e |

M“b H"' crnalional Jlmu-nnl of |
Y Coastal,Offshore |

Jo ironmenlal
Jlongineering

LR AL S S TR ML

GIAs g

. - -A' B ,' .
Bt Lk Y Sy R ™ RN -

| —— gy =1V . :‘tv‘-) .“l“‘ e ™

**M f"‘ - - o ”
~ - - Y.‘:

«Nv&*: :.'*'; R .,:.,,’? R

Ay i - - : - -
& 3 -‘""‘-“ 3. r"r\‘.""l‘&;x:w —k«-.:’. -

The impact of recycled plastic fibers on bending behavior of green RC
__beams in the sea conditions
3 Hamecléa_fayenikoo, Hamid Shahrabadi
o
Investigating the Impact of Distance between Diffusers in Wastewater
discharge system for Marine Environmental Protection by Numerical
Method
Amirreza Afifeh, Mehdi Nezhadnaderi, Babak Pordel Maragheh, Babak Fazli
Malidareh, Ali Sheykhbahaei and Seyed Mohammad Mousavi

y = - - L p— - v #
T ETEY -\\"‘ A R e s =

The prediction of wind-induced waves in Hormuz Strait using the SWAN
numerical model
Mahmud Reza Abba5| Ali Sheykhbahael

ST0Z 924 /1 ANSST/QT'TOA (AODCI) SULIUISU [BJUSWUOLIAUY PUR I0YSHO ‘[BISLO0)) JO [BUINOL [EUOHBULIAU]

WWW. IJCOE org

o(' e




3 In The N f God
4411-&][ntcrnationalj[ournalof n The Name of Go

v Coastal,Offshore

&]E nvironmental
ngineering

(2uTTU0) TEL8-0867 NSST

S10Z 2ouI§

Message from the Editor-in-Chief

The IJCOE journal office was established in 2015,and its first issue was published in 2016. ThelJCOE covers a wide range
of research in thefields of oceanography & ocean technology, aswell as marine industries & marine engineering.The editorial
board of IJCOE consists of nearlyl30 of the greatest scientists and researchersfrom over 30 countries worldwide, and
thejournal's review board comprises 1,000 membersfrom all five continents. The membership andapplication process for
joining the editorial andreview boards of this journal is ongoing. IJCOE isa research-academic quarterly journal that
haspublication and distribution permissions fromthe Press Organization and permission topublish scientific-research articles
from theMinistry of Science, Research, and Technology(MSRT) with an "A" rating. It also holds a "Q1"rating from the ISC
institute with an impactfactor (IF) of approximately 0.43 and isconsidered a "core journal" (prestigious andoutstanding
journal). IJCOE is an open-accessjournal and allows the download and receipt ofaccepted articles in full text for free. It
respectsand adheres to copyright and COPE regulations.The journal's office operates 24/7, providingservices to
researchers. In addition to publishinga regular quarterly journal, IJCOE has 16 specialissues on specific topics in preparation.
It alsoprovides conditions for publishing specializedbooks, references, and handbooks. Moreover, itis ready to cooperate
with the secretariats ofreputable international conferences to publishtheir selected and outstanding articles. IJCOEevaluates,
appraises, and publishes books,articles, and the scientific achievements andfindings of esteemed researchers and
scientistsworldwide who are innovating and conductingin-depth research in the "important and strategicfield of the maritime
technology & Oceanengineering.” It welcomes any form of jointcooperation with universities, research institutes,and related

research centers at the national,regional, and international levels, and extends ahand for collaboration.

Classification of Editorial Board in [IJCOE Author Benefits

Editor-in-Chief Open Access
Director-in-Chief
Deputy Editor Rapid Publication
Thorough Peer-Review
English Text Editor

9
@
Executive Managers 8’
C

Technical Editor No Copyright Constraints

International Editorial Board QQ Coverage by Leading Indexing Services

National Editorial Board

Discounts On Article Processing Charges (APC
Editorial Board Associate S 9 ges ( )

Editorial Board Assistant 7 No Space Constraints, No restriction on the

e e e e maximum length of the papers, number of
figures or colors
Advisory Board

Administrative Coordinator
Honorary Board Member

Methodology Advisor
» 4

{JCOE:=

-OASTAL,OFFSHORE&
ENVIRONMENTAL ENGINEERING




Aims of [JCOE Type of papers

Hydrodynamics ¢ Case Studies
Marine equipment e Book Reviews
Structural mechanics e Review Article

Ocean environmental predictions e Letters to the Editor

Stochastic calculations Experimental
P o Methodology Papers

Automatic Control of Marine Systems o ]
e Editorials and Commentaries

e Response or Rejoinder Papers

Scope of IJCOE e Perspective or Opinion Papers

Marine Hazards e Conceptual or Theoretical Papers

Ocean Acoustics . . .
e Meta-Analysis and Systematic Reviews

Naval Architecture o )
e Short Communications or Brief Reports

Ocean Engineering
e Research Articles (Original Research Papers)
Coastal Engineering

Marine Meteorology
Marine Earth Sciences
Underwater Technology

Marine Renewable Energy o
Scientific Research Journal

Polar & Arctic Engineerin
. J Ministry of Science, Research And Technology (MSRT)

Marine Renewable Energy Jurnal Ranking 2023: A

Marine Geography & Geodesy
Ministry Of Science, Research And Technology (ISC)
Citation Impact 2022: 0.429

Automatic Control of Marine Systems Quartile 2022 : Q1

Marine Environmental Engineering

Core Collecti
Hydro Physics & Physical Oceanography ore Loflection

INTERHATIONAL IGURNAL OF

.U COE&~

COASTAL,OFFSH IEDR% &
I'NVIHHNMI‘:\! TAL ENGINEERING




IJCOE is a Member of

[ @civicics | Google

elore e (SO gREF.IR
( DIRECTORY OF | ( QY ™ 1 | .
(DOAJSRE= | | INNE Researcher.Life
[ d 2= Crossref EDRA i ( . . . [ ‘! - ® )
Y Sreo M + iThenticate magiran
. . ! - . ’
OPEN (R ACCESS /\l~ pistetn ResearchGate
%:m:ﬂﬁfﬁif 5 scienceGate @ Scilit
J \_ J 3 J
SID website.informer.com WEBrate
Cantact Us

Office 1 | Research Institute of Meteorology and Atmospheric Science

Address | Tehran, Shahid Kharrazi Highway, Pajoohesh Blvd, Research Institute of Meteorology and Atmospheric Science,
Sand and Dust Storm International Research Center (SDS-IRC), No. 13, 1st floor.

Phone | +982144787652

Postal code | 13611-14977

website | www.rimac.ac.ir

Office 2 | Iranian National Institute for Oceanography and Atmospheric Science
Address | Tehran, Dr. Fatemi Gharbi St., Shahid Etemadzade St., No. 3, third floor.
Phone | +982166944873

Postal code | 13389 — 14118

website | www.inio.ac.ir

Follow Us

MEBE ~Na
(U ﬂ JCOE =

COASTAL,OFFSHORE&
ENVIRONMENTAL ENGINEERING

Email | Info@ijcoe.org

Website | www.ijcoe.org



Volume & Issue:
Volume 10, Issue 1, Feb 2025
Number of Articles: 6

Content

The impact of recycled plastic fibers on bending behavior of green RC beams in the sea
conditions
Hamed Safayenikoo, Hamid Shahrabadi

Investigating the Impact of Distance between Diffusers in Wastewater discharge
system for Marine Environmental Protection by Numerical Method

Amirreza Afifeh, Mehdi Nezhadnaderi, Babak Pordel Maragheh, Babak Fazli
Malidareh, Ali Sheykhbahaei and Seyed Mohammad Mousavi

The prediction of wind-induced waves in Hormuz Strait using the SWAN numerical
model
Mahmud Reza Abbasi, Ali Sheykhbahaei

Zoning and Flood Management in Coastal Areas (Case Study: The Coasts of Hormozgan
Province)
Parvaneh Sobhani, Mahyar Majidi Nik

Compendium of Hazards of Carbon Capture Chain
Maryam Shourideh1, Sirous Yasseri

Estimation of suspended sediment concentration based on water samples'
turbidity in aquatic environments

Saeed Shabani 1, Amir Ashtari Larki, Mohammad Akbarinasab , Mohammad Fayaz
Mohammadi

1

35

50

68

{JCOE

(i o

e

)REN

1
ENVIRONMENT AL ENGEREERING



INTERNATIONAL JOURNAL OF

COASTAL, OFFSHORE & ENVIRONMENTAL ENGINEERING 1JCOE Vol.10/No. 1/Winter 2025 (1-19)

Available online at: www. ljcoe.org

The impact of recycled plastic fibers on bending behavior of green RC
beams in the sea conditions

Hamed Safayenikoo'*, Hamid Shahrabadi?

" Civil Engineering Department, Marine Engineering School, Chabahar Maritime University,
Chabahar, Iran; hamed.safayenikoo@gmail.com
2 Civil Engineering Department, Marine Engineering School, Chabahar Maritime University,
Chabahar, Iran; hamid.shahrabadi@gmail.com

ARTICLE INFO

Article History:
Received: 1 Oct 2024
Accepted: 11 Jun 2025

ABSTRACT

Marine concrete structures, due to proper mechanical behavior and high
durability for the world population, which are directly or indirectly related to
marine infrastructure and various industries seem essential. On the other hand,
concrete production and other related industries in marine environments are
the main agents of production of pollution and waste and excessive
consumption of the earth's natural resources and energy. Therefore, it seems
that the simultaneous use of cement replacements to reduce the generation of
greenhouse gases derived from cement production and plastic waste as fiber
can decrease environmental pollution and improve concrete mechanical
behavior. This study investigates the impact of incorporating 0.5 and 1% strip
disposable glass fibers (GF) and strip garbage bag fibers (BF) on the flexural
and cracking characteristics of reinforced concrete (RC) beams containing
10% metakaolin/zeolite. The investigation is conducted over 28 and 180 days
in the tidal environment of the Oman Sea. Considering the results, by adding
GF and BF to the green RC beams the flexural toughness (T) increased up to
47 and 27%, respectively. Furthermore, the cracking load (P,,) of glass fibers
RC (GC) and bags fibers RC (BC) beams was lower than RC up to 32 and
21%, respectively. Moreover, the incorporation of GF and BF resulted in an
increase of up to 28% and 16% in the maximum load capacity (P.x) of RC
beams, respectively. In addition, the P..., and T of GC beams were higher than
BC. Besides, it was observed that metakaolin GC and BC beams exhibited a
greater value of P and T compared with zeolite beams.).

Keywords:

Disposable Glasses Fiber
Garbage Bag Fiber

Green Reinforced Concrete
Metakaolin and Zeolite

Flexural and Cracking Behavior

1. Introduction cement), low tensile force, and ductility are the most

The importance of the sea and its related industries,
and sustainable human access to food, industrial, and
energy resources, has caused an increase in maritime
regions' human population [1], [2]. Therefore, there is
a greater human demand for building coastal and
offshore infrastructure. Hence, concrete, which is a
mixture of readily available and cheap raw materials,
can be the best choice for the construction of marine
structures [3], [4], [5], [6]. Furthermore, based on the
environmental conditions of sea, concrete with high
durability and suitable strength can increase the
service life of marine structures. However, excessive
consumption of irreversible primary resources,
generation of air and marine pollution (produce less
than 1 ton of CO, greenhouse gas per 1 ton of

important weaknesses of concrete [1], [3], [7], [8], [9].
The supplementary cementitious materials (SCMs)
like metakaolin and zeolite can be used to reduce the
generation of environmental pollution and energy
consumption [1], [3].

Metakaolin is a material characterized by its smaller
particle size compared to cement and its significant
pozzolanic reactivity. It is produced through the
process of calcination, wherein kaolin is heated to
temperatures ranging from 600 to 900 °C, without
producing CO,, in a specified time. Moreover, the
mechanical and durability characteristics of mixes by
substitution of cement with metakaolin are improved
[10], [11], [12], [13]. Kavitha et al. found that
substituting cement with metakaolin in self-
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compacting concrete (SCC) mixes enhanced the
compressive (f°.) and tensile (T.) strengths [14].
Furthermore, Punitha et al. demonstrated that the
substitution of 10% of cement with metakaolin in
concrete incorporating high-density polyethylene
plastic waste resulted in an increase in the f',, T, and
flexural strength of the concrete [15].

On the other hand, zeolite is a material with a regular
crystalline structure, porous, and high specific surface
area, which has high pozzolanic activity [2], [3], [16].
By using zeolite as an SCM in concrete mixture, the
quality of microstructures improved, the mechanical
strength increased, and the porosity and permeability
of concrete decreased [3], [16], [17], [18]. Najimi et
al. reported that the use of zeolite enhanced water and
chloride ion penetration while decreasing f'. and
workability [5]. Tran et al. presented that the f’; and
T, water permeability, and capillary absorption of
concrete mixtures by use of zeolite, were decreased
over a long time [7].

As a result, metakaolin and zeolite as SCMs improved
concrete  mixes' mechanical properties and
environmental impact [3], [8], [10], [14], [19], [20],
[21]. On the other hand, fine particles and high
specific surface area in SCMs increase chemical
activities, produce more heat, and finally, cause
cracking in the mixtures. Cracks' appearance in
concrete structures, especially in marine environments
are the main cause of chemical ions attacking and
deterioration [22], [23]. Therefore, using different
types of fibers can prevent and reduce cracking and
limit crack propagation. Moreover, the incorporation
of fibers into concrete mixes has the potential to
enhance resistance parameters, including flexural
behavior and ductility [8], [22], [23], [24], [25]. On
the other hand, by recycling, incorporating waste
fibers into concrete mixes, and generating green
concrete, environmental pollution from landfilling and
incineration will be reduced [26], [27]. Green concrete
is an environmentally friendly concrete that uses
waste, residual or recycled materials or requires less
energy consumption due to SCMs use in concrete.
Based on environmental conditions and the
application type of concrete structure, different types
of fibers, like synthetic and recycled synthetic fiber in
concrete are utilized [27], [28], [29], [30].
Alabduljabbar et al. concluded that green concrete
using recycled polypropylene fibers and palm oil fuel
ash (POFA) showed greater flexural strengths and T
than control specimens while having less drying
shrinkage and workability [29]. Song et al. found that
the incorporation of nylon and polypropylene fibers in
concrete resulted in increased values of ¢, T,
modulus of rupture, and impact resistance compared
to plain concrete [9]. In addition, Yap et al. reported
that the flexural strengths, T, and f’, of the concrete
by adding polypropylene, nylon, and oil palm shells
fibers will be increased [27].

Kim et al. discovered that by using beverage container
fibers in concrete mixes, the flexural behavior and
ductility increased while the f';, modulus of elasticity,
and drying shrinkage were reduced [26]. Also,
according to Alani et al. strip fibers from PET bottle
waste and POFA enhanced the f', porosity, and
chloride permeability of ultra-high-performance green
concrete [30]. In another study, Ahdal et al. showed
that the f*; of green concrete samples containing 10%
zeolite and 1% PET fibers increased than plain
concrete [28].

According to this background and little research has
been done, it seems that fibers and SCMs in green
concrete mixes may reduce pollutants and improve
maritime concrete structures' mechanical properties,
ductility, and durability. Thus, in current research, the
impact of various types and amounts of GF and BF on
flexural capacity, T, cracking behavior, and
microstructure of green RC beams that incorporate
metakaolin and zeolite in Oman Sea conditions, will
be investigated.

2. Experimental Program

2.1 Materials

Portland cement (Type IlI), metakaolin or zeolite,
aggregate (fine and coarse), water, superplasticizer,
and GF and BF were used. The concrete mixtures
were made with Kerman industrial cement. In all
concrete mixtures, metakaolin or zeolite replaced 10%
of the cement weight (Figure 1). Cementitious
materials' chemical and physical properties are shown
in Tables 1 and 2 [31].

Metakaolin Zeolite
Figure 1. The binders

Cement (Type 1)

Table 1. Binder's physical properties [31]

Cement Metakaolin Zeolite
Specific gravity 3.15 2.45 2.18
Surface area 310 1200 320
(m%kg)

Table 2. Binder's chemical composition [31]

Combination (%) | Cement Metakaolin  Zeolite
Calcium oxide 63.52 1.34 7.38
Silica dioxide 21.50 81.29 58.15

Aluminum oxide 4.95 11.32 8.18

Iron oxide 3.97 0.56 1.54
Magnesium oxide 1.75 0.59 3.92
Potassium oxide 0 0.82 0.82

Sodium oxide 0 1.04 111
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Titanium oxide 0 0.107 0.175

Manganese oxide 0 0.003 0.019

The Chabahar mines were utilized to prepare fine and
coarse aggregates with maximum diameters of 4.75
and 19 mm, respectively. Figure 2 showed the sieve
analysis of aggregates as per the guidelines of ASTM
C136 [32].

100 -
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£
% 50 4
=
~ 40
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g 30
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E - —0—(‘;11‘.\\'&:1,
~—@— SAND
0
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Figure 2. The sieve analysis of aggregates [32]
Table 3. The aggregates' characteristics [31]
Aggregate | Water absorption (%)  Specific gravity
Sand 2.92 2.64
Gravel 1.84 2.42

In the laboratory, potable water was utilized for the
preparing and curing (in primary ages) of all concrete
mixes. Conversely, the utilization of both SCMs and
fibers in concrete mixtures has led to the use of Farco
Plast, a modified polycarboxylate-based
superplasticizer, for regulating the concrete's
workability. In Table 4, the main characteristics of
Farco Plast are shown.

Table 4. The Farco Plast superplasticizer properties [31]
Physical state Color Specific gravity
Liquid Light Brown 1.09 (kg/Lit)

Figure 3. Drinking water curing tanks [31]

The recycled strip fibers used in mixtures (hereafter
named strip fibers) were prepared by cutting
polyethylene disposable glasses and garbage bags.
The V; of fibers utilized in the production of blends
was determined to be 0.5 and 1%. Furthermore, for
fibers with a rectangular section, the fiber aspect ratio
(A.R.) formula was:

L
de 2><\/Z 2><fm @
Y Y

Where A is AR, 1 is fiber length (mm), d. is
equivalent diameter (mm), A is fiber cross-section
area (mm?), b is fiber width (mm) and c is fiber
thickness (mm) [33]. For desired strength
performance of mixtures, an A.R. of fiber more than
20 is required [34].

Table 5. The fiber properties [31]
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e By |10 003 5 TU =570 =52

Figure 4. Strip fiber types: A) GF [31], B) BF

2.2. Concrete Mixtures

In this study, 18 green RC mixtures were prepared.
Throughout all concrete mixes, the W/B was always
kept at 0.5. There were 410 kg/m? of binders in all
concrete mixtures. Moreover, the Farco plast
superplasticizer was used at up to 2% of cement
weight to control and improve concrete workability.
Table 6 illustrates the concrete composition [31].

