, exploratory and observational well logs
were used, and a similar method was used to prepare the aquifer environment layer, with the
difference that for the unsaturated environment layer, the thickness and material of the layers of
the unsaturated zone in the well logs have been considered. To prepare the mentioned layer, first
introduce the geology map to the ArcGIS environment and execute the Eleminate command to
remove small areas, then, according to the type of well logs, enter a numerical value based on

SPRING 2025, Vol 11, No 2, JOURNAL OF HYDRAULIC STRUCTURES
Shahid Chamran University of Ahvaz



94 M S. Talebi

table (9) in the field created in the geology map and the Dissolve command to merge The
common codes are executed and finally, with the polygon to raster command, the vector map is
converted to a raster and the final map of the unsaturated environment is produced and
multiplied by five (layer weight) in the raster calculator part of the ArcGIS environment. The
high weight of this layer is because the area Unsaturated by retaining, absorbing and removing
pathogenic viruses and bacteria, absorbing and reducing many synthetic organic chemicals,
diluting the concentration of heavy metals and other inorganic chemicals through absorption and
reaction with the surface of minerals in the unsaturated zone and through Plants and agricultural
products play a key role in protecting groundwater.

Table 9. ranges and ratings of the unsaturated environment [28]
Range Rank
Locking layer
silt/clay
shale
Limestone
Sandstone
Limestone and Layered
shales

[EY

Sand with a large amount
of silt clay
Igneous/metamorphic
Sand
basalt
Karst limestone loose clay

OO P~,OODOHOO O WW

[EEN
o

The hydraulic conductivity of an aquifer shows the mobility capacity of groundwaterin a
saturated environment, therefore, the potential for the mobility of polluting substances by
groundwateris almost equal to the hydraulic conductivity of the aquifer [29]. The amount of
hydraulic conductivity controls the pollutant's movement and spread from the point of
infiltration until it reaches the saturated zone. For this reason, areas with high hydraulic
conductivity create more pollution potential. The information related to hydraulic conductivity is
obtained from the calculations of the pumping test of the existing wells in the study area.
Considering that in the pumping tests, the value of the transferability coefficient parameter is
measured, the information and geographical location related to the transferability coefficient and
saturation thickness The aquifer of the studied area was obtained from the reports prepared by
the water district administration. Then, the transferability coefficient map was obtained on the
aquifer thickness map according to equation (2) and the hydraulic conductivity map of the area
was obtained and it was classified according to the criteria defined in table (10).

Equation (2) T=Kb In this relation, K is the hydraulic conductivity in terms of (m/D), b is the
thickness of the aquifer in terms of (m) and T is the transfer coefficient in terms of (m”2/D).
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Table 10. ranges and ratings of hydraulic conductivity [30]

Range(m/Day) Rank
0.04-4.1 1
4.1-12.3 2
12.3-28.7 4
28.7-41 6

41-82 8
82< 10

Finally, after collecting and digitizing the hydrogeological information, the seven mentioned
factors that control the pollution potential. They were overlapped and combined to prepare the
inherent vulnerability and a new layer named DRASTIC index was obtained. Therefore, the
inherent vulnerability index in this method was obtained by multiplying the weight of each
parameter by its rank [31]. The classification and valuation of the classes related to each of the
parameters was done based on the DRASTIC standard method in the GIS environment in the
Raster calculator section. A larger DRASTIC index indicates a greater sensitivity of the area to
pollution, and a smaller number indicates a lower sensitivity. Finally, by ranking the DRASTIC
index based on table (11), the vulnerability map of the region was prepared.