2.3. Preparation of samples

Following the preparation and measurement of the
materials, a rotary mixer was employed to blend them.
After the completion of the task, the diverse varieties
of fibers were incorporated into the homogeneous
mixture of concrete and blended for a short time.
Subsequently, concrete mixes, based on the type of
test, were cast in the relevant molds. Following 24
hours, the molds were extracted and the samples were
transferred to tanks containing potable water for a
curing duration of three days. Finally, the specimens
were transferred to the Oman Sea's tidal zone and left
to acclimate for a duration ranging from 28 to 180
days. The number of cubes (150 mm for f’;) and
beams (150%150x650 mm for four-point bending
tests) was 54 and 72, respectively. On the other hand,
for concrete microstructure analyses, 52 cubes (70
mm) were prepared.
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Table 6. The concrete composition [31]

Mix Sand  Gravel Water Binders (kg/m®) Strip Fibers (kg/m®)
(kg/m?)  (kg/m’)  (kg/m’) ~Cement  Metakaolin  Zeolite _
Garbage Bag Disposable Glass
(©) (MK) (Ze)
Bl B2 Gl G2
1 | NF1 41 --- .- .-
2 | NF2 --- 41 .- .-
3| B1 41 2.85
41 B2 41 2.85
5| B3 --- 41 2.85 --- .-
6 | B4 4 2.85
7| B5 41 57
8| B6 41 .- 57
9| B7 41 57
664 1054 205 369
10| B8 41 .- 5.7
11] &1 41 34
12| G2 41 - - . 3.4
13| G3 41 .- 3.4 -
14| G4 41 34
15| G5 41 .- 6.8 .-
16| G6 41 .- - .- 6.8
17| G7 41 - 6.8 -
18| G8 41 6.8
254+ 200————200————200——4—+25
S 4 6mm @ 60 mm 2 ¢ 8 mm @ top & bottom
. A s 1 fires SR RS RESAS
1 ! —
I_I £ mE ‘: -
—10— &
—150—+
20#+—110—¢+20
2544——600 +425
£ 650 1

Figure 5. A) The GC, B) The BC, C) Specimen’s molds,
D) Samples in the coastal zone, E and F) Samples collected
from the Oman Sea, G) Samples after preparing for tests [31]

The GC/BC beams were made utilizing steel bars
(f,=400 MPa and f,=600 MPa) with diameters of 8
mm and 6 mm for the longitudinal reinforcements and
stirrups. Figure 6 illustrated the specifics of GC/BC
beams [31].

Figure 6. The GC/BC beam [31]

2.4. Exposure conditions

In this research, due to consider the most destructive
effects of sea environment on concrete structures, the
specimens were exposed to a 180-day exposure period
in the Oman Sea's tidal zone. Figure 5 demonstrated
the state of the concrete samples located on the
shoreline of the Oman Sea. Also, Table 7 presents the
chemical characteristics of both laboratory and Oman
seawater [31].
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Table 7. The chemical properties of water (gr/Lit) [31]

PH Hardness Alkalinity S0, NO,  NO; Cl  Ca Mg NH; Zn Al Cu Mn Fe
Lab-water | 6.70 45 20 102 0.010 2820 5 4 =0 =0 ~0 032 002 0.004 =0
Seawater 7.97 225 120 =0 0.007 0222 5 68 95 129 022 032 002 =0 0.04

3. Testing methods

3.1 Compressive strength (f';)

The BS EN12390-3 standard measured the f'; value by
exposing three 150x150x150 mm cubic specimens for
28 days in the Oman Sea's tidal zone. By averaging
three specimens, the concrete mixture's f, was
computed [35].

3.2 Flexural behavior

The ASTM C78 standard's four-point bending test
was used to evaluate the flexural behavior of concrete
beams. A universal testing machine was used, with a
constant rate of 100 N/s [36]. During the loading
process, the deformation of the beams was recorded
by a mobile camera and computer. Based on the
recorded information, the behavior and characteristics
of beam cracks were investigated. Moreover, the
maximum deflection of mid-span for beams was
terminated to 20 mm [31].

In the following, the load-deflection curve for various
types of GC/BC beams was drawn and then some
characteristics of flexural behavior of beams such as
Pe, Pmax, @nd T were calculated. Moreover, flexural
toughness was calculated by integrating the load-
deflection curve.

4. Results and Discussions

4.1. Specific gravity (y)

The v of green concrete, both with and without fibers,
is presented in Figure 7. Also, Table 8 compares the
influence of fiber types on the y of concrete samples.

2390
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2360

2330

v (kg/im?)

2300

2270

20 (] | 4962
€ | ] vree

@
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5 3
BANN

2 8 o N &

Mixtures

Figure 7. The green concrete's specific gravity (y)

Table 8. Comparison of specific gravity (y) at 28 days
Mix | v Mix] v Mix] v Mix| v
NF1 1 NF2] 1 NF1] 1 NF2 1
Gl |0976 G3|0.981 B1|0.988 B3| 0.992
G2 0972 G4 (0975 B2 |0.984 B4 | 0.989
G5 |0972 G7|0977 B5|0.971 B7 | 0.976
G6 |0.970 G8|0.973 B6 |0.967 B8 | 0.970

The results show that fibers in green concrete mixes
reduce the y of concrete. Moreover, by increasing the
V¢ of fibers in mixes, the y decreased more. At 28
days, the vy of concrete with 0.5% GF was observed to
be higher than that of concrete with 0.5% BF.

However, increasing the V; of fibers up to 1% resulted
in equal y for both types of fibers. It seems that adding
fibers and augmentation of V; within mixes resulted in
an increase in the volume of pore space and porosity,
while concurrently leading to a decrease in y [2], [28],
[37], [38], [39], [40], [41], [42], [43].

4.2. Compressive strength
In Figure 8 and Table 9, the results of f'¢ in different
mixtures containing various types of strip fibers and

SCMs are shown at 28 days.
Mixtures

Figure 8. The f’; of specimens
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Table 9. Comparison of f';

Mix | f.' Mix ' Mix f' Mix f'

NF1 1 NF2 1 NF1 1 NF2 1

Gl | 086 G3 097 Bl 091 B3 098
G2 | 084 G4 089 B2 0.88 B4 0091
G5 | 080 G7 0.6 B5 0.80 B7 0.88
G6 | 077 G8 0.80 B6 079 B8 0.82

By comparing the results, it is evident that the
combining of fibers and augmentation of the V; in
green concrete led to a rise in the volume of pore
space, thereby causing a reduction in the density,
adhesion between fibers and cement paste, integrity,
and f'¢. Similarly, through the augmentation A.R. and
dimensions of fibers in mixtures, porosity increased
but adhesion and f'. decreased [44], [45], [46], [47],
[48], [49], [50], [51], [52]. Adding 0.5 and 1% GF
resulted in a reduction of up to 16 and 23% in the f';
of the green concrete specimens, respectively. While
concrete samples containing 0.5 and 1% BF had lower
f'c than simple ones about 12 and 21%, respectively.
In contrast, it was noted that the f; of concrete
samples with 0.5% BF was greater than that of those
containing 0.5% GF. However, the addition of 1% BF
or GF fibers to plain concrete resulted in equivalent f';
values among the specimens.

The enhanced flexibility of BF in comparison to GF
has improved the homogeneity and integrity of the
concrete. Conversely, GF mixtures exhibited higher
porosity, leading to reduced fiber-cement paste
adhesion, ultimately resulting in a lower f'¢ [9], [23],
[27], [44], [49], [50], [51], [53], [54], [55].
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Furthermore, at 28 days, in mixtures with an equal
amount of fiber, . of metakaolin concrete specimens
had up to 12% lower than zeolite ones. The
hydrophilic structure of zeolite appears to result in
heightened water absorption and reduced workability,
decreasing concrete porosity and increasing f';c [7],
[22], [25], [56], [57].

4.3. Flexural behavior

After four-point bending test on RC and fiber RC
beams at 28 and 180 days, flexural properties
consisting of P, Pnax, T, and cracking behavior were
examined. The flexural properties are demonstrated in
Tables 10-12.

Table 10. Four-point bending test results

Pcr . (kN) A Pmax (mm) Pmax - (kN) T - (kNm)

Mixes| '»g "180 |28 180 | 28 180 | 28 180

N1 |28.40 37.20{4.04 4.53 |80.15 90.5 [1133.41 1250.62
N2 |27.10 36.20({3.86 4.36 |71.9 84.2 |1035.07 1210.24

G1 |22.10 28.87|6.18 6.48 |89.6 104.2 |1432.09 1594.07
G2 |24.40 30.88|7.64 7.76 |97.8 115.6 |1601.39 1785.50
G3 |21.41 2983|586 6.16 |80.4 96.6 |1261.13 1493.18
G4 |22.17 32.29|6.46 6.72 |88.7 107.6|1425.28 1707.09
G5 |20.16 25.37|6.78 7.02 |84.9 99.0 (1499.22 1671.75
G6 |21.07 27.08|8.32 8.48 |94.3 108.9 |1648.13 1842.20
G7 |18.67 26.06/6.08 6.38 |76.3 90.8 |1326.87 1568.42
G8 [19.35 27.87|7.12 7.32 |83.5 101.7 [1460.39 1745.28

Bl |25.21 3432|1496 556 |82.6 951 [1223.72 1358.53
B2 |26.56 36.42|5.94 6.64 |87.6 100.4 |[1303.67 1450.88
B3 [23.88 33.98|4.74 532 |764 922 |1114.17 1323.39
B4 |[25.17 35.78|5.16 5.78 |80.8 97.2 |1202.41 1413.93
B5 [23.02 29.51|5.36 6.00 |80.6 92.8 |1304.35 1475.84
B6 [23.87 31.02|6.42 7.16 |846 96.8 |1426.25 1581.67
B7 [21.07 3044|488 548 |734 88.6 |1188.51 1393.77
B8 [22.01 32.01|5.60 6.26 |78.8 94.6 |1287.14 1508.75

A pmax: Mid-span deflection of beams at P

Table 11. Comparison of P, for beams
Age[Mix]| P, [Mix]| P, [Mix| P, [Mix] P

NF1 1 NF2 1 NF1 1 NF2 1

G1 0.778 G3 0.790 B1 0.888 B3 0.881
X G2 0.859 G4 0.818 B2 0.935 B4 0.929
G5 0.710 G7 0.689 B5 0.811 B7 0.777
G6 0.742 G8 0.714 B6 0.841 B8 0.812
NF1 1 NF2 1 NF1 1 NF2 1
G1 0.776 G3 0.824 B1 0.923 B3 0.939
G2 0.830 G4 0.892 B2 0.979 B4 0.988
G5 0.682 G7 0.720 B5 0.793 B7 0.841
G6 0.728 G8 0.770 B6 0.834 B8 0.884

180

4.3.1. The GC beams' load-deflection behavior
Figures 9-12 illustrate the load-deflection curves for
GC and RC beams incorporating metakaolin or
zeolite.
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Figure 9. Metakaolin GC beam load-deflection curve
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Figure 10. Zeolite GC beam load-deflection curve
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Table 12. Comparison of P, and T of RC beams

Age | Mix | Ppy | T [ Mix | Ppo | T | MiX [ Py | T [ Mix | Ppp | T
NF1 1 1 NF2 1 1 NF1 1 1 NF2 1 1
G1 1.118 1.264 G3 1.118 1.218 B1 1.031 1.080 B3 1.063  1.076
& G2 1.231 1.413 G4 1.234 1.377 B2 1.093 1.150 B4 1124  1.162
G5 1.059 1.323 G7 1.061 1.282 B5 1.007 1.151 B7 1.021  1.148
G6 1.177 1.454 G8 1.161 1.411 B6 1.056 1.258 B8 1.096  1.244
NF1 1 1 NF2 1 1 NF1 1 1 NF2 1 1
G1 1.151 1.275 G3 1.147 1.234 B1 1.051 1.086 B3 1.095  1.093
§ G2 1.277 1.428 G4 1.278 1.411 B2 1.109 1.160 B4 1154  1.168
G5 1.094 1.337 G7 1.078 1.296 B5 1.025 1.180 B7 1.052  1.152
G6 1.203 1.473 G8 1.208 1.442 B6 1.070 1.265 B8 1124  1.247
140 140 %
10% Mk, V; = 0,0.5,1%, L; = 25 (mm), 180 Days 10% Ze, V, = 0,0.5,1%, L, = 50 (mm), 180 Days
120 120 +
100 100 +
— — SURL 1] RRY g TTE TR T
= =
= g0 = g0 +
[T 'S
60 60 |
40 40 +
—NF1-180 —NF2-180
20 —G1-180 20 + —G4-180
G5-180 G8-180
0 } t t t t } } } t | 0 4 t } t t } + t } t |
2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Mid-span Displacemenet (mm) Mid-span Displacemenet (mm)
140 Figure 12. Zeolite GC beam load-deflection curve
10% MK, V; = 0,0.5,1%, L; = 50 (mm), 180 Days
120 4.3.1.1. The GC beam cracking load
100 In Tables 10-11 and Figure 13, the P, of GC beams
G T
- are presented and compared at 28 and 180 days.
= g0
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140 = Figure 13. The Cracking load
10% Ze, V; = 0,0.5,1%, L; = 25 (mm), 180 Days
120 + Based on the result, the P, was reduced when 0.5 and
1% GF were added to metakaolin/zeolite RC beams at
100 1 il all ages. By combining 0.5 and 1% GF to metakaolin
Z o0l ol e RC beams after 28 days, the Py dropped by 22 or
w o 29%, respectively. Moreover, depending on whether
60 + ',“." the beams included 0.5 or 1% GF, the P, of the
40 4 I metakaolin GC beams after 180 days was 24 and 32%
i . .
NF2-180 lower than RC beams. Besides, the P, of the zeolite
20 1f G3-180 GC beams was 21 and 31% lower than RC beams at
o [ ] |—amse | 28 days, respectively, based on that the beams

2 4 6 8 0 12 14 16 18 20
Mid-span Displacemenet (mm)

included 0.5 or 1% GF. At 180 days, the P, was
reduced by either 0.5 or 1% GF when added to RC
beams, respectively. According to the results, it seems
that by adding GF to RC beams, pores in cement
matrixes and porosity are increased which may lead to
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a decrease in cohesion and the P [15], [26], [55],
[58], [59], [60], [61].

Conversely, the GC beams P, was enhanced by
augmentation of the GF A.R. For instance, in 10%
metakaolin/zeolite GC beams and 0.5 and 1% GF, the
P.. demonstrated an increase, reaching a maximum of
6 and 9% for A.R. of 40 and 80, respectively. The
enhancement of adhesion and bonding length in the
cement matrix can be achieved by increasing the A.R.
of fibers. As a result, it is feasible to enhance the
fiber's resistance to extraction and the occurrence of
cracks in beams [33], [48], [62].

Results and Figures 9-12 reveal that the P, of GC
beams including metakaolin was approximately 10%
greater than those of zeolite, after a curing period of
28 days. Also, the P, of Zeolite GC beams exhibited a
similar trend to that of the Metakaolin at long time
(81, [16], [31], [60].

4.3.1.2. The GC beams peak load

Based on the data displayed in Table 12 and Figure
14, it is evident that an increase in the V¢ of GF in the
metakaolin/zeolite GC beams resulted in a decrease in
Pmax at all days.

The Ppax 0f GC beams was greater than that of RC
beams, nevertheless. For instance, the addition of 0.5
and 1% GF to the RC beams resulted in a significant
increase in Ppax by 23 and 18%, respectively, within a
brief period. Moreover, GC beams with 0.5 and 1%
GF had P« 28 and 21% greater than RC beams after
180 days. Focusing on the obtained findings, it can be
concluded that by increasing porosity and reducing
the integrity of concrete, which occurs due to the
increase of volume fraction in the mixtures, the Px
decreases [23], [30], [53], [59], [62], [63].

10% MK, Vy: 0-0.5-1%, Ly 25-50 mm 10% Ze, Vy: 0-0.5-1%, Ly: 25-50 mm
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Figure 14. P, of the GC beams

On the other hand, it was observed that the P, of the
GC beams enhanced on all days as the A.R. of the GF
was increased. For example, the Py values of G2/G8
beams having an A.R. of 80 were 11% greater than
those of G1/G7 beams having an A.R. of 40, across all
observed days. The length and aspect ratio of GF
seems to increase fiber resistance to pull out, slip, and
Prmax [33], [48], [49], [62].

Besides, Table 10 demonstrated that at 28 days, the
Pmax Of metakaolin GC beams exceeded that of zeolite
GC beams by up to 13%. However, at 180 days, there
was a reduction in the disparity between the P

values of GC beams including metakaolin, and those
of zeolite, amounting to approximately 8%.

4.3.1.3. The GC beams flexural toughness
Considering Figures 9-12, 15, and Table 10, obvious
that the incorporation of GF into the RC beams
resulted in a notable increase in T.

10% Mk, Vy: 0-0.5-1%, Ly: 25-50 mm 10% Ze, Vy: 0-0.5-1%, Ly: 25-50 mm
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Figure 15. T of the GC beams

1 G2

The GC beams, which were composed of 0.5 and 1%
GF, exhibited significantly higher T values of up to
41% and 45%, respectively, compared to the RC
beams after 28 days. While a combination of 0.5 and
1% GF to the RC beams resulted in a respective
increase of 43 and 47% for T after 180 days. The
bridging phenomenon of GF on the surface and edges
of cracks is evidently responsible for the dispersion of
the applied loads and constrains the propagation of the
initial cracks. Moreover, the V; of GF in the mixes
increased the interfacial bonding between fibers and
cement matrix, toughness, and ductility of GC beams
[42], [45], [46], [54], [64], [65], [66], [67], [68], [69].
Also, in Figure 16, the crack bridging of GF in
bending tests of the GC beams has been presented.

Figure 16. Crack bridging of GF in the GC beams

Based on Table 12, it can be observed that the GC
beams with an A.R. of 80 exhibited a higher T value
in comparison to those with an A.R. of 40. At 28 days,
the T value of the 0.5% GC beams with A.R. of 40
and 80 demonstrated an increase of 27 and 41%,
respectively, in comparison to the RC beams. Also,
the incorporation of 0.5% GF with A.R. of 40 and 80
resulted in a significant enhancement of the T of RC
beams, with an increase of up to 32 and 46% at 180
days, respectively. Furthermore, it was observed that
in GC beams with an 80 A.R. and 1% GF content, the
highest rise in T, as compared to the 40 A.R., was
approximately 11%. The augmentation of length and
aspect ratio amplifies both the contact surface and the
developmental length of GF. The T of GC beams can
be increased by enhancing the adhesion and pull-out
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resistance of the cement matrix [28], [43], [45], [47],
[54], [58].

On the other hand, it was observed that metakaolin
GC beams overtook zeolite ones in T. However, in the
long term, zeolite’s unigue pozzolanic properties
reduce the T difference between metakaolin and
zeolite in GC beams. The pozzolanic reactivity and
finer particles of metakaolin are more effective than
that of zeolite, resulting in increased speed of the
hydration process. This, in turn, enhances the
adhesion between fibers and cement paste, ultimately
leading to higher T values at 28 days. However, after
180 days, zeolite outperforms metakaolin due to its
ability to produce C-S-H secondary gels, which
improve the microstructure of the concrete and
accelerate the rate of T growth [8], [10], [13], [16],
[22], [25], [31], [38], [60].

4.3.2. The BC beams' load-deflection behavior
Figures 17-20 present the load-deflection curves of
the metakaolin or zeolite BC and RC beams.
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Figure 17. Metakaolin BC beam load-deflection curve
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Figure 18. Zeolite BC beam load-deflection curve
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Figure 19. Metakaolin BC beam load-deflection curve
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Figure 20. Zeolite BC beam load-deflection curve

4.3.2.1. The BC beams cracking load
In Tables 10-11 and Figure 21, the P, of the BC
beams at 28 and 180 days are shown.
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Figure 21. The Cracking load

The P, of RC beams by adding 0.5 or 1% BF
decreased. Furthermore, the P, of the BC beams was
reduced significantly due to the increase in the V; of
BF in the concrete mixtures.

Results revealed that the P, of the BC beams, which
contained 0.5 and 1% BF, exhibited a reduction of up
to 11 and 19% as compared to the RC beams,
respectively, after 28 days. While the addition of 0.5
and 1% BF resulted in a reduction of P, in RC beams
by 8 and 21%, respectively, at 180 days. In addition,
the inclusion of 0.5 and 1% BF in the zeolite RC
beams resulted in a reduction of P, by 12 and 22%,
respectively, after 28 days. At 180 days, the P of the
0.5 and 1% BC beams exhibited a respective increase
of 6 and 16% compared to the RC beams. The

10

inclusion of BF in mixtures has been observed to
result in an augmentation of void space and porosity,
ultimately leading to a reduction in the integrity and
P, of specimens [9], [27], [49], [50], [51].
Furthermore, the increase in the A.R. of the BF
resulted in a rise in the P, of BC beams. The increase
of P, for 80 A.R. metakaolin/zeolite BC beams was
about 7% more than 40 A.R. ones, at 180 days.

The higher A.R. of BF led to increased bonding length
within the cement matrix and greater adhesion
compared to the 40 A.R. Consequently, the P of the
80 A.R. BC beams was higher than that of the 40 A.R.
[91, [27], [33], [49], [50], [51].

Based on the obtained results, the findings suggest
that, after 28 days, the P, of metakaolin BC beams
was greater than that of zeolite BC beams. However,
at 180 days, the same results were obtained for zeolite
and metakaolin mixtures [8], [16], [60]. For instance,
at 28 days, metakaolin BC beams with 0.5 and 1% BF
exhibited P, up to 6 and 10% greater than zeolite
ones.

4.3.2.2. The BC beams peak load
Table 12 and Figure 22 illustrate the impact of fibers
and SCMs, such as metakaolin or zeolite, on the P .
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Figure 22. P,a 0Of the BC beams

The findings indicated that the P, of the
metakaolin/zeolite BC beams was higher than the RC
ones. While the GRFC beams containing 1% BF had
lower P, than 0.5% BF. The beams containing 0.5
and 1% BF exhibited greater P, at 28 days, with
increases of up to 13 and 10% compared to those of
RC. Furthermore, at 180 days, the P« increased up to
16 and 13% by adding 0.5 and 1% BF to the
metakaolin/zeolite RC beams, respectively. According
to extracted results, as the V¢ of BF in the mixes
increases, there is a parallel rise in hole volume and
porosity, while the integrity and P,.x of RC decrease
[91, [27], [49], [50], [51], [34], [61].

Besides, the augmentation of the BF A.R. led to a rise
in the P, of the BC beams. The BC beams with an
A.R. of 80 exhibited a P that was approximately
8% greater than that of the beams with an A.R. of 40,
at all days. Through the enhancement of BF's length
and A.R., cement paste-fiber adhesion, as well as the
development length of fibers, and Py, are enhanced
[91, [27], [33], [49], [50], [51], [54]. [62].
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Moreover, considering the results presented in Tables
10 and 12, it is evident that the P, of the metakaolin
BC beams surpassed that of the zeolite ones by up to
10 and 5% at 28 and 180 days, respectively.

The results reveal that metakaolin BC beams with
finer particle size and higher pozzolanic activity
exhibit a greater Pn. than their zeolite ones at 28
days. However, at 180 days, the completion of the
hydration process and the enhancement of
microstructure and bond strength lead to a reduction
in the disparity between the Pn. Vvalues of
metakaolin/zeolite BC beams [8], [16], [60].

4.3.2.3. The BC beams flexural toughness

The T value of RC beams was observed to increase
upon the use of BF, as evidenced by the data
presented in Figures 17-20 and 23, as well as Tables
10 and 12.
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Figure 23. T of the BC beams

Furthermore, by increasing the V¢ of BF in BC beams
from 0.5 to 1%, the T rose. For instance, the
combination of 0.5 and 1% BF to RC beams resulted
in an increase in T to 17 and 27% at early and long
times, respectively. Also, the 1% BC beams had
higher T up to 9% than the 0.5% BC ones. Despite the
higher strength of GF compared to BF, the BF has a
role in helping to control and distribute loads through
the crack bridging. Therefore, the increase of the T
will be expected [45], [46], [48], [49], [54], [61], [67],
[68], [69].

Figure 24. The BC beams crack bridging

Crack bridging is a fiber performance to delay and
prevent from distribution of cracks in the concrete
beams. The T and ductility of beams are enhanced by
strengthening ~ fiber  bridging.  Therefore, by
augmenting the V¢, more fibers can bear the applied
load, so the effectiveness of crack bridging and the T
of beams will be risen [23], [48], [49], [53], [70]. The
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crack bridging of fibers in BC beams has been
illustrated in Figure 24.

According to Table 12 and Figure 23, by changing the
A.R. of BF from 40 to 80, the T of the BC beams rose
about 10%. It will be expected that the T of BC beams
will be enhanced when the A.R. of BF, length,
developmental length, adhesion, and fiber pull out
resistance from the cement paste is enhanced [9], [27],
[49], [50], [51], [54].

After comparing the findings, it was observed that the
T of BC beams containing metakaolin surpassed that
of BC beams containing zeolite. However, for a long
time, it was found that the T of BF beams and
metakaolin/zeolite were identical. After 28 days, the T
of BC beams with metakaolin exhibited an increase of
up to 11% in comparison to the zeolite ones.
However, after 180 days, the T of metakaolin BC
beams including 0.5% BF was found to be similar to
that of the zeolite beams [8], [13], [16], [60].

4.3.3. Comparison of the GC and BC beams
Figures 26-28 demonstrate the P, Pmax, and T of the
GC and BC beams with zeolite or metakaolin as SCM,
after 180 days.

M NETRE. aal RN roilf - 1 S - \
Figure 25. The cross-section of GC and BC beams

According to the findings displayed in Figure 26 and
Table 10, it is apparent that the BC beams' P, was
higher than the GC beams. However, it is notable that
the disparity in P, between the types of beams
exhibited an upward trend over time.
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Figure 26. P, of GC and BC beams (180 days)
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To illustrate, at 28 and 180 days, the P, of BC beams
were about 14 and 19% higher than GC beams,
respectively. It can be concluded that the greater
hardness and inflexibility of GF compared to BF
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causes to increase in porosity and decrease the micro/macro pore and cracks in cement paste are
density, integrity, and P, of GC beams [9], [23], [27], demonstrated in Figure 32.

[29], [33], [46], [48], [49], [50], [51], [53], [54], [58],
[62].

Furthermore, according to the results of Table 10 and
Figures 27-28, it can be determined that in
comparison to BC beams, the GC beams had higher
Pmax and T.
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2200

A . . .
Figure 29. The microstructural properties of concrete

2000 mixtures

1800

6S€L
LGyl
1434
9/¥1
z8S1
¥6€l
6051

Toughness (kN.m)
3
o
€cel

-
~
o
<~

G4 B5 G5 B6 G6 B7 G7 B8 G8
Mixture

Figure 28. T of GC and BC beams (180 days)
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For example, the P.x of the GC beams with 0.5 and
1% GF was more than the BC beams up to 16 and
13% at 28 days. Moreover, the T of the 0.5 and 1%
GC beams exhibited an increase of up to 23 and 17%,
in comparison to the BC beams after 180 days,
respectively. It seems that although the flexibility of
GF is lower than BF but its higher tensile strength
(about 11 times) helps to better control cracking,
prevent crack development, better distribute loads,
and finally, increase the P and T of the GC beams
[9], [23], [27], [33], [48], [49]. [50], [51], [54]. [58].
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Figure 31. The cement hydration product
4.4. The scanning electron microscope (SEM)
Figure 29 illustrates the SEM analysis of concrete
mixes that incorporate metakaolin/zeolite, providing a
precise investigation and evaluation of their
microstructural characteristics. The samples were
prepared by taking small pieces of fiber concrete from
cubic specimens (70x70x70 mm) which were coated
with thin gold sheets to improve the image quality.
Figure 30 displays the SEMs of the area located
between the cement paste and fiber. Furthermore, in
Figure 31, the cement hydration products including
ettringite, HC, and C-S-H gels are displayed. Also, the
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4.5. Cracking behavior

The four-point bending test is utilized for both RC and
FRC beams, wherein a load protocol that increases
monotonically is applied to the beams. Typically, the
first crack in a beam occurs in the tensile zone,
specifically on the bottom face. Subsequently, by
raising the load, flexural fractures developed from the
beams' bottom faces upward. In continuation and with
an increase in the load, flexural cracks emerged and
extended toward the compressive zone. The initial
cracks exhibited greater depth and width. The
majority of the flexural cracks manifested in the
vicinity of the mid-span beams. The improvement of
crack propagation resistance can be achieved by
augmenting RC beams with fibers and enhancing the
Vs of fibers [31], [71], [72].

The findings suggest a direct correlation between the
quantity and attributes of flexural cracks and the fiber
type and amount in the concrete mixes. The
combination of fibers into the RC beams led to an
increase in both primary and secondary cracking. The
dimension of cracks like breadth and spacing were
also reduced. For instance, according to Figure 30, by
adding 1% GF/BF fibers to the RC beams, the number
of major and minor cracks were increased.
Furthermore, fiber RC beams containing 1% GF/BF
fibers had cracks with less width and distance than RC
beams.

Figure 33. Measurement of the crack dimensions

Furthermore, elevating the A.R. of GF/BF fibers from
40 to 80 resulted in heightened adhesion of fibers in
the cement paste, thereby augmenting the pull-out
resistance of fibers. This, in turn, reinforced crack
bridging, restricted the distribution of cracks, and
reduced the number and width of cracks[26], [63],
[67], [73].

For more examination of the crack behavior of RC
beams without/with fiber, in Figure 34, the cracking
patterns are shown.

As a result, the concurrent utilization of recycled strip
fibers (GF/BF) and SCMs such as metakaolin and
zeolite, has the potential to mitigate air and marine
pollution, restrict crack development, and enhance the
ductility of RC beams.

5. Conclusion

13

The current research aims to evaluate the compressive
strength, flexural toughness, flexural behavior, and
cracking behavior of RC, GC, and BC beams that
incorporated SCM like metakaolin and zeolite. The
evaluation was conducted at 28 and 180 days in the
Oman Sea's tidal zone. The primary findings are:

1- The incorporation of GF/BF into the concrete
mixes led to a reduction of approximately 22% in the
. of the concrete specimens. Moreover, it was
discovered that the f°. of concrete containing zeolite
was greater than that of metakaolin concrete at an
early age.

2- The P, of fiber RC beams containing GF/BF fibers
was up to 32 and 23% lower than RC beams,
respectively. In a short time, the fiber RC beams
containing metakaolin exhibited a greater P, by up to
10% compared to those containing zeolite. However,
at long term, the P, of zeolite fiber RC beams was
found to be nearly equivalent to that of metakaolin
fiber RC beams.

3- The Ppax 0f RC beams by adding 0.5% GF and BF
decreased by 28 and 16%, at 180 days, respectively,
but RC beams containing 1% GF and BF had higher
Pmax than RC beams up to 21 and 13%, respectively.
4- At 28 and 180 days, the GC beams, which were
composed of 0.5 and 1% GF, exhibited a greater P .x
of up to 16 and 13% compared to the BC beams,
respectively.

5- The P of FRC beams containing metakaolin was
found to be 13 and 9% greater than those containing
zeolite after 28 and 180 days, respectively.

6- The combination of 0.5 or 1% GF in RC beams
resulted in an increase in the toughness of the beams
up to 43 and 48%, respectively. Moreover, it was
observed that the toughness of beams made with BC
containing 0.5 or 1% BF was 17 and 27% higher,
respectively, compared to RC beams.

7- The toughness of fiber RC beams with 0.5 or 1%
GF exhibited an increase of 23 and 17%, respectively,
compared to those with BF.

8- The toughness of metakaolin FRC beams was
observed to be higher than that of zeolite FRC beams.
However, as time goes on, the disparity in their
toughness reduced.

9- The propagation of cracks in RC beams was found
to be mitigated through the incorporation of GF/BF,
as well as an increase in both the V¢ and A.R. of
fibers. Additionally, it was discovered that there were
more cracks than before.



Hamed Safayenikoo, Hamid Shahrabadi / The impact of recycled plastic fibers on bending behavior of green RC beams in the sea conditions

Figure 34. Cracking patterns of GC/BC beams (180 days)
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ABSTRACT

The rate of initial development and its characteristics play an important
role in the design of wastewater discharge into the sea. It is very
common to use mixing zone models to estimate the initial gradient.
Considering that salty sea water causes environmental damage due to
mixing with wastewater discharged from the desalination site into the
sea on the coasts, it was determined by modeling the angled channels
that distribute the wastewater on the sea floor that the wastewater from
the water site The sweetener enters the sea through the angled channels
of the spreader and is pulled towards the shore due to the velocity of the
current. The lowest density is in the areas between the spreaders, which
shows that the promotion system works well and prevents the
sedimentation of the effluent on the sea floor and has reduced the
density of the effluent. Also, the lowest velocity is in the areas between
the spreaders, which shows that the promotion system works well and
prevents the sewage from settling on the sea floor.
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1. Introduction

Multi-port diffusers are often used to dilute
industrial ~ effluents to receiving waters
characterized by shallow water depth. Examples
of these effluents include heated water from
power plants located near the ocean or the coast
of Great Lakes, sewage effluent from treatment
plants discharged into a river or lake, and
saltwater runoff from desalination plants. the
ocean Concentrated brine from desalination
plants is sometimes mixed with lighter heated
water from an on-site power plant or treated
wastewater from a sewage treatment plant for
energy recovery using pressurized delayed
osmosis (PRO) or reverse electrodialysis. (RED)
Akram et al. 2013; Weiner et al., 2015)

(Shrivastava and Adam, 2019 studied the mixing
of tee diffusers in shallow water with cross flow.
This paper analyzes the mixing of a tee diffuser
discharging into shallow water with the flow.
Experiments are performed for tee diffusers of
various designs discharging in a crossflow.
Dilution measurements are reported and
analyzed along with results obtained by previous
studies to investigate the effects of various outlet

3
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and environmental parameters on dilution. The
effect of ambient flow velocity, diffuser length,
port distance, port angle with respect to
horizontal, ambient depth, distance near the
shore and effluent buoyancy on dilution is
investigated. Previous investigations have shown
different effects of the ambient flow on the
dilution of the three-way diffuser, which is
characterized by the ratio of the ambient
momentum to the discharge momentum. This
apparent confusion is resolved by showing that
many of the differences can be attributed to the
different range of parameters used in the
different studies. While most studies have
focused on minimum dilution inside the column,
dilution measurements at the edge of a
regulatory mixing zone are considered in this
paper because they are important to meet
regulatory requirements. Measurements of
centerline and mean flux dilution at the edge of a
mixing zone are reported. Recommendations are
given for the design of tee diffusers in shallow
receiving waters with cross-flow.

X Chan (1985)

O Fitzpatrick Plant Study
(Hecker et al. 1970)

+ Leeetal. (1977)

@ Perry Plant Study (Acres
American 1974)

A Seoetal. (2001)
O Somerset Plant Study
(Stolzenbach et al. 1976)

-==fq.(4)

100 —E4.(5)

Figure 1- Progressive measurements in areas S1, S2, and S3 for a T-shaped spreader(Shrivastava and Adam, 2019).

Reference So fhy (degrees) m, L/H I/H o [
Perry plant study (Acres American 1974) 49 0 0.05-1.26 15-75 1-6 0.1-0.3 0
Fitzpatrick plant study (Hecker et al. 1970) 14.9 0 0.18-1.37 303 25 (.64 1/50
Lee et al. (1977) 7-10 0 0.04-0.14 1940 05-2.5 0-0.2 0
Seo et al. (2001) 10-30 25 0.03-104 415 0-1 0.1-12 0
Somerset plant study (Stolzenbach et al. 1976) 6-15 0 0-0.75 6-34 2 0.2-05 1/73.5
Chan (1985) 12 0 0.17-1.31 254339 0.85 0 0

Figure 2-The parameters used by the previous researchers in the advanced calculation(Shrivastava and Adam, 2019).
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St Rm Lm N Q (fs)  u, (mfs) 5 m, LIH I/H ] n §3 Siee L,

1 1 240 A 53 0.07 156 0.08 A 1 017 2 B2 - m
2 240 A4 53 0.2 156 092 % 1 017 6 106 173 2

3 240 4 53 052 156 494 . 1 07 2 R4 B8 M

4 240 4 253 L13 156 2329 % 1 07 2 157 26 M

2 5 240 48 53 0.06 156 007 4 05 017 1 12 - 25
6 240 4 53 021 156 081 % 05 017 1 90 - 25

7 240 48 53 048 156 427 . 05 017 1 102 196 25

8 240 48 53 0.63 156 726 bl 05 017 1 1Ll - 25

9 240 48 53 105 156 2016 A 05 017 1 129 A8 25

3 10 240 12 53 0.07 156 0.08 .} 2 017 2 142 - 267
1 240 12 53 1) 156 092 bl 2 017 2 1Ll — 267

12 240 12 53 0.52 156 494 A 2 07 2 12 - 267

3 240 12 53 113 56 2329 pa) 2 017 2 155 - 267

4 14 240 6 53 0.07 156 008 A 4 017 4 130 - 242
15 240 6 53 02 156 092 X 4 017 3 95 — 242

16 240 6 53 0.52 156 494 A 4 017 3 8.7 - 242

7 240 6 %3 L13 156 2329 A 4 017 2 18 - 242

5 18 300 30 53 0.07 174 0.10 3 1 018 2 141 — 245
19 300 30 53 0.2 174 L6 30 1 018 2 99 - 245

20 300 30 53 0.52 174 615 3 1 01 4 01 177 2%

2 300 30 ak} L13 174 13 30 1 018 2 B8 A1 2%

6 2 160 16 53 0.07 131 0.06 16 1 s 2 133 — m
3 160 16 253 02 131 059 16 1 015 2 104 - m

A 160 16 53 052 131 329 16 1 015 2 105 - m

5 160 16 253 L13 131 1553 16 l 05 2 150 - m

Figure 3- Parameters used in advanced calculation (Shrivastava and Adam, 2019).

7

Fig. 5. Computation of h(f).