Table 11. ranking of DRASTIC vulnerability index [32]
Index value  Vulnerability class

<79 No risk of

80-99 contamination
100-119 very little
120-139 Low
139-159 low to medium
160-179 Moderate to high
180-199 Much

199 < very much

Quite susceptible

3. Discussion and results
The precipitation map of the studied area is shown in figure (2), the elevation map is in figure
(3), the geological map is in figure (4) and the land use map is shown in figure (5).
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Figure 2. map of precipitation of the studied

Figure 3. Elevation map of the studied area
area
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Kilometers
80

Figure 4. geological map of the studied area Figure 5. land use map of the studied area

In the studied area, the depth to the water table varies from 0.88 to 80.5 meters above the
ground. The groundwaterdepth map is shown in Figure (6). The largest area of the studied area is
related to the depths between 4.5 and 9 meters, which covers 24.82% of this area and in terms of
vulnerability, it has assigned a value of 7. which has high ranks for vulnerability, and it can be
said that the ability of the studied area in terms of the depth of the water table to be polluted was
high. In fact, the depth of groundwaterhas an opposite relationship with the level of
vulnerability. The more the depth of the groundwaterdecreases, the greater the vulnerability.

N

Groundwater depth (M)

I >30

1 H 23-30
Bl 15-23 Topography %
B 015 I -2
I 4159 [ 2-10
[ 115-415 [ 1023
<15 I >23

[ -
0 10 20 40 0 10 20

Figure 6. ranking the depth of the area in terms  Figure 7. ranking of the slope map of the studied
of pollution potential area

The slope map is classified according to table (1) and shown in figure (7).

Figure (8) shows the precipitation map of the study area. About 58% of the area has less than
500 mm of rainfall, and in the southwestern regions there are areas with more than 850 mm of
rainfall. The higher the amount of precipitation, the higher the amount of nutrition, and this
increases the vulnerability of the region to pollution.
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Figure 8. Rainfall ranking of the study area

Figure (9) shows the ranking of soil permeability of the study area. The lower the

permeability, the less prone to contamination.
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Figure 9. soil permeability ranking of the study area in terms of pollution potential
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Figure (10) shows the map of net nutrition. Nutrition and vulnerability are directly related. As

the amount of nutrition increases, the vulnerability also increases.
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Figure 10. ranking of net nutrition of the study area
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Figure (11) shows the zoning of the aquifer environment. According to the figure, up to
41.5% of the area of the area is related to sand and after that, sandstone covers up to 31% of the
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[ 1gneous/weathering -
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- Limestone

-——
0 10 20 40 80

Figure 11. ranking of the aquifer environment of the study area in terms of pollution potential

area.

Kilometers

Figure (12) shows the soil map of the region, according to which more than 50.8% of the area
is related to loamy textures, 22.7% is non-dense clay and about 17.5% is clayey loam and
according to table (7) respectively They have ranks 5, 1 and 3, and these tissues have low to
medium ranks in terms of vulnerability. The texture of sand and gravel has a greater ability to
transfer pollutants from the surface of the earth to the underground aquifers, which is small in

the studied area.
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Figure 12. ranking of the soil texture of the stud)} area in terms of pollution potential

Kilometers

Figure (13) shows the slope map. According to the figure, the largest extent is related to the
slope of 0-2%, which according to table (8) is given the 10th rank in terms of vulnerability. In
fact, slope and vulnerability have the opposite relationship. The lower the slope, the higher the

vulnerability.
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Figure 13. ranking of the slope of the study area in terms of pollution potential
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Figure (14) shows the map of the effect of the unsaturated zone. According to the figure, the
largest area with 51.3% is related to silt and clay and the smallest area is igneous and

metamorphic with 2.54% of the area.
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Figure 14. ranking the effect of the unsaturated zone of the study area in terms of pollution potential

The zoning map of hydraulic conductivity is presented in figure (15). According to the figure,
about 83.6% of the area under study corresponds to rank 2 (12.3-4.1 meters per day). Hydraulic
conductivity and the degree of vulnerability have a direct relationship. Vulnerability increases

with the increase of hydraulic conductivity.
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Figure 15. hydraulic conductiv'ity rating of the studied area in terms of pollution potential
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In Figure (16), the zoning map of inherent vulnerability is shown using the combination of
seven drastic parameters, which classified the studied area into 6 categories: no pollution, very
low, low, low to medium, medium to high, and high. These points should be taken into account
when combining layers: a. All the created layers should be raster. b. Pixel size should be the
same in all layers. J. All layers should be prepared in a similar coordinate system. According to
table (12), the low vulnerability class has the largest area and the high vulnerability class has the
least area. The three categories of low to medium vulnerability, medium to high and high
pollution are mostly concentrated in the western areas of the study area. This indicates that there
is more potential for vulnerability in the western areas and should be prioritized in pollution
management planning. Take