Figure 4- Parameters used in advanced calculation (Shrivastava and Adam, 2019).

25 |
—Eq. (15} for L/H =
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VT [ Eq. (15} for L/H =
2,1H=05
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i 24,I/H=4
&
% L] 1)
w
1
B Set2(l/H=0.5)
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Figure 5- The parameters used in the progress calculation for 6 plans for different (H) (Shrivastava and Adam, 2019).
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0

m,

Figure 6- The parameters used in the progress calculation for 6 designs for different L(H) (Shrivastava and Adam, 2019).

e = 0.1 is the expansion rate of the half-width jet
(Lee and Chu, 2003). h(6_0) is less than water depth
for 0 > 11.3 degrees. Therefore, the dilution ratio
for a diffuser with horizontal ports relative to ports
inclined at an angle 8 _0 for 8_0 > 11.3) is as follows:

S0 _ |A(0) | HL 1
S(60) Ay  |Ih(6o) J2ecotd,

S1 = ratio of flow induced from behind the diffuser
to the

discharge flow rate for a tee diffuser in crossflow;
S2 = minimum dilution within the plume for a tee
diffuser in

crossflow;

S3 = minimum dilution at the edge of a mixing zone
for a tee

diffuser in crossflow;

A = cross-sectional area occupied by the diffuser
plume;

a0 = individual port area;

B = width of effluent plume as it crosses the mixing
Zone;

b0 = kinematic buoyancy flux per unit length of
discharge

effluent;

cd = empirical drag coefficient for tee diffuser in
crossflow;

DO = port diameter;

FO = densimetric Froude number;

g = acceleration due to gravity;

000 = reduced gravity of effluent discharging from
the outfall;

H = ambient water depth;

h<:00 = water depth occupied by the plume when it
hits the

water surface;

L = length of diffuser;

Lm = characteristic length scale for the diffuser;

Lr = ratio of length in the prototype to length in the
model;

Lt = length of trajectory till the plume hits the water
surface;

23

| = spacing between ports;

ma = kinematic momentum flux per unit length of the
ambient crossflow;

mr = momentum ratio, a nondimensional parameter
characterizing the effect of ambient current;

mO0 = kinematic momentum flux per unit length of
discharge effluent;

N = number of ports;

n = number of replicates for each experimental run;
Q = flow induced by the discharge;

QO = flow rate of discharge effluent;

R = jet Reynolds number;

rt = horizontal distance of the point of surface impact
from the jet;

S = diffuser dilution;

S ave = flux-averaged dilution at the edge of a
mixing zone for atee diffuser in crossflow;

SO = theoretical dilution of a tee diffuser in quiescent
ambient;

ua = ambient current speed,;

ud = speed of the plume perpendicular to the mixing
zone boundary;

ue = average velocity of the flow being entrained into
the diffuser plume;

uf = average velocity of the induced flow in front of
the diffuser;

u0 = exit velocity through a port;

xs = distance of the diffuser from the nearshore;

I' = bottom slope in the offshore direction;

Ap = density difference between discharge effluent
and ambient water;

¢ = rate of increase of the jet half-width;

0 = local value of plume inclination relative to
horizontal;

00 = angle of port inclination with horizontal;

v = kinematic viscosity of water;

pa = density of ambient water;

p0 = density of discharge effluent;

o = contraction in the width of the plume discharged
froma

tee diffuser; and

¢ = nondimensional shallowness parameter.
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S_O =1- Cdmr
U,%H
= U2
B=7

S = Hcos6,
°~ | 2B

o @+ 5my) Ve
So
In 2017, Absi investigated how to discharge
wastewater through angular ducts with the help of
laboratory models. There have been extensive reports
of dense gradient jets typical of brackish water
discharge into shallow water. Experiments were
performed with nozzles at 30, 45, and 60 degrees to
the horizontal direction, and the spatial changes of
restoration concentrations were measured by three-
dimensional laser fluorescence (3DLIF). Three flow
regimes are known: deep water, surface contact and
shallow water. The regimes depend on the value of
dF/H, where d is the nozzle diameter, F is the dense
mass number of the jet, and H is the water depth;
Criteria for transitioning between them are provided.
Flow images showed three-dimensional interactions
with the free surface, especially for steep nozzle
angles in shallow water. The drop in critical points
and their locations were measured. For deep water,
all results followed those previously reported for
fully submerged jets. As the depth (or increase in
dF/H) decreases to surface contact, dilutions begin to
decrease. Tracer concentration profiles are reduced at
the water surface and resemble semi-Gaussian
profiles similar to wall jets in shallow water. The jets
can stick to the water surface, although the impact
point locations and near-field length are not
significantly affected by the water surface. In deep
water-surface contact regimes, the impact point and
near-field dilutions are higher for 60° nozzles.
However, the depth decreases, but the dilution is
almost equal for the three nozzle angles, until for
shallow water, the 30° nozzle leads to a slightly
higher dilution. A 30° discontinuity may be preferred
for this case because the interaction surface is lower
and therefore has less visual effect than the water
surface. The previous recommendations that dense
jets are located underwater, so that the height of the
upper boundary to the jet is less than 75% of the
water depth to avoid surface effects seems to be too
conservative and the current results show which
increase can be up to 90% of water depth for all
angles without detrimental effect on dilution.
In 2017, Alden designed the wastewater discharge
facility for the Huntington Beach desalination site.

24

Suggested publisher goals (Alden 2017) are to
maintain a underground sewers that do not tolerate
water table and reduce low amounts of ocean salinity
water, requiring discharge shall not exceed a daily
maximum of 2.0 ppt above natural sodium not more
than 100 meters horizontally from any point of
discharge.

The ports are spaced to ensure proper flow between
the jets and deliver a horizontal vertical motion of the
bay to the dump.

Segregation analysis of this design published by
Poseidon was performed using CORMIX (Jenkins,
2017a). This analysis is discussed below. Four flow
scenarios are considered: worst case #1 and worst
case #2 with temperature difference between effluent
and seawater at 0°C and +2°C. To illustrate the
methods calculated in R2018, we consider here only
the worst case number 1 with a temperature
difference of 2 °C (here WC1). The conclusion
should be similar for other cases.

Donker and Jirka published a manual for using
CORMIX software.

In 2017, Jenkins conducted a hydrodynamic study of
a 3D designed model of channel spreaders at
Huntington Beach.

(Adams, 1982) derived the progressive equation and
angular diffuser using Bernoulli's equations and
momentum equation for pressure continuity along the
axis of the diffuser. In the case of the angled diffuser,
the momentum drop that existed due to the stagnation
of the surrounding flow in the momentum equation
between the back and front section of the diffuser
was taken into consideration. Then, by combining the
energy equations and the momentum equations, he
calculated the rate of promotion in the area near the
discharge for angled diffusers.

The present invention relates to a multiport
submerged cooling water discharge diffuser and, in
particular, to a diffuser in which the direction of the
cooling water discharge is variable as a function of
the position of the water discharge relative to the
longitudinal center of the diffuser as well as half the
length of the diffuser.

When the wastewater is discharged into the sea, the
initial mixing of an area with a radius of about 100
meters is done after the wastewater is discharged into
the environment through the spreader, which is called
the near field. It moves and is spread by the
turbulence of this environment, which is called the
far field. becomes

For brines, because it has a higher density than sea
water and there is a possibility of settling on the bed.
Therefore, the discharge of brine should be in such a
way that it creates a jet state in the water at the
beginning of the discharge so that it can move in the
surrounding water and by creating more disturbance
in the environment, it causes the mixing of the brine
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with the surrounding water to accelerate the progress
of the brine and before it drops. The speed and
settling of that concentration should be reduced to
such an extent that it cannot be separated from the
surrounding environment. It should be noted that
based on the standards provided by the US

: A Near field

Environmental Agency, this process should be
carried out within a maximum radius of 200 meters
from the sewage discharge location (Moshirpanahei
etal., 2019).

Intermediate field

a) Side view

N

g’ Backentrainment
N
X ld

gide entrainment

i

b) Plan view

Figure 8- The output flow from the diffuser in the side views and plan modeled in Cormix software (Robert, 2018).

‘}”)‘f‘:‘“

Figure 9- Areas investigated for the anageent of water quality protection of the effluent discharge environment (Jirka, 2003 and

-

coastal
currents

> e

regulatory
discharge zone

Shoreline

2004).

multiport
diffuser

Figure 10- Proposed plan to improve the condition of the investigated'areas for the management of water quality protection of the
effluent discharge environment (Jirka, 2003 and 2004).
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DeSal
plant

R =]

brine
surface

discharge direct shoreline

impact
fimited dilution at
seabed=1-3

Figure 11- The effect of the output density of wastewater discharge from the RO desalination system (Jirka, 2003 and 2004).

DeSal
plant

Limited dilution at
surface =4-6

brine

surface

discharge direct shoreline
impact

Figure 12- The effect of the temperature of the effluent from the thermal desalination system (Jirka, 2003 and 2004).

Figure 13- Effluent from the discharge of effluents from the surface desalination system in Ashkelon (Jirka, 2003 and 2004).

Surface Buoyant Jets (Near-field)

a) Buoyant Surlace Jet i Stognant Ambent ©) Shoreine -Attoched Surface Jet in Stron
e Ambient Crosstiow

—  Plon View —  Plan View

()~
1t

b) Bucyont Surfoce Jef in Ambient Crossfiow d) Upsiream Intruding Plume in Weok Am
Crossfiow

Figure 14- Effluent from the discharge of wastewater from the desalination system in the form of jet flow (Jirka, 2003 and 2004).
26
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i /__— posttively buoyant jet
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N negatively buoyant jet

Figure 16- Effluent from surface water desalination syste in Kuwait (Jirka, 2003 and 2004).

wial Olles

Figure 17- A type of sewage on a tunnel to discharge sewage into sea water (Takdestan et al., 2015).
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(Adams, 2014) obtained the progressive equation and
angular diffuser using Bernoulli's equations and
momentum equation for pressure continuity along the
axis of the diffuser.
StlSo=1-Cq M, (")
where S, is the minimum surface elevation for angled
diffusers, C, is the coefficient related to the influence
of the stillness of the surrounding flow and M. is the
ratio of the momentum of the surrounding flow to the
discharge momentum, which is calculated as follows:
(Ug)?H
r= (UO)ZD (2)
In this formula, H is the discharge depth, D is the
diameter of the discharge channel, Ua is the
surrounding flow velocity, and Uo is the discharge
velocity. So is the rate of advancement in the
surrounding flow at rest, which is presented as
follows by (Adams, 2014):

Hcos6
5= Rt (")

0, is the angle between the channel and the sea floor,
which is usually chosen less than 45 degrees.
(Subramania and Puri, 1984) proposed an
exponential function based on three-dimensional
experiments of a jet in a transverse flow.
(Van Su et al, 2012) obtained the constant
coefficients related to the equation by fitting the
experimental data as follows:

1

By replacing equation (3) in equation (4), we will

have:

S¢ = [1 - [60 exp(—5M,°2)|M,] [F=% (o)
First, it is necessary to define a parameter for the
players. This parameter, which we denote by the
letter B, is the ratio of the cross-sectional area of each
of the holes of the diffuser to the distance between
the holes along the length of the diffuser:

)
B =" ")

2. Methods

One of the most important parts of the desalination
site is the wastewater disposal system. The
importance of this issue is due to both the
environmental effects and the economic costs of the
project. If the length of the sewage transmission line
into the sea is calculated even if it is a few tens of
meters extra, considering that the implementation of
this transmission line is in the depths of the sea, it
will increase the financial burden to the project
owner. The rate of initial development and its
characteristics play an important role in the design of
wastewater disposal into the sea. It is very common
to use mixing zone models for initial progressive
estimation. In this study, the performance of the

s, distance between diffusers in shallow waters is
So = 1060 exp(=3M, 97N, (4) discussed using hydrodynamic relationships.
Table 1- Environmental parameters of desalinated water
3z flow rate
S
PR wind speed
S
40°C ambient temperature
0.04 Weissbach Darcy coefficient near the coast
0.13 Weisshach's Darcy coefficient at the point of
discharge
4% Slope near the beach
1.2% Slope at the discharge site
45000 % Concentration in the environment
it
Table 2-The characteristics of the multi-channel desalination device
20cm Pipe diameter
4 The number of evacuees
Navier-Stokes equations:
aU;
—1 = N
ax, 0 ")
i,y Wi _ 10P . 0%V o ppr A
at J 6X]' pr 0Xj anan + 9i Pr ( )
od od %o
—_—  — = q
ot +U; ax%; A_axiaxi + 5o B *)
U=Uity; « P=P+p ¢« o= +9¢ )
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% " (\Y)
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o " Uiox 0X; proXi = 0X; V"X ) + 9" o
o0 00 _ 0 509
E‘*_Ulax:_@__q)ul)*_s‘i’ oY
6<P‘<) + div(pkU)= div( = - grad k) - 2u By Ey- pe %
d . ; :
re dw(an)= div( Lt grad ) 20y By Cac p o

3. Numerical simulation
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Figure 19- Solving the equations governing the flow in the Fluent environment, which reached convergence after 82 cycles.
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Figure 20- Applying the boundary conditions of the flow velocity in the Fluent environment
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Figure 21-- Reporting the results of solving flow equations in the Fluent environment

According to the information received about the type of water softener system and the introduction of the waste
disposal system resulting from it by the multi-duct drainer, considering that the diameter of the ducts is considered
to be 20 cm and the distance between the drain holes is 12 meters, the value of B according to the formula ( 6) is
equal to 0.010467. Then, according to the values of H (depth in Table 2-3) and the water velocity in the second
column of Table 2-3 and the effluent discharge velocity which is obtained by dividing the effluent flow rate by the
outlet cross-sectional area and the outlet diameter, the ratio of the momentum of the surrounding flow to the
discharge momentum (M _r) is obtained, also the value of 6 0 is considered equal to 45 degrees. Therefore, the
known values are available to find S_t. For the stated scenarios, we obtain S_t.
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Figure 22- Networking the wastewater flow of the desalination site through the multi-channel system to the sea in Gambit
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Figure 23- The shape of the iso-velocity curves as a result of the numerical simulation of the effluent flow of the desalination site
through the multi-channel system to the sea. The wastewater from the desalination site enters the sea through vertical channels and
is dragged to the shore due to the speed of the current. The lowest speed is in the areas between the spreaders, which shows that the

promotion system works well and prevents the sewage from settling on the sea floor.
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Figure 24- The shape of the density curves as a result of the numerical simulation of the effluent flow of the desalination site through
the multi-channel system to the sea. The wastewater from the desalination site enters the sea through vertical channels and is
dragged to the shore due to the speed of the current. The lowest density is in the areas between the spreaders, which shows that the
promotion system works well and prevents the sewage from settling on the sea floor and has reduced the density of the sewage.

Results

The rate of initial development and its characteristics
play an important role in the design of wastewater
disposal into the sea. The initial progress depending
on the water depth, opening diameter, flow velocity,
distance between openings, number of dischargers
and ambient water velocity were calculated in this
article.

Due to the fact that salty sea water mixed with the
wastewater discharged from the desalination site into
the sea on the coast causes environmental damage.
Using the modeling of the vertical channels for the
distribution of wastewater on the sea floor, it was
determined that the effluents of the desalination site
enter the sea through the angled distribution channels
and are drawn towards the shore due to the speed of
the current. The lowest density is in the areas
between the spreaders, which shows that the
promotion system works well and prevents the
sewage from settling on the sea floor and has reduced
the density of the sewage. Also, the lowest speed is in
the areas between the diffusers, which shows that the
promotion system works well and prevents the
sewage from settling on the sea floor.
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Nowadays, sea operations require accurate prediction of the characteristics of
the waves in the coastal and offshore areas. For modeling wave
characteristics, there are various methods such as empirical methods,
numerical methods and soft computing methods. In this research, the SWAN
numerical model for modeling of wave characteristics in Hormuz Strait area
was used. First, a global model for modeling the characteristics of the waves
in the Persian Gulf domain was built. Then, the boundary condition obtained
from the global model for local modeling with a larger resolution in the area
of Hormuz Strait was used. The local model constructed in the Hormuz Strait
area was calibrated using the recorded waveforms of the buoy deployed in that
area and then was validated. Comparison of the results with the measured data
of the Hormuz Strait buoy shows that the modeling has been carried out in this

area has very precision results.

1. Introduction

For the design of inshore and offshore structures
and for marine operations, prediction of the
characteristics of the waves is required. For modeling
and prediction of waves' characteristic, empirical,
numerical and soft computation methods can be used.

Experimental methods base on coastal engineering
manual [1], shore protection manual [2] and SMB [3]
are relatively simple and low cost methods that are
developed on the basis of specific conditions and in a
particular region. Therefore, they are not very accurate
in other areas. In comparison with experimental
methods, numerical models have a much higher
accuracy. Examples of numerical models are:
WAVEWATCH Il [4], SWAN [5], WAM [6] and
Mike 21 [7].

Soft computing tools such as artificial neural
network, regression decision tree, genetic algorithm
and fuzzy inference system are other ways to predict
the characteristics of the waves, but in a specific area.
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So far, various studies have been done on the use of
numerical models to predict wave characteristics.
Moeini [8,9], Rogers [10], Signell [11], Caliskan [12],
Rusu [13] and Bolafios-Sanchez [14] are some
example of these researchers.

In this study, SWAN's numerical model was used
to predict wave characteristics in Hormuz Strait.
Became Considering the importance of the Hormuz
Strait area, accurate and accurate modeling of wave
characteristics is very important.

2. Materials and Methods
2.1. Study area

The Persian Gulf with about 900 km length and
240,000 km? is the third largest gulf in the world. It is
one of the most important geo-economical and geo-
political water body in the world. The Hormuz Strait
connected the Persian Gulf to the open seas. In every
one hour approximately 10 ships pass through this
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narrow waterway in which this strait is a rash shipping
line [15].
2.2. Required data

The data used in this modeling include the wave
information recorded by the Hormuz Strait buoy. This
Buoy is deployed Hormuz Strait by the consultant
engineering corporation in this area and its
information is available in 1-hour time series of wave
information. Location of this buoy is at 55.55 degrees
east and 26.31 degrees north.

Other data used which are essential as input in
SWAN model are the bathymetry data and wind
speed. The bathymetry data is a rectangular grid with
a resolution of sixtieth degrees.

The wind speed used in this modeling has been
modified by the ECMWEF database, which has a
magnitude of 0.2 degrees and 6 Hour interval. The
correction of ECMWEF wind data in coastal areas was
carried out by the data measured by synoptic stations
2.3. SWAN numerical model

The SWAN model is one of the third-generation
numerical models. The SWAN Cycle Il version
40.72 was used in this study. It was developed by
Delft University of Technology in 2009. This model is
an available and freely accessible that is widely used
by researchers and engineers for research and
consulting.

The SWAN model solves the spectral action
balance equation without any predetermined condition
on the spectrum for the evolution of wave growth. In
the SWAN model, waves are described by the two-
dimensional spectrum of the wave-action density, in
which the growth of the action density, N, is
determined by the time-dependent wave action
balance equation that in the Cartesian coordinates as
follows:

N CoN_Sior

3 [ oC
ﬂ+(C +U)VN+—9
ot 9 oo 00 o

1)
The first sentence in the equation 1 shows the rate
of change in the action density. The second term
indicates the wave energy propagation in a two-
dimensional geographic space where C, Wave group
speed and U is the lateral limited current. This
statement can be restored in the Cartesian, spherical or
curvilinear coordinate. The third sentence shows the
relative frequency shifting effect due to variations in
depth and currents. The fourth expression reflects the
refraction from the depth or current. The quantities C,
and Co are the propagation speeds in the spectral
space (o, 8), which ¢ shows the relative frequency and
0 for propagation direction. The S, parameter is the
source term in terms of energy shown in the Eq.(2):

(2)

The right parameters of the above equation are,
respectively, the energy input by the wind (linear or
exponential growth by wind), the nonlinear energy

Stot =Swind Sni3+Sn1 4+ Swe +Spot *Sdb
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transfer of the wave under triple and Quadruple
interactions, wave deformation due to white capping,
bottom friction, and depth-induced wave breaking.

The specification of the model used includes a
uniform and rectangular computational spatial grid
which magnification for the overall model is 0.1
degrees (about 10 Km) and for the local model is 0.01
degrees. The grid spectrum is divided into an angular
grid and a frequency grid.

An angular grid is considered as a full circle with
18 sectors, and the frequency grid is composed of a
frequency of 0.8 to 1 and includes 20 parts with
logarithmic distribution is divided. Figure 1 shows the
position of global and local models for modeling the
waves profile in the Hormuz Strait.
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Figure 1. Global and local model domain

Local modeling was carried out after global modeling
and the local model boundary conditions were
extracted from global model, which was given in the
next step.

3. Results and Discussion

The model should be calibrated for a period of time
to reduce the difference in results with measured
values. Calibration and validation durations in
Hormuz Strait, from July 17 to August 17and August
20-31, 2018 was considered, respectively. The time
series of wind and wave data is shown in figures 2 to
11.
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Figure 2. ECMWEF wind speed time series in calibration
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Figures 2, 4 and 5 show that the trend of wind
speed variations, significant wave height and wave
peak period are roughly the same. Figure 3 shows the
dominant wind direction is between 50 to 320 degrees
and figure 6 shows a dominant wind of about 80
degrees.

Figures 7, 9, and 10 show similar trends for wind
speed, significant wave height, and peak period.
Figure 8 shows the dominant wind direction blowing
is between 50 and 250 degrees and figure 11 shows a
dominant wave of about 50 degrees (similar to the
calibration period).

Tables 1 and 2 also show wind and wave statistics
in calibration and validation periods, respectively.
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Table 1. wind and wave characters in calibration period

Parameter Min Mean Max SD*
significant wave height  0.03  0.65 21 058
peak period 152 38 8.28 1.13
Wave direction 150 250 300 28.12
Wind speed 2 4 10 3.11
Wind direction 100 270 320 853

Table 1. wind and wave characters in verification period

Parameter Min Mean Max SD
significant wave height  0.03  0.45 1.8 0.49
peak period 162 32 7.88  1.01
Wave direction 200 250 300 19.23
Wind speed 2 4 10 2.57
Wind direction 50 200 300 78.9

3.1. Model Calibration

To calibrate the model, the variations of the
coefficients of the whitecapping, wave breaking and
sea bottom friction are used. In this modeling,
sensitivity analysis indicates that the changing in
whitecapping coefficient has the most effect on the
accuracy of the results. Therefore, this coefficient was
used for model calibration. The model was calibrated
for the corresponding time period and the calibration
results of the model are shown in figures 12 and 13.
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Figure 12. model and measurements significant wave height
time series in calibration period
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Figure 13. model and measurements peak period time series in
calibration period

As shown in figures 12 and 13, the time series of
the wave characteristics of the model is well suited to
the time series of the measured wave specification.

To investigate the accuracy of the results, the bias,
correlation  coefficient(CC), root mean square

! Standard Deviation
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error(RMSE) and the Scatter Index (SI) are calculated
in accordance with relations 3 to 6 and are shown in
table 3.

Bias=x—y
©)
Z (X —;)X(Yi -y)
cc=r-=> _ 4
\/z(xi 2T (-2 )
1 1
Z(Xi*yi)z
RMSE = |/ (5)
%Z(xryi)z
_ ]
SI=" (6)
Table 2. Error index in calibration period
Error Significant wave height  Peak
index period
Bias -0.05 -0.26
CC 0.8 0.65
RMSE 0.13 1.10
Si 28 22

Low bias, root mean square error and dispersion
index and good correlation coefficient also shows the
high accuracy of modeling done in the Hormuz Strait
region.

3.2. Model verification

The results of the model validation for the
respective period are shown in figures 14 and 15.
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Figure 14. model and measurements significant wave height

time series in verification period
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Figures 14 and 15 show the time series matching of
modeling and measured wave characteristics.
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Calculated error indicators for the verification
period are shown in table 4.

Table 3. Error index in verification period

Error Significant wave height  Peak
index period
Bias -0.015 -0.25
CcC 0.83 0.88
RMSE 0.11 1.20

Sl 18.55 25.13

The calculated error indices in the verification
period also show the acceptable accuracy of modeling
in the Hormuz Strait by the SWAN model.

Therefore, the constructed model can be used to
predict the significant wave height and the peak
period in the Hormuz Strait.

4. Conclusions

In this research, the prediction of wave characteristics
in the Hormuz Strait was carried out using the SWAN
numerical model. Model inputs include ECMWEF
wind field data and bathymetry. The model was first
calibrated for a 19-day period, and then verified for
the 13-day period. The verification results of the
model showed that the results of the calibrated model
have good precision.
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ABSTRACT

The dangers of floods worldwide have caused this environmental event to be
called one of the major natural disasters. Today, remote sensing data with
accuracy and low cost play a critical role in identifying flood-prone areas and
flood zoning in coastal management. In the present study, the flooded and flood-
prone areas on the coasts of Hormozgan province were investigated according
to the intensity of the rainfall system in the last days of April 2024 by using the
GRDH images of Sentinel-1 satellite and the Otsu thresholding method. The
results revealed that the area and percentage of flooded zones on April 17
occupied the largest area (28.15 km2) of the coastal surface and the highest
average rainfall was also related to the same date with an average of 35.05 mm.
The greatest extent of changes in flood zones is also on the coastline and near
the border of the region, which indicates the high sensitivity and susceptibility
of the coastal areas to flooding in this region. According to the obtained results,
about 1448.36 km?2 of the surface area is affected by flood zones, and the largest
area is assigned to the high risk category with an area of 669.30 km2. According
to the obtained results, it is possible to manage and control floods spatially and
temporally on the coasts and prevent the consequences. Therefore, in the field
of coastal flood management, it is necessary to pay attention to flood control
methods, a suitable model to improve water supply sources and improve water
security for drinking and health purposes, as well as appropriate bioengineering
methods to stabilize soil and control erosion.

1. Introduction

In the 21st century, due to climate change and global
warming, the increased possibility of flood risk has
provided major concerns. Flooding is one of the major
natural hazards in the world that affects a large
population every year [9], especially in coastal areas
that are vulnerable to climate and human hazards
[2,5,17]. According to the surveys, 80% of the
casualties caused by floods occur within 100 km of the
coast [8].

Among the management measures that can play an
important role in reducing flood damage and coastal
management is the preparation of a flood zoning map
[11]. To prevent the occurrence of floods and to contain
them, the areas that have a high potential for flooding
must be identified and then the factors of flood
occurrence should be investigated. Moreover, the study
and implementation of flood control and management
methods before its occurrence is very important [15].
Considering that the extent of flood damage depends
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on the geometric characteristics of the stream bed and
also the adjacent lands, therefore, flood risk zoning for
different return periods is important. For this purpose,
it is necessary to predict damage levels caused by
floods in different conditions and to justify the
economic and social flood control and management
programs [14].

Today, deltas and coastal areas have a significant share
in the world population and the population density in
these places is increasing day by day [26, 22].
However, the coasts are affected by the consequences
of environmental hazards that are related to sea level
fluctuations, and the risks of coastal flooding are more
threatening. This problem has made it necessary to
monitor the flood plains and each part of the basin has
a certain potential to produce runoff and flood [10].
Flood potential zoning is a method that zones the basin
based on flood potential by considering the amount of
runoff production in each section. In addition to
reducing the effects and consequences of floods, this
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method provides valuable information about the
surrounding environment, floods and their effects on
floodplain lands and determining river boundaries [23].
Therefore, it is very important to know the flood-prone
areas to control the damages caused by it, store the
runoff, and increase the underground water reserves. In
this regard, it is possible to identify flood-prone areas
by using advanced spatial methods and use its results
in coastal management planning [1]. Due to the
importance of this issue and the reduction of human and
financial losses caused by floods, several studies have
been conducted in this field, which can be referred to
the study of Doust & Shamsnia [4], in the identification
and zoning of flood-prone areas using the GIS- AHP
model in Bushehr province. The obtained results
showed that more than 50% of the area of the region
has a medium to high flood potential risk, so these areas
must be the focus of urban management planning.
Tabrizi et al. [23], also investigated flood zoning for
use in determining the sanctuary of the Tail River. As
the results indicated, the integration of HEC RAS
model and GIS geographic system is an efficient and
useful tool in identifying and zoning river floods.
According to the investigations and the comparison of
existing maps and uses around the Tail river, in case of
a flood with a return period of 25 years, there will not
be much damage to these areas. In another study,
Soleimani & Mohseni [20], investigated and zoned
flood risk in Mazandaran province (Babelroud
watershed) using GIS software. The obtained results
indicate that part of the basin is affected by the risk of
flooding with a very high potential, which is mainly
located downstream and leading to the sea at the outlet
of the basin. Sasanpour & Mohebi [16], investigated
and analyzed flood risk zoning in Taleghan watershed.
According to the results, 83% of the total basin area
includes safe and low risk areas. While 17% ofits lands
have a medium and high risk of flooding, which
includes areas around the main waterway and
secondary waterways with residential and agricultural
uses in the basin. Therefore, the need to respect the
privacy of the Taleghan River in low-lying lands with
a low and medium slope, in the development of urban
and rural uses in the region, to reduce the damage
caused by floods, should be implemented.

According to the studies, flood zoning is one of the
most important management and flood control
measures in flood prone areas. However, coastal areas,
which are increasingly exposed to the threat of floods
due to climate change, lack comprehensive studies that
deal with flood control and management in these areas.
Therefore, in response to this scientific limitation, in
the present study, flood zoning and management were
discussed in the coasts of Hormozgan province located
in the south of Iran. The southern coasts of Iran on the
shores of the Oman Sea and the Persian Gulf are
affected by tropical storms and waves with high
intensity and height. Along the coastlines, especially in
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the central and eastern regions, the waves caused by
these storms have led to the formation of a dominant
wave, which causes the coastal areas to be flooded [10].
Due to the flood on April 17, 2024, communication
routes from Khamir to Lengeh port have been blocked.
In addition, the consequences of the flood have blocked
the road from Bashagard city to Jask and caused
damage in Minab city. Therefore, flood zoning and
management using remote sensing and GIS techniques
is essential in these areas. Likewise, the results of this
study can help to manage and control floods in coastal
areas.

2. Study Area

In this study, the coastal areas of Hormozgan province
along the Oman Sea and Persian Gulf were investigated
and analyzed. This area is located with an area of
7,124,690 ha between the northern latitude 52 © 44 ' 26
"t0 59 ° 14 ' 27 " and the eastern longitude 25 © 24 ' 46
"t028°53"'55". Interms of climate, it has a hot desert
climate and the average annual rainfall in this area is
139.4 mm. January is the rainiest month of the year
(56.8 mm) and in contrast, May is the month without
rain or the least rainy month in this area. This area has
an average temperature of 26.8 C0, which is the hottest
and coldest months of the year, respectively, August
with an average temperature of 34.21 C0O and January
with an average temperature of 18.44 CO [12]. Despite
the dry weather conditions of the province, no season
is without rain due to the activity of monsoon low-
pressure systems and their effect on Hormozgan
province in the year's hot season. As expected, the
highest amount of rainfall occurs in January, February
and March and the lowest amount of rainfall occurs in
July, August and September [21]. Figure. 1 displays th

.......

Figure. 1. Location of the studied areae location of the studied
area.

3. Materials and methods

3.1 Methodology

In this study, GRDH images of Sentinel-1 satellite were
used for flood zoning. The lack of need for light sources
and the ability to take pictures 24 hours a day and in
any weather conditions have led researchers all over the
world to use these images as an efficient tool in flood



Parvaneh Sobhani, ¢ Mahyar Majidi Nik / Zoning and Flood Management in Coastal Areas (Case Study: The Coasts of Hormozgan Province)

investigation [25]. The Sentinel-1 satellite belongs to
the European Union Space Agency (ESA) and is placed
in the Earth's orbit as part of the Copernicus program.
This satellite includes two sensors, Al and B1, which
provide users with radar images in a period of 6 days
[24]. Therefore, in the present study, to identify and
zone the flooded areas, GRDH radar images of
Sentinel-1 satellite were prepared with a spatial
resolution of 10 m (Table 1). In the following, using the
Otsu thresholding method, the flooded areas were
separated from other complications. Data related to
average daily precipitation was also obtained from the
power.larc.nasa.gov website. In addition, MATLAB
Otsu was used for thresholding and Arc GIS 10.8 was
also used to prepare maps. Figure. 2 shows the diagram
of the preparation process for the flood zoning map
process in the region. Flood-prone areas in the study

area were identified by determining the difference in
redistribution coefficient (Gamma y0) between water
and land and using Otsu's thresholding algorithm [13].
The limits of the determined threshold for the examined
images can be seen in Table 1. In thresholding methods,
the histogram of each image is divided into two parts
according to the amount of gray composition. The
greater the intensity of the grayness of the pixel (i.e. the
pixels tend to be darker) indicates the blue area and vice
versa, the pixels with a light gray tone (i.e. Pixels tend
to white) indicate the land area (land). The most
important feature of Otsu's method is the automatic
thresholding of images. In this method, the threshold
limit is determined based on the minimum intra-class
variance and the maximum inter-class variance.

Table 1. Characteristics of radar images and threshold limits determined in the study

L. Otsu's set
Row Imagedate Image mode Image type PASS Polarization threshold limit
1 2024/04/16 IW GRDH Ascending \'AY -16.11
2 2024/04/17 W GRDH Ascending \AY% -16.36
3 2024/04/18 IW GRDH Descending \'AY -16.23

Preparation of
Sentinel-1 images

v

Image preprocessing

Correction of circuit information
Correction of thermal disorder 1

]
1

: Processing and
: Calibrate images

1

—

analysis

Convert images to decibels 1

Determining the threshold limit
in MATLAB

Application of the threshold limit
Identification of flooded areas

Preparation of
flood zoning map

Figure 2. Diagram of the process of preparing flood zoning map in the studied area

4. Results and Discussion

4.1 Investigating flood areas and rainfall in the
region

The obtained results indicate that the area and
percentage of the flooded areas on April 16 occupied
the largest area of the coast (28.15 km?2) and the highest
average rainfall was also related to the same date with
an average of 35.05 mm. Table 2 displays the area and
percentage of flooded areas and the amount of
precipitation per day. According to the investigations,

on the 16th to 18th of April 2024, the coasts of

Hormozgan province were affected by a powerful
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rainfall system that caused torrential rain, lightning,
momentary gusts and sometimes hail. In this region,
Lavan, Jask, and Sardasht Bashagard synoptic weather
stations have received the most rainfall from this
system with total rainfall of 123.2, 121.1, and 120.5
mm, respectively. Thus, the rain gauge stations
recorded more than 70 mm of rain during this rainfall
system from 16 to 18 April (Figure 3). Further, to
identify and zone flood areas, the map of flood areas on
April 16 and 17 is shown in Figures 4 and 5,
respectively. It is worth mentioning that April 18 was
not included in this study due to the lack of significant

changes and the limited extent of the flooded areas. As
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the results show, the greatest extent of changes in (floodplains with dark gray spots in the figure). It is
floodplains is on the coastline and near the border of given that increasing darkness of pixels indicates
the region, which indicates the high sensitivity and flooded areas).

susceptibility of coastal areas to flooding in this region

Table 2. The area and percentage of flooded areas and the amount of precipitation per day

Flooded area
Average rainfall

Row Image date Area Percentage
(mm)
(Km2) (“o)
1 2024/04/16 22.56 3.16 23.13
2 2024/04/17 28.15 4 35.05
3 2024/04/18 18.46 2.57 21.08
140

Rainfall (mm)
NoOD OO &
e © & & &
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Figure 3. The graph of total rainfall of rain gauge stations in the studied area (April 16 to 18, 2024)
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Figure 4. Map of flooded areas on April 16, 2024
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Figure 5. Map of flooded areas on April 17, 2024

4.2 Flood zoning in the area

In this study, after examining the flooded areas and the
amount of rainfall that occurred in the region, the flood
zoning was carried out by the spatial criteria such as the
infrastructure and facilities of the region, population
centers (cities and villages), communication network
(main roads, railway transportation lines, airports), and
rainfall distribution (maximum and average rainfall)
were discussed during the studied days (Figures 6 to
10).

The map of the maximum rainfall on April 16-18,
2024, indicates that the maximum amount of rainfall
was less than 20 mm in the southeast of the province,
while the amount of rainfall was more than 55 mm in
the eastern and western regions of the province
(especially Bashagard and Persians) is considerable.

Likewise, most rainfalls are related to Bashagard and
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Bandar-e Lengeh cities with more than 200 mm, and
Bandar Abbas, Rodan and Haji Abad cities were also
affected by more than 55 mm rain.

Further, due to the concentration of marine
infrastructure and facilities along the coastline, the
abundance of population centers, especially villages in
the coastal area, and the network of roads and airports,
flood zoning was analyzed in the province. As the
results illustrate, 1,448.36 km? of the area is made up
of floodplains, the largest area of which is the
floodplain with an area of 669.30 km? (46.21 percent)
along the coasts. (Table 3 and Figure 11). Since most
of the cities, including Khamir, Minab, and Haji Abad,
and some coastal villages are located in lowland areas
and the flood plains of rivers, the occurrence of floods
and river inundations in these areas is the most

threatening factor.
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Figure 6. Map of infrastructure and facilities of the area
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Figure 7. Map of population centers of the area
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Figure 9. Map of maximum rainfall from April 16 to 18, 2024
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Figure 10. Map of average rainfall from April 16 to 18, 2024

Table 3. Area and percentage of flood zones in the studied area

Area Percentage
Row Classes
(Km?) (%)
1 Low 113.62 7.84
2 Medium 664 45.84
3 High 669.30 46.21
Sum 1448.36 100
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Figure 11. Flood zoning map in the studied area

The damages caused by floods worldwide have caused
this environmental event to be referred to as one of the
most important natural disasters. Today, along with the
advancement of technology, humans can identify
flood-prone areas and zoning these areas at risk [24].
In the present study, the flooded and flood-prone areas
on the coasts of Hormozgan province were investigated
according to the intensity of the rainfall system in the
last days of April 2024 by using the GRDH images of
Sentinel-1 satellite and the Otsu thresholding method.
As the results reveal, the greatest extent of changes in
flood zones is in the coastline and near the border of the
region, which indicates the high sensitivity and
susceptibility of coastal areas to floods in this area.
Therefore, controlling and managing floods in the
province plays an important role in the safety of
citizens, security of investment, and stability of
infrastructure.