Table 12. vulnerability classification of Drastic model and the area of each floor
Vulnerability class Range of floors  area (km?) area (%0)

No pollution <79 296.11 4.07
very little 80-99 2437.56 33.53
Low 100-119 3104.86 42.71
low to 119-139 1296.53 17.83
medium 139-159 113.52 1.57
Moderate to 160-179 21.05 0.29
high
Much

Vulnerability

- I (<79) No pollution
[ (80-99) very little = i
(100-119) Low
(119-139) low - Medium
| (139-159) Medium - High
I (160-179) High

-
0

-

il 20 40 60 80

Figure 16. Inherent vulnerability zoning map using the combination of seven parameters

3.1. Validation of DRASTIC model using nitrate and GQI

Figure (17) shows the location of the wells where the nitrate parameter was measured on the
DRASTIC pollution potential map. Figures (18) and (19) respectively show the location of the
wells that the GQI obtained based on the standards of the Iranian Institute of Standards and
Industrial Research and based on the standards of the World Health Organization. The final
index calculated for the quality parameter of groundwaterin the region The studied item is above
80, which is in the good category based on table (13) of the groundwaterquality index.
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Table 13. ranking and value range in GQI [33]

Qualitative value of the index Range
weak <60

medium 60-80
Good 80<

Nitrate concentration
<20

@ 20-45

@ 45>

Vulnerability

I (<79) No poliution
[ (80-99) very littie
[ 1(100-119) Low
[ 1(119-139) tow to medium
[ (139-159) Moderate to high
I (160-179) Much

o 10 20 40 60

Kilometers

Figure 17. Drastic vulnerability map'and nitrate concentration
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Figure 18. drastic vulnerability map and groundwater quality index based on ISIRI standards
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Figure 19. drastic vulnerability 'map and groundwafer quality index based on WHO standards

4. Conclusion

In recent years, the increase in water consumption and the increasing and costly limitations of
the development of surface water resources have led to double pressures on the country's
underground water resources. Sustainable access to safe drinking water is necessary and
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necessary for the well-being and health of human life. Therefore, protection of groundwater
quality is an important challenge.

By examining the model used in this aquifer, it can be concluded that the use of more
parameters has a great effect on the accuracy of the results. Although this point is not a reason to
reject or accept other models; Because many of the models with less parameters can be in the
levels and larger scales with fewer parameters provide acceptable results. What comes from the
results of this study is that the model Dractic has more acceptable accuracy. The results of the
study by Ghanbarian and Ahmadi Nadushan under the title of assessing the vulnerability of the
Lordegan Plain aquifer using DRASTIC, AVI, and GODS models confirm this [34]. The current
study and its results, because it shows the vulnerability of groundwater to pollution in a complete
and visual way, has provided a very valuable tool for officials and managers to make the
necessary decisions to improve land use and management of aquifers such as the plain. Adopt
management practices in the use of agricultural water and agricultural fertilizers, urban sewage,
land use change, etc. According to table (12), the studied area is in the range of no pollution to
high pollution in terms of pollution classification. Vulnerable classes in order: low pollution
42.71%, very low 33.53%, low to medium 17.83%, no pollution 4.07%, medium to high 1.57%
and high 0.29%. includes In these areas, the natural conditions of the region, such as low slope,
precipitation of more than 700 mm, high nutrition, sand and lime in the aquifer environment and
high hydraulic conductivity, have created a high potential for increasing the level of
vulnerability, which is necessary to prevent pollution. Groundwater, more care and control
should be considered. In general, it can be concluded that based on the results of the Drastic
model, the western and central regions of the study area have the highest potential of being
vulnerable to pollution.

In this research, Drastic model was used to evaluate pollution, but there are other models to
evaluate vulnerability. Therefore, it is necessary to try other models to assess the vulnerability so
that the model is selected according to the local hydrogeological conditions of the region.
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Abstract

Chlorine is the most widely used disinfectant in the water treatment process for eliminating
pathogenic microorganisms that may be present in the distribution network. Maintaining minimum
residual chlorine in water distribution networks is challenged by its decay over time and distance
travelled. Chlorine dosage must be optimized by adjusting its injection rates and placement. This
study utilized WaterGEMS software to model the water network of Khansar city and analyze its
current chlorine levels. It was found that some end-of-line pipes had chlorine concentrations that
fell below the standard limits. Through optimization of chlorine dosing at the reservoirs while
simultaneously reducing chlorine consumption, approximately 65% of the pipes with non-
compliant chlorine levels were brought into compliance. Additionally, 66% of the water volume
that previously had insufficient chlorine now meets the standard and is delivered to consumers. It
should be noted that these results were obtained at the same time as the amount of chlorine
consumed daily decreased from 1130.4 to 656.7.

Keywords: Residual chlorine; Disinfection; Bulk decay; Wall decay; WaterGEMS.
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1. Introduction

Water quality in distribution networks must meet both potability and aesthetic standards.
Potability implies that the levels of chemical, physical, and microbiological contaminants do not
exceed permissible limits, and aesthetic factors, including parameters such as color, odor, taste,
and turbidity. Declining water quality in distribution networks poses a serious risk to public health;
thus, effective management of these networks is essential for maintaining water quality. Moreover,
as a hygienic product, treated water helps prevent many harmful microorganisms' proliferation
[1].

Disinfection is considered the minimum treatment for drinking water sources. Among the
available disinfectants, chlorine and its derivatives are widely used due to their low cost, ease of
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application, and ability to inactivate microorganisms in drinking water distribution networks. As
chlorinated water travels through pipes, it reacts with substances in the water and pipe walls,
causing a decrease in chlorine levels in the network [2]. Maintaining residual chlorine within the
limits specified by standards in water supply networks ensures the quality and safety of drinking
water. However, it is important to note that residual chlorine concentrations are not uniform
throughout the network and exhibit fluctuations. In some parts of the network, chlorine levels may
exceed permissible limits, leading to off-flavors and odors, and formation of toxic disinfection
byproducts. Conversely, residual chlorine levels may fall below permissible limits in other parts
of the network, increasing the risk of waterborne disease outbreaks. This phenomenon of chlorine
reduction in water distribution networks is called chlorine decay [3].

The amount of chlorine added can be adjusted by controlling the chlorine concentration in
reservoir before the water enters the network or in the booster stations through the network. If
these locations are not specified correctly, it can result in excessive residual chlorine
concentrations in pipes near the injection locations and insufficient residual chlorine
concentrations in pipes further away at certain times. Therefore, to effectively manage water
quality in distribution networks, it is essential to determine the optimal amount and location of
chlorine injection to ensure that concentrations remain within the specified range throughout the
network [4]. Optimizing the chlorine injection in water distribution networks has been studied in
several research focusing on the locations and/or the scheduling of chlorine dosing stations [5-13].
Various studies examined simulation models such as EPANET for residual chlorine prediction in
a network [13-17]. However, WaterGEMS software has only been used in a limited number of
studies to determine residual chlorine in water distribution networks [9,18,19].

The aim of this study is to determine the chlorine injection for the water distribution network
of Khansar city. This distribution network has 7 independent pressure zones, each fed by one or
two reservoirs. To optimize chlorine injection, WaterGEMS software was used for hydraulic and
water quality simulation. According to the separation of the distribution network of the whole city
into independent zones, the pattern of chlorine injection in the reservoirs was considered. The
optimization of the chlorine dose rate was achieved by changing the injection dose rate in the
reservoirs so that the chlorine concentration maintains the permissible limits at demand junctions
and pipes.

2. Residual Chlorine Concentration

The reduction in residual chlorine concentration within water distribution networks is
attributed to two primary mechanisms: bulk decay and wall decay.

In bulk decay, chlorine reacts with mineral and organic molecules present in the water, leading
to a decrease in its concentration. This reduction in chlorine concentration within the water
network is termed bulk chlorine decay. Over the past few decades, researchers have conducted
extensive investigations into bulk chlorine decay. The general reaction form and the differential
equation employed in these studies are presented in Equations (1) and (2), respectively [20,21].