The results of studies by Carreno Conde and De Mata
Munoz [3] and Gasparovic & Klobucar [6], also
confirm the results obtained in this research. Their
findings showed that the coastal areas are more affected
by the dangers of floods due to their high sensitivity
and vulnerability, as well as in the passage of the main

rivers to the sea.

47

Likewise, according to land use planning studies of
Hormozgan province [21], coastal areas are very
sensitive in terms of environmental capacity and are
considered as special biological areas. Therefore, in the
future planning process, pay attention to the zoning of
these lands in terms of the distance from the sea,
determine the area of coastal, post-coastal and pre-
coastal areas and functional areas.

According to the results, about 1448.36 km? of the area
is affected by flood zones, the largest area is allocated
to the high-risk category with an area of 669.30 km?’.
The obtained results indicate high accuracy and its
application in predicting the occurrence of floods. In
this regard, Ghahreman & Zangeneh Asadi [7], also
stated that radar images are a highly accurate and
reliable tool in determining flooded areas, especially
for quick investigations and close to the time of the
flood phenomenon. In addition, the study of Sobhani &
Danehkar [19], showed that remote sensing techniques
are useful tools in examinations and evaluation of

coastal areas.

5. Conclusion
The results obtained in this research indicate the use of

new methods in a short period of time and with high
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accuracy, so these results can be used for accurate flood
zoning and efficient planning in the future. According
to the results, it is possible to manage and control floods
spatially and temporally on the coasts and prevent the
consequences. Therefore, in the field of coastal flood
management, it is necessary to pay attention to flood
control methods, a suitable model to improve water
supply sources and improve water security for drinking
and health purposes, as well as appropriate
bioengineering methods to stabilize soil and control
erosion. Likewise, it is suggested that in addition to
flood zoning, flood forecasting should also be
conducted in future studies. Based on this, it is possible
to manage and control flooding spatially and
temporally on the coasts and prevent its consequences.
The repetition of floods in the country and in the coastal
areas of Hormozgan province reminds us of the
necessity for zoning and forecasting against flood risks.
In addition, these hazards emphasize the need to
improve infrastructure and apply management
strategies to control floods in the area.
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ABSTRACT

Capturing and storing CO2 (carbon dioxide) from concentrated industrial
sources (e.g., cement industries and coal power plants) is a promising
technology, as part of a mix of measures, for mitigating global warming.
However, the implementation of Carbon Capture and Storage (CCS) also
involves potential hazards and their impacts that must be addressed to ensure
its safe operation. This paper aims to produce a compendium of major hazards
that a CCS operation could create. The main hazards of the CCS chain include
the leakage of stored CO2, accidents during transportation, the possibility of
induced seismicity, and a lot more. The hazards associated with CCS encompass
not only technical aspects but also factors related to human or organizational
behaviour. The hazards associated with CCS may impact humans as well as the
environment and may cause economic loss associated losses CCS infrastructure
and liability for potential accidents. A compendium of hazards is needed to

address the hazards, risks, and safety of CCS installations is presented.

1. Introduction

Carbon Capture and Storage (CCS) is an effective
technology for reducing greenhouse gas emissions
(GHG) by capturing high amounts of CO2 at the
source. It is a crucial technology in the effort to actively
reduce industrial emissions of greenhouse gas
emissions. Apart from renewable energy which can
help in carbon emissions reduction, CCS or direct air
capture (DAC) can also help in carbon emissions drops.
CCS offers a solution for reducing emissions at the
source, particularly in energy production and industrial
processes, by capturing CO2 and capturing it in
geological formations. This is a significant advantage
compared to direct air capture (DAC), which can be
costly because of the low concentration of CO2 in the
atmosphere [1].

Despite the projected fast growth of renewable energy
sources, the US Energy Information Administration
(EIA) predicts that fossil fuels still make up to 77% of
energy consumption by 2040 [2]. Large-scale CCS
involves a variety of technologies, but they have three
major steps in common, namely capturing carbon
dioxide, compressing it for transportation, and injecting
it deep underground for permanent storage [3].

At the start of a risk analysis, a list of known hazards is
compiled, and the probability of occurrence for each
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hazard is assessed. The next step is determining the
vulnerability of workers, communities, and the
environment to evaluate the consequences of a hazard
if it occurs. A compendium of all CCS’s known hazards
reported in technical literature is compiled. CCS
installation is a socio-technical system, thus hazards
due to human errors, weak safety culture, and poor

leadership should be considered as well.
Table 1 Examples of risk review papers

Reference Synopsis (Quoted)

[4] Review of Factors affecting the integrity and
accurate hazard assessment of CO2 pipelines,
such as corrosion, hydrate formation, hydrogen
embrittlement, and fast-running fractures.

[5] Offers a sketch of how risk management is
undertaken, using what is termed an “integrated
risk management framework”.

[6] Discusses the usefulness of spatial planning for
carbon captured, and injected for long-term,
storage with minimal geo-hazards

[7] Present a review of gas-hydrate hazards in
various operational scenarios.

[8] Presents a review of hazards posed to dense-
phase CO2 pipelines in the form of internal
corrosion.

9] Presents a review of risk, liability, and economic

issues with long-term CO2 Storage
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[10] Presents a review of many challenges that delay [24] The focus is on carbon steel substrate behaviour
the deployment of CO2 transport by pipelines. as a widely used material in various industrial
[11] Presents a review of necessary for the site applications.
selection, discussing geological, geothermal, [25] A review of methods used for carbon capture

geohazards, hydrodynamic, basin maturity, and
economic, societal, and environmental factors.

such as absorption-based, adsorption-based,
cryogenic, and membrane-based technologies.

[12] The objective of the paper is to discuss corrosion [26] Geological storage reservoir integrity and
inhibitors for CO2 pipelines. leakage potential and the common monitoring
[13] Presents the design of CO2 pipelines including methods are reviewed.
route selection, right of way, flow rates, and Prior case studies, (See the supplementary data Table
velocities, for pipelines S1), examining CCS projects hold significant
[14] Presents a risk management framework for . 1k .
environmental and human health risks and 1mportance for severa €y reasons, such as:
[15] Discuss the application and characteristics of . Learning from past incidents
three states of CO2 (i.e., gas phase, liquid phase, . Developing business cases
gieélsﬁngkslase, and supercritical) for transmission o Updating policy and regulations
[16] Discusses developments of CO2 storage from the * Enhancing public awareness
point of view of improving economics as well as
safety. 2. Materials and Methods
[17] Presents a review of various processes,
technolog}f, and materials useq for the separation 2.1 Hazards and Risk
and capturing of CO2 from point sources. Ah di desirabl t which i th
[18] A review of four aspects of the CO2 pipeline, i.e., aza_lr 1 an un e§1r.a c e\_/en > W 1Ch 1S a source . ©
design, process, safety, standard & specification potential harm to living beings in terms of fatality,
[19] Review of storage leak risk. injuries, health, financial loss, property damage, and
[20] An overview of common organic corrosion destruction of the environment but generally a
inhibitors commonly used for CO2 equipment. combination of them. A hazard is the chance of
[21] A review of publications regarding public .
L occurrence that could have (generally) a negative
acceptance and social impacts of Carbon Capture . .
projects. effect. The intensity of the hazard reflects:
[22] A comprehensive overview of all subsystems the likelihood of a hazard occurring.
involved in the deployment of CCS technology, Exposure to the hazard
encompassing both technical and non-technical The vulnerability
2igff;§’g:§°h as economic, social, and technical Often, vulnerability and consequence are lumped
[23] An overview of model-based CCS deployment together and termed impact.

pathways and the related risks financial,
technical, environmental, health, and safety risks.
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In common usage, “hazard refers to 'the chance of
danger, loss, injury or other adverse consequence”
(Oxford English Dictionary) —a health hazard and so

Figure 1 Risk assessment process for a pipeline release.
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on. Sometimes the word ‘Hazard’ is used to mean
threat or the amalgamation of the probability of a
hazard and the probability of its impact.

In Quantitative Risk Assessment (QRA), the risk is
defined using the above factors; all expressed in
probability terms. This a convenient way to combine
the probability of harm due to various types of hazards
with  different  probabilities of  occurrence,
consequences, and the level of exposure and
vulnerability. Since harm may be a result of high-
impact events but low probability (rare events) or by
low-impact with high-probability events
(commonplace events). Risks are ranked by the
probability’s presence of hazards and their impacts in
the ‘Risk Matix’ application.

According to this definition, it is not the presence of
a hazard that indicates a risk rather, a hazard becomes
a menace when something or somebody is exposed to
its presence and is vulnerable; thus, ‘hazardis a
function of circumstance. For these reasons, the notions
of vulnerability and exposure must be introduced to
capture these nuances — since the probability of a
hazard causing harm may be mitigated by guarding
against vulnerability. In QRA the following definition
is adapted to determine the hazard.

Risk = Likelihood of a Hazard
Vulnerability

* Exposure *

(M

All the parameters on the right-hand side of this
relationship are used to mitigate risks. The focus of this
paper is on computing hazards. Because exposure and
vulnerability are situation-dependent, the risk depends
on the circumstances, i.e., it is case-specific. Figure 1
shows the above relationship for a CO2 pipeline release
as shown in Error! Reference source not found..
Figure 1 Shows the process of risk assessment for a
pipeline release.

This definition allows adding consequences of several

hazards together from various sources. However, this
definition does not differentiate between hazards with
high probability but low consequence (everyday
common hazards) and hazards with low probability but
high impact (catastrophic event).

The papers that are reviewed in this article do not
differentiate between hazard and risk, and use ‘hazard’
to mean risks. Some attempt is made to change the
original authors’ use of the word ‘Risk’ to hazard as
defined here. The above definitions of hazard and risk
are adhered to in the article.

CCS poses both global and local hazards, with safety
concerns dominating the last. These hazards can be
divided health,
environment, property, and financial. Government

into four categories: human

regulations play a role in each of these categories, but
the extent of their involvement varies depending on the
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type of hazard. The CCS chain is a complex installation
with many interconnections between the components
requiring careful consideration [27, 28]. A primary
concern in managing hazards in complex systems,
especially safety systems, is to recognize and evaluate
potential hazards that may compromise the system's
reliability and performance [29].

2.1.1 Capture Hazards
CCS carries health hazards associated with any carbon

dioxide leakage at any stage of the process which could
cause asphyxiation for both humans and animals if the
dosage is high as it displaces the air [30, 31]. CO2
leakage may occur suddenly or gradually, with each
scenario leading to different outcomes. For instance,
gradual leakage results in CO2 returning to the
atmosphere, while a severe and abrupt leak can cause
harm to animals and humans [14]. In severe cases
where CO2 is more than 25% of the air, it may cause
death if the level is maintained for some time [32, 33]-
See the supplementary data Table S2. Apart from the
hazard of suffocation caused by the displacement of the
air due to the release of CO2, breathing in high levels
of CO2 can also raise the acidity of the blood, resulting
in negative consequences on the respiratory,
cardiovascular, and central nervous systems [34, 35].
One of the biggest CCS hazards comes from hydrogen
sulphide (H2S), which is co-generated at the same time.
The high concentration of H2S can be toxic, so it is
crucial to prevent gas leaks during the capture process
to ensure the safety of workers [36].
In the post-combustion process, amine-based
chemicals, particularly monoethanolamine (MEA), are
widely utilized for absorption. It's important to note
that MEA is corrosive [37]. The most common failures
in the CO2 capture process are often attributed to
corrosion issues [37]. In an accidental event, CO2
leakage potentially may continuously be released into
the atmosphere, or it may be present in the water
droplets which eventually could contaminate the lakes
and nearby water supplies, thus exposing the public
[38]. Amine degradation within CO2 capture
installations can cause corrosion, although such a
mechanism can also be reversed [39]. Three distinct
types of amine degradation have been identified which
are [40]:

1. carbamate polymerization, which can occur
around the desorber and reboiler with the presence of
CO2 and high temperatures exceeding 100 °C.
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2. Oxidative degradation can appear in the absorber
when the concentration of O2 in the flue gas is over 5%
or because of heat-stable solids formation.

3. Thermal degradation is limited to the desorber,
cross-heat exchanger, or reboiler, occurring only if the
temperature exceeds 120 °C, the
recommended maximum [37, 41].

which is

Moreover, At the upper sections of both the absorber
and regenerator, there is a significant hazard of
corrosion that is caused by wet acid gases. Corrosion in
the pipes can also increase the level of impurities [42].
The fire hazard can always be present due to the
following three factors [43]:

e Oxygen combustion can cause an explosion.

e Amine leakage can cause a fire.

e Uncontrolled leakage of syngas can cause a

fire.
Not having enough space for mixing pure oxygen with
flue gas may cause an explosion [44]. During the
process of separating amine, the solvent, from the gas,
a fire can occur due to low water concentration and the
presence of organic compounds [45]. Synthesis gas is
toxic and could always cause health problems. It can
also pose a fire hazard if pipework fails or due to fire.
Depending on the source of ignition, a fire may

occur either immediately or after some time has passed
[46]. This is due to low oxygen temperature which
causes the primary flux to cool down. When liquid or
dense phase CO2 is kept in pressure above the
thermodynamic critical pressure, but below the critical
temperature, it can diffuse in various plastics and
elastomers. If the pressure is lost, the CO2 may rapidly
come out of the solution, leading to explosive
decompression [35]. Hazards associated with
compressing CO2 include the possibility of failing to
achieve the necessary pressure, consuming too much
power, and operating below the intended capacity.
These issues can lead to project delays, impaired
functionality of facilities, and lower than anticipated
return on investment [47]. The release of CO2 can
cause electrostatic discharges that could ignite
pyrolysis gases, leading to an explosion. Several
serious accidents have been attributed to the ignition of
flammable fuel/air mixtures, which was caused by the
energy of electrostatic discharges resulting from the
CO2 release [48]. Despite the unlikelihood of CO2 and
flammable gases mixing, it may be necessary to
consider this possibility during hazardous area
classification studies [49, 50]. Inadequate control of the
reactor temperature and impurities in the feed may have
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a hazard of hot spots, reduced permeance, and
selectivity [51]. There will be some energy loss due to
heat produced and the inability to recover this heat,
makes it a lot less efficient [52]. In the case of
adsorption separation, there is always a need for the gas
collected from the flue treatment before the adsorption.
The reason for the treatment is that impurities lower the
efficiency of the adsorbent [53]. There is a hazard of
amine entering into the environment, which may
happen through the produced wastewater by the
absorber-scrubber systems [54, 55]. In membrane
separation technology, the membrane may malfunction
due to various factors such as fatigue under humidity,
vibrations, or shocks, which results in membrane
degradation, this shows as thickness reduction,
membrane delamination, pinhole formation, and
membrane cracking [56]. The hazard of membrane
fouling is always present; for example, when gas
molecules obstruct the pores of the membrane, either
partially or completely, leading to a reduction in
capture efficiency [57, 58]. At the same time, the
hazard of reduction in the membrane efficiency is a
function of the amount of gas that passes through the
membrane to accelerate the degradation process [59].
To prepare CO2 for transmission, it can be either
compressed to reach its dense or supercritical phase or
cooled to become a liquid. Failure or breakdowns
during this stage could result in significant disruptions
to the operations. The inability to transport captured
CO2 may also have negative implications for meeting
emissions targets and adhering to carbon credit
commitments [60]. The CO2 separation process
involves inherent technical risks associated with
compressing and cooling gases flowing through pipes
[60].

2.1.2 Transportation Hazards

Expenses involved in both building and maintaining a
transportation system, and the potential dangers to life,
property, and ecosystems, pipelines are deemed to be a
more reliable and cost-effective option than other
modes of transportation for high quantities of CO2
[61]. Accidents that might happen during truck or ship
transportation can lead to CO2 escaping into the
atmosphere [62]. The escape of carbon dioxide from a
pipeline or intermediate storage is a risk to individuals
due to its low temperature and toxicity [63]. The carbon
dioxide is conveyed in a supercritical state, which
means that it possesses the properties of both a gas and
a liquid. In this state, CO2 has a density like that of a
liquid, but its viscosity is like that of a gas which makes
it more economical to transport [64]. The density of
CO2 increases with decreasing temperature. The
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supercritical phase is ideal for transporting to longer
distances and is more cost-effective, but it is also
regarded as more hazardous. Thus, pipelines are better
suited for areas with lower population densities [15,
65].

Th]ere is always a pipeline leakage hazard. Faulty
equipment, poor maintenance, and human error can
cause overflow [41]. The process of releasing high-
pressure CO2 is a multifaceted event that involves
several phenomena, including the sudden discharge
and expansion of CO2, the dispersion of a dense CO2
cloud, the descent of solid CO2, the sublimation of dry
ice banks, and fluctuations in temperature and pressure
within the pipelines [66]. Table shows that the failure
of transportation pipelines can range from minor
leakage through small holes to major leakage due to
ruptures. The table provides rough information on the
probability of such failures occurring each year. In
addition to these factors, other causes of leakage
include valve failure and external forces, such as
accidents, support collapse, and seismic activity [67].
The leakage from a crack or pinhole has the highest
frequency of 0.088 per 1000 km per year followed by
hole and rupture with frequencies of 0.022 and 0.013
per 1000 km per year [68].

Table 2 Average failure rate per year per module [67]

Module Expected failure Leaks every
rate (events per X year
module per year) X=

1 COzrecovery at 1.5 x 10! 7

the source

2 Converging 4.6 %103 217

pipelines

3 Booster station 4.0 x 1072 25

10 km pipeline 3.4x10* 2,941

5  Injection well 1.8 x 107! 6

To fully comprehend the practical implications of
pipeline safety requirements, especially regarding
impurities, at each stage of CCS, it is essential to
involve all stages, that is capture, transport, and storage
site operators. This is because the transportation of
CO2 cannot be viewed in isolation from the rest of the
CCS chain [69]. Transportation pipelines are typically
manufactured using carbon steel due to their ability to
resist corrosion. The presence of free water in the
pipeline promotes the formation of carbonic acid,
which is highly corrosive to carbon steel [70]. Even
with lower concentrations of impurities such as
Sulphur dioxide (SO2), nitrogen dioxide (NO2),
oxygen (02), and water (HO2), nitric and sulfuric acid
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can form. This may cause the pipeline to lose its wall-
thickness and eventually to failure, hence releasing
CO2 into the atmosphere [71]. The presence of
impurities in the CO2 stream has a notable impact on
the ability to halt ductile fractures in pipelines that carry
dense-phase carbon dioxide at pressures higher than 80
bar and temperatures below around 15 degrees Celsius
[72]. The reason for this is believed to be the effect of
impurities on the fluid bubble-point pressure and the
speed at which decompression occurs [73]. The
scarcity of information and regulations on the
maximum level of impurities that can be present in the
pipelines makes it harder to have one enveloping
solution for corrosion hazards [74, 75]. Researchers
reported that as the concentration of SO2 in the
supercritical CO2 phase decreased, there was a
corresponding decrease in the corrosion rate.
Furthermore, the presence of the liquid CO2 phase
resulted in notable localized corrosion [76, 77].
Pipeline blockage can decrease or stop the flow rate
[41]. Assessing the detrimental effect of impurities on
the operation, failure rates, and Health, Safety, and
Environmental (HSE) impacts poses several challenges
that need to be overcome [78].