Cl + A — Product Q)
dc
= _k!C n Rm

at (2

where k represents the bulk kinetic coefficient, C is the chlorine concentration (mg/L), R is the
concentration of chlorine demand substances (mg/L), and m and n are the reaction orders for the
chlorine demand substance and chlorine, respectively. Since the concentration of chlorine demand
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substances is significantly higher than the concentration of the chlorine, the concentration of
chlorine demand substances is assumed to be constant over time. Consequently, the developed
Equation (3) is proposed [21].

dc
—~—kC"
da  ° (3)

In wall decay, the reaction between chlorine and the inner surface of pipes in distribution and
transmission networks leads to a decrease in chlorine concentration. This type of chlorine
concentration reduction is termed wall decay. According to Equation (4), there is a direct
correlation between the rate of wall decay, the surface-to-volume ratio of the pipe, the mass
transfer coefficient, and the chlorine concentration [22]. Many researchers, including Hallum et
al., Rossum et al., and Jisberg, emphasize the primary nature of wall decay reactions, and the
differential equation for this process is represented as follow [23,24,25].

dc A
= -Dgcn
at v " (4)

The physical, chemical, and microbiological parameters of water within distribution networks
must adhere to the permissible limits outlined in the drinking water quality standard [26].
Consequently, in accordance with the provisions of the 43rd publication of the Technical
Regulations and Criteria for the Water Industry in Iran, sequential and regular sampling of the
network should be conducted to measure residual chlorine at various points [27].

According to the Iranian drinking water standard, to prevent and control secondary
contamination within the water network, a minimum residual chlorine concentration of 0.6 mg/L
is required, and based on the US Environmental Protection Agency (USEPA) guidelines, the
maximum residual chlorine concentration should not exceed 4 mg/L at any point in the distribution
network [28].

This chlorination method significantly increases the likelihood of insufficient standard chlorine
concentrations at certain points within the network, especially at the end points. Studies and
research have shown that consumers at the end of the network do not receive adequate quality
drinking water. Therefore, they are at a higher risk of waterborne contamination. Conversely,
excessive chlorine levels in water can also pose problems [29]. The permissible limits for free
residual chlorine in drinking water for various water supply systems and sampling locations are
presented in Table 1.

Table 1. Permissible limits for free residual chlorine.

Water supply system and harvesting site Amount of residual free chlorine (mg/L)
Public Water Tap 0.5-1.0
Water Delivery Point 0.2-0.8

Mobile drinking water tankers at the water intake site 1.0-2.0
Mobile drinking water tankers at the delivery point 0.8-1.0
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3. Methodology
3.1. Case Study

Khansar city, with an area of 953 km?, and an altitude of 2215 m above sea level, located in
the west of Isfahan province, Iran, was selected as the case study for this research. Figure 1
presents a schematic image of the location of Khansar city. WaterGEMS Connect Edition Update
10 software was employed for hydraulic and water quality simulations of the network. Necessary
data, such as water distribution network map of Khansar city, network specification, and water
demand and consumption pattern, were obtained from the Isfahan Water and Wastewater
Company.

Figure 1. Schematic image of the location of Khansar city.

3.2. Hydraulic Characteristics and Zones

The water distribution network of Khansar city is about 130 km long. The city's water supply
is mostly sourced from wells and, a few times a year, through the Baghkal Dam. The transmission
line from Baghlak dam to the water treatment plant is 7.6 km long and has 400 and 500 mm
diameters. The diameter of the pipes used in the distribution network is 32 to 400 mm, and they
are made of ashestos cement, polyethylene, ductile iron, and steel.

The water distribution network consists of 7 completely independent pressure zones. Each zone
is fed by one or two reservoir. Figure 2 shows the water distribution network of Khansar city and
its pressure zones. Table 2 gives the length and type of pipes used in each zone.
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Figure 2. Zoning of Khansar water distribution network.

Table 2. Specifications of water distribution network pipes of Khansar city.

Material
Zone name - Total
Asbestos cement Ductile Iron Polyethylene  Steel

Zonel 2506 475 4721 0 7702
Zone2 26260 3321 11978 10 41626
Zone3 9613 37 3908 0 13558
Zone4 3740 82 940 0 4762
Zones 4782 233 843 0 5858
Zoneb 6328 0 892 0 7245
Zone7 22173 13432 9177 827 45846
Total 78529 18101 32633 837 130419
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As shown in Figure 3, the consumption pattern exhibits significant diurnal variations. The
minimum hourly coefficient is 0.792 at 4:30 AM, and the maximum is 1.51 at 12:30 PM.

1.2

Multiplier

Time (hours)

Figure 3. Hourly water consumption pattern.

3.3. Water Quality Analysis

To simulate chlorine decay in the network, diffusion coefficient, bulk decay and wall decay
coefficients are needed. The diffusion coefficient of chlorine in water for a temperature of 20 °C
equals 1.208e-9 m?/s [30]. The bulk chlorine coefficient can vary depending on water temperature,
and therefore, a value of 0.3 (mg/L)4"" which represents an average from various studies, was
used [31]. The wall decay coefficient varies based on the pipe material. Given that most of the
pipes in the network are made of asbestos and considering the significant impact of pipe age on
wall decay, the maximum and conservative value of this coefficient was extracted from relevant
tables and applied. According to most researchers, this coefficient is considered first-order [21,
24]. In this study, a network runtime of 96 hours (4 days) was considered to achieve a steady-state
chlorine concentration. In other words, the residual chlorine concentration in the entire distribution
network was monitored every 24 hours. Considering that the chlorine concentration on the fourth
day was not significantly different from the third day, 96 hours duration was chosen as the
appropriate time for simulation.

3.4. Chlorine Dosing Optimization

Optimization of chlorine dosing was conducted individually for each zone to minimize daily
chlorine consumption while maintaining residual chlorine levels within permissible limits. The
chlorine dose injected into the reservoirs was varied from 0.2 to 3 mg/L in increments of 0.1. Then,
for each zone, the graphs of the water volumes versus the injected chlorine concentration were
drawn, and the optimal amount of injected chlorine was determined according to the constant
values of the water volume. Optimization of chlorine concentration for zones connected to two
water tanks was carried out similarly to other zones, with the difference that for zones with two
tanks, the chlorine injection concentration was performed separately for each tank. Therefore,
more runs were required for these zones. The maximum and minimum chlorine concentrations in
each zone were monitored to ensure compliance with both the upper and lower limits of the
permissible chlorine range. The corresponding chlorine consumption was calculated based on the
24-hour diurnal demand pattern and optimum chlorine concentration and compared with the
conditions before optimization.

SPRING 2025, Vol 11, No 2, JOURNAL OF HYDRAULIC STRUCTURES
Shahid Chamran University of Ahvaz



112 A. Poorkarimi, H.Asi, S. Maleki

4. Results and Discussion
4.1. Chlorine Distribution Simulation in the Existing Condition

Based on the data obtained from the Isfahan Water and Wastewater Company, the current
chlorine dose in all reservoirs is 2 mg/L at all times. The network was analyzed under existing
conditions, and the daily chlorine consumption was calculated based on the average flow rate of
each reservoir, as shown in Table 3. It is worth noting that due to the fluctuations in consumption
over 24 hours, the maximum chlorine consumption was 1202.4 g/h, and the minimum
consumption was 842.4 grams per hour.

Table 3. Calculation of mass flow rate of injected chlorine before optimization.

Zone Reservoir name Injected chlorine Flowrate (L/s) Injected chlorine

concentration (mg/L) (g/h)
Zonel Montazeri 2 28 201.6
Z0ne2 R16 2 9 64.8
Besat 2 19 136.8
Zone 3 Charbagh 2 12 86.4
Zone 4 Shahed 2 40 288
Zone 5 Jozeche 2 6 43.2
Zone 6 Havashenasi 1 2 8 57.6
Zone 7 Havashena_si 2 2 8 57.6
Voroodi 2 27 194.4
Total 1130.4