According to studies done by EGIG from the year 1970
to 2019, it shows that pipeline failure due to the
material has become a less significant cause of pipeline
failure over time since material quality is continually
improving. However, ground movement (landslides,
unstable land, seismic shaking and displacements,
debris flow, and so on), which is beyond human
control, continues to affect pipeline failure [68]

The CO2 is heavier higher than air density. Releasing
a large quantity of CO2 at the lower-level ground can
pose a significant danger, thus it is crucial to consider
the site elevation and topography [11, 79]. The
dissipation of the denser-than-air vapor cloud was
considerably delayed by the distinctive topographical
features and atmospheric conditions present at the
accident site [80]. Factors such as soil temperature,
groundwater level, pipeline crossing a military-
restricted area, passing through protected habitats, and
heavily populated areas can all lead to health hazards
depending on the rate of CO2 leakage [81]. The
available information on the most suitable pipe
materials is not adequate [82]. Most of the data is
derived from the petroleum industry, as indicated in
Table 3 which deals with the flow at a lower pressure
than that of CO2. As a result, the figures may not be
entirely accurate [82].
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Table 3 Natural gas pipeline failure frequency [82]

Pipeline Reported Values

Failure

Cumulative 6.1x107% 1.55x107* 1.1x10~*
failure

frequency

(incidents per
km per year)

Establishing failure rates for CO2 pipelines proves to
be a complex task, given the absence of uniform
standards or HSE thresholds for key indicators like
CO2 concentration, which adds another layer of
complexity to the situation. Moreover, the absence of a
universally recognized dose-response model for CO2
hinders the assessment of impact indicators,
highlighting the need for prompt resolution of this issue
[78]. The severity of a failure in CCS activities can be
indicated by the level of CO2 leakage, which varies
depending on the specific failure scenario. If the
leakage is high and localized, it can pose an immediate
threat to human safety. On the other hand, if the leakage
is low and dispersed, it may result in long-term chronic
exposure. [34].

2.1.3 Storage Hazards

Globally, geological formations have the potential to
store over 12,000 Gt of CO2, with more than 300 Mt of
CO2 already sequestered through various methods[83].
Inadequate storage capacity to store or inject CO2
during the assessment and injection stages at the site
can lead to a risk [14]. Error! Reference source not f
ound. shows the life cycle hazard profile for CO2
storage [84]. Over time, the security of the storage
increases as CO2 is immobilised through capillary
trapping, dissolution, and mineral trapping[85]. In the
scenario of offshore storage, any unintentional
discharge of carbon dioxide gas from an offshore
reservoir could have a detrimental impact on the marine
ecosystem. The elevated absorption of CO, can result
in a decrease in seawater pH, leading to increased
acidity. Both low pH levels and high CO,
concentrations can have adverse effects on deep-sea
organisms [86]. Although ocean currents and mixing
can dilute CO2 in the water column, the extent of the
impact would depend on the rate of leakage [87]. A
small leakage could cause a drop in pH levels in the
sediments. This reduction in pH may increase the
availability of toxic substances, which could harm
infauna [87].

Storing substances underground carries extra hazards,
including the possibility of seepage, pollution of
freshwater sources, and triggering of seismic events

[88]. The potential hazards associated with CO2
leakage underground include the following [89]:

e The possibility of the substances accumulating

in geological formations above the storage site,

while remaining separate from other

subsurface processes.

e The potential for interference with other
subsurface processes, such as natural gas
reserves or injection of wastewater into deep
wells.

e The hazard of groundwater contamination.

e The chance that the substances could reach the
surface and get back to the atmosphere.

Other potential hazards include groundwater
displacement, earthquake-induced leakage, and lack of
capacity [5]. The main hazard factor linked to the
storage of CO?2 is anticipated to be the accumulation of
pressure in the storage reservoir [9, 16]. Fluid flow
through fault zones in caprocks is dependent on various
factors such as the internal geometry and connectivity
of the fault/fracture damage zone, the local state of
stress, and the level of cataclasis. These factors
determine whether the fault zones control fluid flow or
not. Therefore, minimizing the hazard of potential
leakage rates along fault/fracture zones that are
seismically invisible and may exist is crucial [61].
There are three ways that Caprock can fail [9,14].

Figure 2 Life cycle hazard profile for CO2 storage [84]
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= Caprocks can fail due to hydraulic fracturing
causing damage to the integrity of the caprock
which has a low probability of occurring but if
it happens it will have a high impact.

= The diffusive loss is very small. It takes more
than 500 thousand years for CO2 to travel
700m above the reservoir.

= Capillary sealing, which is the main
mechanism to stop the upward flow of CO2
might be a source of possible failure. The
capillary leakage can be high and quite fast
compared to diffusive failure if it is over-
pressured.

Generally, most data originate from the gas industry. It
is essential to keep in mind that CO2 behaves
distinctively from natural gas, meaning that data on
natural gas may not directly apply to CO2. Caprocks
typically exhibit lower trapping efficiency for CO2
when compared to hydrocarbon gases. [90].

The

ENVIRONMENTAL RISK PROFILE

Injection Injection

begins stops

generation of a flow recirculation region around the
vortex structure causes the cold fluids in the core region
to be pushed toward the hot wall, causing a high-
temperature gradient close to the wall. This steep
temperature gradient leads to a higher heat transfer rate
in that area [91]. Site characterization is very important
and needs a deep study before choosing it as a storage.
If any of the criteria are not met, then it may put the
storage site at hazard. The criteria include the
following:[19, 92].

e Adequate capacity and injectivity

e Sufficient depth of storage

e The
Ieservoirs

adequate thickness of aquifers or

e Adequate porosity
e Sufficient permeability

2 x Injection

56

e Low temperature

e Optimal flow conditions

e Separated hydraulically from safeguarded
underground water sources.

e Low well density in the storage’s ‘area of
influence.’

e Multiple layers of overlying aquifers and
intervening aquitards or caprocks

e Reduces the impact of leaked CO2 in the
vicinity of or on the surface.

e Accessibility of the site and the facilities
available

e Economics of Transportation

e Economics of storage

e Population density

When CO?2 is injected into deep saline formations,
the

3 x Injection x Injection

pressure changes are influenced by the properties
of the underground formation. This displacement
of saline waters and minerals by the injected carbon
dioxide is dependent on the existing pressure levels
[93]. Pressure buildup might cause caprock to
fracture and induce seismic activity [94]. CO2
storage underground not only might cause
earthquakes but also any natural ground movement
can hazard leaking the stored CO2 into the
atmosphere [95, 96]. Injecting CO2 into saline
aquifers on a large scale will have the hazard of
physical and chemical changes. These changes
include the flow of fluids in multiple phases, the
substances, and the
interaction between the fluids and minerals in the
geological formation [97]. CO2 may also alter the

movement of dissolved

underground pressure which can potentially lead to
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leakage of brine into shallower water, resulting in
contamination by lowering the PH and increasing
dissolved metals and other components [89, 98, 99,
100].

It can be injected into deep un-mineable coal, to
replace methane with CO2. The hazard of reducing
the permeability of the surrounding soil causes the
structure of the rocks to change. Changes in the
mechanical properties of coal seams can cause
difficulties in assessing the integrity and safety of
CO2 storage [101]. Injecting carbon dioxide into
deep coal seams can extract polycyclic aromatic
hydrocarbons (PAHs) from the coal matrix and
cause them to move within the coal seam. The
injection of CO2 into coal seams can cause the
organic constituents of the coal matrix to move,
which can lead to environmental problems. When
CO2 is injected and adsorbed into the coal mass, it
causes the coal to expand. This expansion can
result in significant changes to the internal
structure of the coal mass, which can greatly affect
its flow and strength properties [102]. The swelling
of coal caused by CO2 adsorption significantly
reduces the permeability of the coal [103]. Some
concerns associated with CO2 storage in coal
seams include the potential for leakage to the
surface, the possibility of induced seismic activity,
and the need for long-term monitoring to ensure the
integrity of the storage [104,105].

Stored CO2 can also be reused for enhanced oil
recovery (EOR). The notably low viscosity of CO2
can result in potential leakage into production
wells. [106]. CO2 is commonly employed in a
flooding technique for EOR.
Nonetheless, this method may pose challenges due
to the poor mobility of CO2, issues with viscous
fingering/channeling, and premature breakthrough,
especially  in with  varying
characteristics. [107]. The term "toxic scale" refers
to the formation of scales that can be harmful when
CO2 is injected for enhanced oil recovery (EOR),
there is a hazard that a portion of the CO2 will
resurface along with the extracted oil [35].

continuous

reservoirs

Moreover, CO2 poor mobility control may result in
large parts of the reservoir remaining unswept.

Moreover, three types of blowouts can happen with
CO2-EOR activities [108]:

e Blowouts of production wells that are drilled
into natural CO2 reservoirs.
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e Blowouts of CO2 injection wells.
e Blowouts of active oil production wells that are
part of the CO2-EOR project.

4. The captured CO2 can also be injected into the oil

and gas reservoirs that are no longer in use. When
CO2 in its high-density state is injected into a low-
pressure reservoir, it can vaporize either in the
wellbore or the subsurface reservoir formation.
This vaporization process is accompanied by a
temperature drop resulting from the Joule-
Thomson phenomenon, abrupt changes in the
thermodynamic properties of CO2 phases, and an
increase in flow velocity due to CO2 expansion.
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These

phenomena are potentially dangerous as they can

Table 4 Leakage and blowout probability over time and their hazarded cost [113]

which CO2 and other fluids would be driven out of the
well [110]. Whenever there is a leakage and the
pressure in the
wells is  not
stabilized, a blowout can happen; however, CO2 is not

Scenario Probability Peak Duration Total Risked Total Rizsked
over 500 wears leakage of leak mass leaked mass remediation cost
including the rate (t/d) leaked {tones) cost (€)
lifetime of the (tomes) (including
project and ETS cost)
post-closure (€m)

(%)

Miinor leakage, fault and 0.2 100 50 years 1,825,000 3,800 a7 194,000

fracture

Moderate leakage, fault 0.05 700 12 years 3,066,000 1,550 178 £9.000

and fracture

Severe leakage, fault and 0.005 5,000 4 vears 7,300,000 365 589 29,450

fracture

Active well leakage 0.5 50 250 days 12,500 62.5 10.4 52,000

Active well blowout 0.15 5,000 250 days 1,250,000 1,875 93 139,500

Abandoned well blawout 0.1 3,000 1 year 1,095000 1,100 88 88,000

Seepage  in  abandoned 0.5 7 100 years 255,500 1.250 34 170,000

wells

Severe well problem, no  0.0035 6,000 2 vears 4,380,000 215 524 26,200

repair successful

Leak from installation 025 100 5 days 500 1.25 15 37.500

Undesired plume spread 0.03 0 NiA MN/A MN/A 110 15,000

Total 10,219 1,838 840,650

cause flow assurance problems such as hydrate
formation, loss of pressure control, and
compromised wellbore integrity [109].

Fractures and faults always present potential risks of
failure, while blowouts can constitute a significant
hazard. A well blowout happens when the pressure in
the well is not controlled, causing fluid to flow out. The
biggest hazard of CO2 injection deep underground is a
well failure. This can happen because of mechanical
failures or an external event that affects the well,
causing a loss of control temporarily, as a result of

There will be two main conclusions derived from
Table 4 which were produced in the year 2019 [113].
e The likelihood of any one of these
scenarios happening is remote.
e If all these unlikely scenarios happen
at the same time then the total cost for one
storage project would be £731.5 thousand,
i.e. less than £1 million.

To ensure the success of subsea CO2 storage projects,
it is crucial to include marine environment monitoring
to identify any possible leaks or indications of leaks.
The monitoring plan is comprised of two main
components: planned and triggered monitoring. The
planned component continually monitors the well and
nearby areas through down-hole monitoring, as well as
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a flammable gas and up to now there is no record of
fatal accidents with CCS wells and injection processes.
However, this can affect the workers” health and safety.
A low level of CO2 release is not fatal, but it can be
very harmful to the human body [108]. When drilling a
well, one of the geotechnical problems that may arise
is wellbore instability. This instability can lead to rock
failure and hence movement, which can also create
paths for potential leakage [111]. Moreover, the cement
lining in older or abandoned wells that might have
degraded over time could pose a potential issue [112].

conducting active and passive seismic monitoring of
the greater subsurface zone [114] However, creating a
monitoring program that can accurately measure the
likelihood of detecting the presence of a leak is a
significant risk, necessitating a customized program
design [114, 115].

2.1.4 Human and Organizational Hazards
These are also referred to as human and organisational

factors. Human and organizational hazards must be an
essential component of the overall hazard management
process, [116]. Although the technical knowledge of
CCS is considered to be fully developed, the cost of its
implementation is a significant factor in deterring its
widespread adoption [117, 118]. The total cost of
building a CCS facility is 1,200 to 1,519 million
pounds where 15 % of the total cost is dedicated to
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hazard and contingency. This is done to protect the
business from potential hazards and unexpected events;
thus, it is important to develop a comprehensive
contingency and hazard assessment plan for financial
losses [119]. The average capital expenditure and
operational cost ranged between £35-80/ tCO2 in the
past (2010 prices) and it must be high enough to bring
areasonable return on investment [120]. Relying solely
on public funding as the primary source of investment
is not sufficient to sustain the required level of
investment in CCS. CCS facilities require significant
capital investments, which leads to high material costs,
ultimately reducing their economic viability [84, 121,
122]. Because CCS projects often require significant
infrastructure and capital investment, they typically
have a long investment timeframe. This means that
investors who are interested in CCS projects should be
willing to commit to a long-term investment and face
financial risks [123]. The absence of clearly defined
regulations and scant technical knowledge could also
pose financial risks and hence discourage the private
sector [124, 125]. To create an adequate CO2
specification for a CCS hub network,
considerations and requirements must be taken into
account throughout the CCS chain. It is crucial to
balance these factors to avoid creating an overly
restrictive or burdensome CO2 specification that may
discourage potential users from connecting to the
network, thus causing losses [126].

The process of acquiring permits for CCS projects is
anticipated to be a major challenge and risk to
encourage the growth of the CCS industry [127, 128].
Potential investors in CCS face uncertainties due to the
legal framework, which does not provide the stability
and certainty that these companies seek [129]. CCS
liability is typically categorized as either operational or
post-injection. Operational liability pertains to health,
safety, and environmental hazards associated with
capture, transportation, and injection. According to the
International Hazard Governance Council (IRGC),
post-injection  liability health, safety,
environmental, and climate hazards caused by CO2 that
would migrate from the intended storage site to another

several

covers

subsurface unit or back to the atmosphere [85]. This
potentially places a hazard on whoever takes the
liability during different processes [9].

Public acceptance is a hazard by itself which greatly
influences the development and progress of CCS [128].
Acceptance of carbon capture by the public is a major
reason for discouraging CCS technology [130].
Additionally, the lack of widespread use of CCS has
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resulted in a scarcity of information, and an absence of
knowledge management where information sharing is
practiced, leading to increased hazards and barriers to
CCS adoption [131, 132]. The entire technological
chain is under scrutiny from a social perspective. To
gain public acceptance, this new technology must
prove its safety and minimal impact on the
environment[28].

A significant hazard to the CCS chain is the uncertainty
surrounding policies [128]. This may implement local
or regional hazards [125]. Investors' reaction to the
apparent level of policy commitment of the chain is
substantial, since they are liable to policy hazards,
especially in the case of long-lived assets like CCS,
which rely heavily on government support. The
absence of incentives, political will, and public support
are among the primary hazard factors [133]. Regulators
expect investors to exhibit their commitment to
mitigating potential incidents and hazards by producing
an environmental impact study proving the collective
hazards are below a tolerable level. This expectation is
placed on the investors not only by the public,
customers, and governments but also by plant
personnel [134]. With numerous projects involving
collaboration between the government and the
industry, it can be difficult to determine the appropriate
party to lead the communication plan. This is because
the duty holder is tasked with developing a safety case
for the installation, rather than the design team. [135,
136]. A CCS project must deal with numerous
knowledge-related hazards that can be broadly
categorized into three groups: human hazards,
operational hazards, and technological hazards [137].

3. Results and Discussions
Although CCS is a proven technology for controlling

CO2 emissions, its adoption is not yet widespread. The
lack of widespread adaptation of CCS has affected
knowledge generation, which potentially can lead to
enhanced hazards, which in turn affects its adoption.
There is a possibility that CO2 leakage to occur at any
point along the chain and at any time [23]. The
accidental release of CO2 poses a threat to living
organisms and marine ecosystems and harms the
This  paper
associated with the CCS chain by categorizing them
into four distinct classes,

environment. summarizes hazards
which are described
separately. The four categories are related to the
capture process, transmission process, storage process,
and non-technical factors (soft issues). Each of these

categories is studied separately to understand the
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associated hazards. The non-technical category
includes human and organizational behavior and
culture (corporate and operation management) within
the system, which adds to the overall hazard of
implementing the technology. Tables 5, 6,7, and 8
show a summary of major hazards in each of the

subsystems.
Table 5 A summary of major capture hazards
Capture
Hazards References
Health [14, 30, 31, 32, 33, 34, 35]

Energy consumption [52, 138]
Amine degradation [39, 40, 53]
Explosion due to oxygen [43,44]
combustion

Fire due to amine leakage can [43, 45]
cause fire

Fire due to uncontrolled [43,46]
leakage of syngas

Pressure and phase change [35, 60]
Flammable air mixtures [48, 49, 50]
Amine leakage [54, 55]
CO2 compression [47]

Table 6 A summary of major Transportation hazards

Transportation

Hazards

References

Corrosion (In all stages of
CCS)

[37, 42,71, 74,75],).