4.2. Finding the Optimal Amount of Injected Chlorine

According to Iran's drinking water standard 1053, the chlorine concentration in each designated
zone must not fall below 0.2 mg/L. So, as mentioned earlier, water volume with chlorine
concentration greater than 0.2 mg/L was plotted versus injected chlorine concentration in the
reservoir for various zones to achieve the optimal amount of injected chlorine. In order to obtain
the data for these graphs, 29 runs were performed for each zone, and the minimum and maximum
chlorine concentration values were recorded. As shown in Figure 4, the volume of water
containing chlorine with a concentration of more than 0.2 mg/L increases with the increase of
injected chlorine until it reaches a constant value. This means that injecting more chlorine
increases the residual chlorine in the water distribution network, while the concentration of 0.2
mg/L is sufficient. The optimal amount of chlorine for each zone is shown in the graphs in Figure
4,
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Figure 4. Water volume with chlorine concentration greater than 0.2 mg/L vs injected
chlorine concentration in reservoir for various zones.

After finding the optimal amounts of injected chlorine, the remaining chlorine map in the entire
water distribution network was prepared before and after optimization, as shown in Figure 5. The
amount of chlorine needed per hour was also calculated using the coefficients of the consumption
pattern. The optimal amount of chlorine and the results are given in Table 4.
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Figure 5. The amount of residual chlorine in the existing condition (a) after 2 hours (b) after

24 hours.

Injected chlorine

Table 4. Calculation of mass flow rate for injected chlorine after optimization.

Zone Reservoir name concentration (mg/L) Flowrate (L/s)  Injected chlorine(g/h)

Zonel Montazeri 0.6 28 60.5
Zone2 R16 2.1 9 68

Besat 15 19 102.6

Zone 3 Charbagh 11 12 475

Zone 4 Shahed 0.6 40 86.4
Zone 5 Jozeche 1.3 6 28
Zone 6 Havashenasi 1 0.8 8 23

Zone 7 Havashena_si 2 0.6 8 17.3

Voroodi 2.3 27 223.5

Total 656.7

Analysis of the existing and optimized conditions revealed that, of the 1127 pipes in the water
supply network, 34 pipes had residual chlorine concentrations below the standard (0.2 mg/L) in
the existing condition. However, following optimization and adjustments to the chlorine dosing in
the reservoirs, this number decreased to 12. It should be noted that because the water in these pipes
is stagnant, increasing the amount of injected chlorine cannot increase the residual chlorine in the
pipes. In the existing condition, 51.9% of the pipes had residual chlorine below 1 mg/L, while in
the optimized condition, this percentage decreased to 61.8%. Although the amount of chlorine was
reduced by 42%, the volume of water that did not meet the standard in the existing condition was

Shahid Chamran University of Ahvaz
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34.37 m3, which decreased to 11.8 m3 after optimization. In other words, 99.2% of the network
has a concentration more than 0.2 mg/L after optimization. Therefore, by adjusting the chlorine
dosing, 66% of the water volume with insufficient chlorine was brought up to standard.

5. Conclusion

This study optimized the chlorine dosing in various reservoirs of the Khansar city network
through trial and error. WaterGEMS software was used for the simulation of the hydraulic and
water quality of the distribution network. In the first step, the existing conditions of residual
chlorine in the distribution network were investigated. According to the results, 34 pipes out of
1127 pipes in the distribution network had residual chlorine concentrations less than 0.2 mg/L. In
the next step, in order to optimize the chlorine dose, the distribution network was analyzed under
the various concentrations of injected chlorine in each reservoir and the optimal dosing rate was
determined for each reservoir. The results indicate that chlorinating the network with the newly
obtained concentrations significantly improved the network's performance compared to the
existing condition. Changes in the chlorine dosing to the reservoirs not only did not increase the
daily chlorine consumption but also reduced it. This study demonstrated that appropriate chlorine
dosing, especially during peak hourly consumption, resulted in a more uniform distribution and
improved conditions in critical network points.

After optimization, a higher percentage of pipes had chlorine concentrations between 0.2 and
1 mg/L. Additionally, 66% of the previously substandard-quality water volume met the standard
after implementing the optimized dosing strategy. Zones connected to a single reservoir had
consistently standard chlorine levels due to the shorter network length. Zones connected to two
reservoirs had the highest number of pipes with below-standard chlorine levels due to their longer
lengths.
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