Hydrate formation [139, 140]
Population density [15, 65]
consideration

Carbonic acid formation [70]
Impurities [71,72,73,78
Pipeline blockage [41]

Site elevation and topography  [11, 79]
Site conditions [81]

Lack of information on [78, 82]
pipelines’ characteristics

Ship or truck tank leakage [62]

Table 7 A summary of major storage hazards

Storage

Hazards

References

Leakage (In all stages of CCS)

[38,41, 63, 67]

Contamination of water due to

acid formation

[139, 141, 142]

Hydrate  formation during [143]
storage

Inadequate storage capacity [5, 14]
Threat to marine living [87, 142]
creatures

Groundwater Contamination

[88, 89, 98,99, 100, 144]

Triggering seismic activity

[11, 88, 89, 94]

Interference with other [89]
subsurface activity

Pressure accumulation [9, 16, 145]
Caprock fail [9, 14]

Site characterization [19,92]
Natural groundwater [95, 96]
movement

Changing soil characteristics [101]
Toxic scale [35]
Blowouts [108]

Well Integrity [106, 109, 110, 111, 112]
Monitoring [114,115]

Table 8 A summary of major non-technical hazards

Non- Technical (Human elements, legal, financial)

Hazards

References

Investment hazard

[84, 121,122, 134, 147]

Public acceptance

[21, 28, 128, 130, 146]

Liability ([9, 85, 93]
Regulations [27, 28 63]
Environmental [148]

Lack of political support [133]
Project Permitting [127, 128]
Lack of technical knowledge [124, 125]
Legal uncertainties [129, 147]
High facility cost [120]
Restrictive CO2 specification [126]

Knowledge Management

([131, 132, 137, 149]

Absence of Incentives

[133]

Communication hazards

[135, 136]

4. Conclusion

In conclusion, the compendium of hazards associated
with carbon capture and storage (CCS) technology
assists in understanding and mitigating risks
throughout the entire CCS chain. The potential for CO2
leakage and associated environmental, health, and
safety risks requires addressing all hazards listed in this
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paper and hazards that are specific to the installation.
By categorizing hazards into capture, transmission,
storage processes, and non-technical factors, this paper
aims to provide a comprehensive examination of the
various hazards associated with CCS technology.
Moving forward, continued research, constant
monitoring, and strict regulatory standards are essential
to ensure the safe and effective deployment of CCS
technology as a vital tool in mitigating climate change.
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The primary method for measuring suspended sediment concentration (SSC) is the
gravimetric analysis of water—sediment samples collected using grab or bottle
samplers from the sea or rivers at regular or irregular intervals. Although this method
is reliable, it requires substantial effort and cost for sampling, transportation to the
laboratory, and long processing times for sample analysis. This study aims to introduce
an alternative method for estimating SSC based on measuring the water turbidity (WT)
of water—sediment samples. A case study was conducted in the coastal waters of the
Caspian Sea to determine the Pearson correlation coefficients between these two
parameters.

In-lab calibration between SSC and WT data using site-specific sampling is essential,
as the mean particle size and particle size distribution (PSD) can vary considerably in
space and time. Therefore, several water—sediment samples were collected from inside
and outside the basins of Amirabad and Anzali ports, and grain-size analyses were
performed. Subsequently, sediment—seawater mixtures (50 L) were prepared stepwise
at eleven concentrations: 125, 250, 500 mg/L and 1, 2, 3, 4, 5, 6, 7, and 8 g/L. For each
concentration, WT was measured using a HATCH 2100N turbidimeter and an
auxiliary TSW-20 turbidity sensor.

Sieve and hydrometer analyses were conducted, and particle size distribution curves
for two water—sediment samples from inside the basins of Amirabad and Anzali ports
were plotted. The Do, D3o, Dso, Deo, and Doy statistics were extracted and compared.
WT values for the eleven sediment mixtures were measured using the HATCH 2100N
turbidimeter. Pearson correlation coefficients between SSC and WT were calculated
for linear, second-order polynomial, third-order polynomial, and power regression
fittings, and SSC—WT correlation curves were drawn.

A step-by-step alternative method for estimating SSC based on WT measurements
using a laboratory turbidimeter was designed. Applying this method to the case study
yielded Pearson correlation coefficients between SSC and WT for water—sediment
samples from Amirabad Port. The proposed approach is suitable for use in a real-time
and continuous sediment monitoring network, enabling the integration of WT as a
surrogate parameter for SSC in the national sediment monitoring database.
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1. Introduction

Understanding the sedimentation regime in an aquatic
basin is essential not only for comprehending the
gradual transformation of the shoreline and for the
optimal design of ports and coastal structures, but also
for effective operational management, improving
efficiency and performance, and reducing maintenance
costs throughout the service life of the port.

The suspended sediment concentration (SSC),
expressed in grams per litre (g/L), is an essential
physical indicator for better understanding the
sedimentation regime, including bed erosion,
deposition, accumulation, and sediment transport in
lakes, river deltas, estuaries, and the coastal waters of
seas and oceans. The mechanism of formation and
transport of sediments and suspended sediment load
includes cohesive particles (clay minerals and organic
matter) and non-cohesive particles (silt, sand, and
gravel), as shown in Figure 1. In Figure 1(A), the
seabed is dense (rocky or coral), while in Figure 1(B)
the seabed is non-dense (muddy), each having a
different effect on the amount of SSC [1-3].
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Figure 1. (A) Cohesive and non-cohesive sediments and
mechanism of sediment transport in water; (B) The transport
of mud model and the interaction between mud and the bed [1,
2,3]

If the flow velocity is sufficiently strong, some of the
smaller and lighter particles deposited at the bottom of
a river can be lifted into the water column and remain
suspended. The size of particles that can be carried as
suspended load depends on the flow velocity: the
higher the velocity, the greater the suspension force
acting on sediment particles. Larger and heavier
particles are more likely to settle out during upward—
downward current motion unless the velocity increases
to generate greater turbulence along the bed.
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Conversely, a reduction in flow velocity can cause
suspended sediment to settle.

Suspended sediment can also behave differently at
various depths within the water column. In river
mouths and coastal areas, sediment dynamics are
influenced not only by downstream flow velocity but
also by marine currents, tides, waves, diverse
geological settings of the watershed, seasonal and
climatic effects, storms, pollution, and other
environmental processes. For these reasons,
understanding sedimentary processes and developing
predictive models are challenging tasks [4—6].

The first step toward overcoming this challenge is to
establish a sufficiently dense sediment database
covering the study area. Due to the diversity and
complexity of sedimentary processes, spatial variation
in hydrodynamic conditions, and the lack of consistent
time-series observations, continuous SSC monitoring
within a measurement network with adequate spatial
and temporal resolution is necessary.

Traditionally, SSC has been measured gravimetrically
by collecting samples from specific locations in
waterways or port basins, transporting them to a
laboratory, and determining the water volume and
sediment mass using oceanographic and river
engineering laboratory equipment. In recent years,
some portable particle size analysers (PSA) have been
developed for in situ sediment analysis, as shown in
Figure 2 [7].

However, SSC data obtained through either traditional
sampling and laboratory analysis or portable advanced
equipment cannot be collected easily, continuously,
and in sufficient quantity over the entire study area.
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Figure 2. (A) LISST-Portable Low-Cost Particle Size Analyser
(PSA); (B) Touch panel screenshot of size distribution [7]
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An alternative approach is to measure a physical
parameter that is strongly correlated with SSC and then
estimate SSC from it by deriving correlation
coefficients. A suitable physical parameter with simple
measurement technology and cost-effectiveness is
water turbidity (WT). WT can be measured in situ by
installing an automated sensor at the desired location,
with real-time data recorded in nephelometric turbidity
units (NTU) [8, 9].

For better illustration, Figure 3 shows a satellite image
of turbidity variation in the coastal waters of Nowshahr
Port and at the mouths of the Mashalak and Moghadam
Rivers. As can be seen, turbidity is highest at the river
mouths and disperses into the surrounding coastal
waters depending on the direction and magnitude of the
current velocity vectors [10].

Figure 3. Satellite image of water turbidity variation due to
suspended sediment concentration (SSC) in the coastal waters
of Nowshahr Port

Accordingly, the higher the SSC in the water, the
greater the WT, and vice versa. Thus, by measuring
WT across a sufficiently dense monitoring network, the
SSC distribution can be estimated.

This paper presents the research steps taken to
determine the correlation coefficients between WT and
SSC for water—sediment samples from coastal areas
near Amirabad and Anzali ports, located on the eastern
and western coasts of the Caspian Sea. The research
approach is designed so that the results can be applied
as a reference model for other northern and southern
ports of the country, ultimately contributing to the
creation of a comprehensive sediment monitoring
database.

2. Materials and Methods
2.1. Water-sediment samples
As mentioned earlier, before measuring SSC in an
aquatic basin, it is necessary to understand the spatial
variation of sediment texture within the basin as well
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as its seasonal changes. The NTU unit, as the
measurement unit for WT, is not directly comparable
across all aquatic basins and sensors. In other words, it
cannot be assumed that a WT of 1000 NTU at two
different ports (or at the same port with two different
sensors) corresponds to the same SSC value in g/L.
This is because turbidity depends not only on SSC but
also on the particle size distribution (PSD), shape and
physical properties of the particles—such as colour
(reflectivity), density, refractive index, and surface
roughness [11, 12].

Therefore, understanding the sediment texture of each
aquatic environment and performing a calibration
between WT and SSC using water—sediment samples
collected from the same study site is of utmost
importance.

In this study, the coastal waters of the Caspian Sea were
selected as the research area, specifically Amirabad
Port in the east and Anzali Port in the west. These sites
were chosen based on the following:

The southern Caspian Sea, from a sedimentological
perspective, shows variations in sediment composition
and grain size from west to east. The southern shores
(land area) are very gently sloped, which prevents large
waves from reaching the coast. As a result, the coastal
sediments are fine-grained and marshy, with indistinct
shorelines in some areas [13].

The coastal sediments range mainly from sandy to
muddy. The eastern part of Gorgan Bay toward the
north is muddy, with local sandy deposits only at the
mouth of the Gorgan River. Moving westward across
the southern bay, sediments transition from muddy to
sandy. The Miankaleh Peninsula coast is
predominantly sandy [14, 15].

Based on this, two water—sediment samples were
collected from inside the basins of Amirabad and
Anzali Ports with geographical coordinates shown in
Table 1 and red markers and yellow ovals in Figure 4
from the dredging contractor of the Ports and Maritime
Organisation (PMO). Additionally, 100 litres of
seawater were collected from the same sampling sites
to ensure laboratory calibration conditions closely
matched the field environment.

2.2. Laboratory Devices and Equipment

The required devices and equipment for this study
included:

Standard sieves and a hydrometer for generating grain-
size distribution curves.

HATCH 2100N turbidimeter for measuring turbidity of
sediment—water mixtures.

Magnetic stirrer for homogenizing sediment mixtures.
Auxiliary TSW-20 turbidity sensor for measuring
turbidity of sediment samples in a 250 mL beaker.

The lab instruments and equipment mentioned above
are shown in Figure 5.
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Table 1. Geographical coordinates of sediment sampling
locations (inside and outside basins)

Row Location Latitude Longitude

A Port Amirabad

2 AMA-1-In  36°51'41.01"N 53022'2391“E

3 AMA-2-In  36°51°29.61 “N  53°22°28.78“E

4 AMA-2 36°51'28.44"N 53°21'07.20“E
AMA-5 36°51 °45.60“N  53°23°10.68“E

B Port Anzali

1 ANZ-1-In 37°28“45.60“N  49°27“37.24“E

2 ANZ-2 37°29°00.96 “N  49°26 “55.68“E

3 ANZ-8 37°28 35.04 “N 49°2700.72“E

Figure 4. (A) Satellite image of Amirabad Port sampling
locations (outside basin — PMO project, inside basin — this
study); (B) Satellite image of Anzali Port sampling locations
(outside basin — PMO project, inside basin — this study)

2.3. Measurement data

National project reports from the Water Research
Institute (WRI) in collaboration with PMO on Caspian
Sea sediment field studies were used, containing
sediment data from 12 sampling points in Amirabad
and 8 points in Anzali. [16].
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In Amirabad port, six points are adjacent to the eastern
and western arms of the pond; two points, 2 and 5, are
adjacent to the coastal waters. In Bandar Anzali, five
points are adjacent to the eastern and western arms of

(A)

Figure 5. (A) HATCH 2100N turbidimeter; (B) Magnetic
stirrer; (C) TSW-20 water turbidity sensor; (D) Data reading
from TSW-20 sensor

in the pond, of which two points 2 and § are adjacent to
the coastal waters. The geographical coordinates of two
points 2 and 5 of Amirabad port and two points 2 and 8
of Anzali port are also shown in Table 1. They are
shown in Figure 4 with a yellow indicator for the points
outside the pond and a red indicator for the points
inside the pond. In this study, the data of the points
outside the pond from the WRI-PMO project and the
results of the gradation test of the samples have been
precisely investigated.

2.4. Laboratory Calibration Method
2.4.1. Laboratory Main Tests
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Two main tests were performed: (1) grain-size analysis
to determine sediment texture, and (2) turbidity
measurements for prepared sediment—water mixtures.
Grain-size analysis followed ASTM D422-63
(Reapproved 2002), combining standard sieve analysis
for particles >75 pum and hydrometer analysis for
particles <75 pum.

2.4.2. Proposed Six-step Calibration Method

When a certified reference turbidity sensor is available,
placing it in the sediment—water mixture allows direct
calibration of other sensors. In this study, due to the
unavailability of an affordable certified reference, an
alternative six-step calibration method was used:
Step-1: Collect fine sediment (<75 um) from the target
site and prepare in 25 g and 50 g portions.

Step-2: Place 50 litres of seawater from the same site
into an 80 L container, install a magnetic stirrer and the
target turbidity sensor.

Step-3: Prepare sediment mixtures with concentrations
from 0.25 g/L to 8 g/L, keeping the stirrer running at
optimal speed.

Step-4: At each step, take a 10 mL sample, place it in
the HATCH 2100N turbidimeter cell, and record WT
in NTU.

Step-5: Simultaneously record WT from the TSW-20
sensor in the stirred mixture.

Step-6: Plot SSC—Turbidity curves based on HATCH
2100N measurements.

3. Results and Discussion

3.1. Grain-Size Analysis and Coastal Sediment
Texture

Grain-size distribution curves for samples taken from
Points 1 and 2 inside the Amirabad Port basin and
Points 2 and 5 outside the basin (adjacent coastal
waters) are shown in Figures 6 and 7. These data were
extracted from the PMO—-WRI sediment study report.

From these curves, the grain-size percentiles Dio, D3,
Dso, Deo, and Do were calculated for each sample and
are presented in Table 2.

Analysis of these values shows that more than 90% of
the sediment inside the basin at points AMA-1-In and
AMA-2-In consists of silt and silty sand, with only
about 10% clay-silt at AMA-1-In. In contrast, more
than 98% of the coastal sediment at AMA-2 consists of
sand (with <2% silt), and the AMA-5 sample is nearly
100% sand.

Thus, the southern Caspian coast in the Amirabad study
area consists mainly (up to 90%) of non-cohesive silty-
sand sediments, with particle sizes ranging from 63 to
285 um inside the basin and 70 to 290 um outside the
basin. These ranges can be divided into two
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subranges—63—150 um and 150-290 pum—for further
calibration analysis.

Grain-size curves for one sample inside Anzali Port
(ANZ-1-In) and two samples from coastal waters

Row Sample (l:;[:) D3 Dsy  Dso Do
1 AMA-1-In 10 69 105 129 236
2 AMA-2-In 18 137 207 229 285
3 AMA-2 90 140 180 290 290
4 AMA-5 70 90 100 170 170

outside the basin (ANZ-2 and ANZ-8) are shown in
Table 3 and Figure 8.

Results show that over 90% of the sediment inside
Anzali basin at ANZ-1-In is silt and silty sand, with
~10% clay-silt. Coastal sediment at ANZ-2 is >98%
sand, while ANZ-8 is almost 100% sand.

Table 2. D19, D39, Dso, Deo, and Doy of Amirabad sediment
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Figure 6. Grain-size distribution curves of two sediment
samples inside the Amirabad Port basin

3.2. Calibration of WT and SSC

3.2.1 Selection of Regression Relationship

For estimating SSC from WT, various empirical
relationships have been used in previous studies. The
SSC-WT relationship varies with particle size, PSD,
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and site-specific water properties. An example of this
dependency on mean grain size (Dso) is shown in
Figure 9 [17, 18].

Sometimes, a single regression equation is insufficient
for the full WT range, requiring separate fits for
different WT or SSC intervals, as shown in Table 4.
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Figure 7. Grain-size distribution curves of two sediment
samples outside the Amirabad Port basin (from PMO
sediment project — WRI [16])

Table 3. D10, D30, D50, D60, and Doo of Anzali sediment

samples
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Figure 8. (A) Grain-size distribution curve of the sample
inside the Anzali Port basin (this study)
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Although there is still no uniform proposed method for
a formal and specific relationship for SSC-WT,
nevertheless, in a number of recent studies, the
relationships presented in Table 5 have been more
sought after [17, 18, 19, 20, 21, 22, 23].

X0
N
§ e
. . . 1
1 .
| . .
: y . L
~ “
g . . . P e At
i .
L . . A - ’y
: 4 Joa
- e o . » o
. . . -
. o - .
. . ¢ . g AL




Saeed Shabani , Amir Ashtari Larki / Estimation of suspended sediment concentration based on water samples' turbidity in aquatic environments

Figure 9. Increase in regression slope with increasing mean
grain size (Dso) [18]

Table 4. WT and SSC intervals for SSC—WT regression

Row SSCintervals (grm/L) WT intervals (NTU)
1 1<SSC<5 0<WT<10
2 5<SSC<10 10<WT <100
3 10 <SSC< 30 100 < WT <1000
4 SSC > 30 1000 < WT <4000

Table 5. Several regression equations for SSC-WT

(1) SSC =f(WT) One variable
Linear SSC=a:- (WT) +b

Polynomial SSC=a- (WT)2+b. (WT) +c

Polynomial SSC=a- (WT)3+b: (WT)2+c. (WT) +d
Power SSC=a- (WT)?

2) More than one variable

SSC = f(WT, Color, Dso)

Note: SSC in ppm, WT in NTU, Dso in micron

3.2.2 Calibration and Pearson Correlation Coefficients

Following the proposed six-step method, sediment—
water mixtures for samples from Amirabad and Anzali
were prepared at concentrations of 250 mg/L, 500
mg/L, and 1-8 g/L. WT was measured with both the
HATCH 2100N turbidimeter and the auxiliary TSW-
20 sensor.

Pearson correlation coefficients for linear, quadratic,
cubic, and power-law regressions were calculated
using relationship (1):

Y i —)(yi— )

PCC =
\/Z?zl sqr.(xi —x) Y-, sqr.(yi— )

)

for SSC—WT relationships (see Table 6). Calibration
curves are shown in Figure 10.

4. Conclusion

A step-by-step laboratory method was developed for
estimating SSC based on WT measurements using a
turbidimeter and an auxiliary sensor. Applying this
method to samples from Amirabad and Anzali ports
produced high Pearson correlation coefficients for
linear, quadratic, cubic, and power-law regressions.
The proposed approach is suitable for integration into
a real-time and continuous sediment monitoring
network, where WT serves as a surrogate parameter for
SSC in national monitoring programs.

Table 6. Pearson correlation coefficients for SSC-WT
regressions

SSC-WT Pierson correlation coefficients

Sample Linear Polynomial Polynomial-
-Order2 Order3

AMA-1-In  0.966 0.984 0.986 0.980

Power

AMA-2-In  0.972 0.995 0.995 0.984

ANZ-1-In 0.959 0.998 0.998 0.964
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Figure 10. (A) Calibration curves for AMA-1-In and AMA-2-
In and (B) ANZ-1-In samples
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