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Extended Abstract

Introduction

Bridge pier scour is recognized as one of the most significant hydraulic challenges in the design, operation,
and maintenance of bridge structures. It arises from the complex interplay between flow dynamics, alluvial
bed characteristics, and pier geometry. Scour occurs when alterations in flow patterns and increased bed shear
stress lead to sediment erosion, ultimately compromising structural stability. In recent decades, the growing
body of research on localized pier scour underscores its critical importance in mitigating both structural and
environmental risks. Despite considerable advancements in numerical, experimental, and analytical modeling,
significant uncertainties persist in predicting scour depth and extent. This study aims to provide a comprehen-
sive review of the physical mechanisms governing scour, identify key influencing factors, and evaluate both
structural and non-structural mitigation strategies. The current research establishes a scientific framework for
scour prediction, management, and mitigation. By examining flow behavior around piers, sediment character-
istics, and the application of numerical and artificial intelligence models, this framework enhances the safety
and longevity of bridge infrastructure under variable hydrological conditions.

Materials and Methods

This article employs a systematic review and analytical approach to examine bridge pier scour from the perspectives
of physical mechanisms, influencing parameters, and mitigation strategies. Initially, the theoretical foundations and
classifications of scour types (including general, local, and combined scour) were synthesized from peer-reviewed
literature. Subsequently, flow patterns around piers were analyzed using experimental data and numerical simulations
(CFD and two-phase models) to elucidate the formation of vortices, wake currents, and flow separation zones. The
influence of hydraulic parameters (e.g., flow velocity, water depth, Froude number) and sediment properties (e.g.,
density, grain size, cohesion) was evaluated through a comprehensive review and categorization of empirical data from
prior studies. In the second phase, scour mitigation techniques were compared across two primary categories: ‘“‘bed
armoring” (e.g., riprap, gabions, and articulated concrete block mats) and “flow alteration measures™ (e.g., collars,
sacrificial piles, and submerged vanes). These approaches were assessed based on hydraulic efficiency, implementa-
tion cost, and long-term durability. Scour prediction methodologies—including empirical equations, single-phase and
two-phase CFD models, Smoothed Particle Hydrodynamics (SPH), and machine learning algorithms—were compar-
atively evaluated to determine their accuracy, advantages, and limitations. Additionally, global case studies were re-
viewed to assess climatic and geomorphological impacts on scour behavior. The review follows a structured method-
ological framework comprising the following stages: (1) Literature collection and screening: Relevant studies were
retrieved from reputable scientific databases using targeted keywords and filtered according to predefined inclusion
criteria. (2) Thematic classification: Extracted literature was categorized into core themes (flow dynamics, influencing
factors, mitigation strategies, predictive modeling, and future research directions). (3) Synthesis and critical analysis:
Findings from diverse studies were analyzed to identify consensus, discrepancies, and overarching trends, which were
then integrated into the article’s conceptual framework. (4) Comparative evaluation: Mitigation and modeling tech-
niques were benchmarked against key parameters, including efficiency, cost-effectiveness, structural stability, and en-
vironmental impact. (5) Identification of research gaps: The final section outlines critical knowledge gaps and future
research needs, providing a forward-looking perspective on the field.
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Results and Discussions

Comprehensive analysis of bridge pier scour mitigation techniques revealed that no single measure can entirely
eliminate scour. However, a strategically selected combination of methods, tailored to site-specific hydraulic
conditions, sediment characteristics, and economic constraints, can substantially reduce maximum scour depth.
Integrating flow alteration techniques with bed armoring proves to be the most effective strategy. Among bed
armoring solutions, riprap (particularly when installed in sloped configurations) can achieve scour reductions
exceeding 80%. Articulated concrete blocks and gabions also serve as viable alternatives, albeit with certain
design and maintenance limitations. Acoording to the analysis in the category of flow alteration measures,
submerged vanes demonstrated scour depth reductions approaching 88%, while slots achieved reductions of
30-40%, depending on their geometric configuration. Sacrificial piles, despite requiring periodic replacement,
reduce scour depth by up to 50%. The efficacy of collars is highly geometry-dependent: conventional collars
exhibited limited performance, whereas modified designs incorporating fins, hooks, or polygonal shapes
yielded reductions of 50-73%. Advanced configurations, such as lenticular or airfoil collars, showed highly
variable effectiveness contingent upon specific design parameters. Pervious collars, which guide flow through
controlled permeability, achieved approximately 78% scour reduction. Furthermore, bed regulation structures
like sills and curved plates dissipate incoming flow energy, resulted in 30-55% reductions and enhanced cross-
sectional stability. Ultimately, the synergistic integration of flow alteration and bed armoring techniques rep-
resented the optimal mitigation approach. Optimal design must account for local hydraulic conditions, sedi-
ment properties, flow intensity, and maintenance requirements to ensure both scour control and long-term
structural and economic viability. In terms of predictive modeling, comparative analysis indicated that two-
phase CFD models, particularly those utilizing an Eulerian—Lagrangian framework, offered superior accuracy
in simulating scour initiation and evolution, despite higher computational demands. The SPH method has also
demonstrated enhanced capability in capturing complex vortex dynamics compared to conventional grid-based
approaches. Meanwhile, machine learning models (such as artificial neural networks and random forest algo-
rithms) trained on extensive experimental datasets, exhibit strong potential for rapid, real-time scour depth
estimation in practical engineering applications.

Conclusion

Bridge pier scour is a complex, multi-factorial phenomenon driven by the dynamic interaction between flow
hydrodynamics, pier geometry, and bed sediment properties. The integration of advanced numerical modeling,
data-driven predictive tools, and site-specific mitigation strategies enables effective scour management in
bridge engineering. Developing a systematic framework for selecting countermeasures—based on hydraulic
performance, long-term stability, and cost-effectiveness—represents a critical step toward enhancing the
safety, durability, and environmental resilience of bridge infrastructure. Future research should prioritize in-
vestigating bridge vulnerability under climate change scenarios and extreme flood events to improve adaptive
design practices.
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learning.

Citation:

Ghanbari Adivi.E., Khosravi Hamole.M., 2026. A comprehensive review of bridge pier scouring: Analysis of mechanisms
and flow patterns, key factors, challenges, and protective measures. Iranian Water Research Journal, 20(62), pp. 15-54.
https://dx.doi.org/10.22034/iwrj.2026.14891.2628

Copyright: © Authors, Published by Iranian Water Research Journal. This is an open-access article distributed under
the CC-BY 4.0 (license http://creativecommons.org/licenses/by/4.0/ )



https://dx.doi.org/10.22034/iwrj.2026.14891.2628
http://creativecommons.org/licenses/by/4.0/

% D0 @g % O
ol of Giagl alxe

(OF-10) VP40 b 12T b /Y o)lels /Y 0l
https://dx.doi.org/10.22034/iwr|.2026.14891.2628

9 L (oS Jolge (yb 3> (6951 9 L i o Judoni t by dgly  Souniis] 39 2ol (59 30
bl ol Sl

Talgan (9 pud dazmo < sgrae (5l el

oS

o3l 55l EalS 4y 7o 4 Sl ke e )0 Sg e pesipe S i (Ml S plgiea y arly SLbI (g (St
5 alS slaiag o mis gladiz o oySojle ol anlllae pl Sod o a5 LB solazdl Bl bl b 5 el ayags
OS5 ol slaanl b by oS e oy ol j5mme WIS o (quyp ol psba 1) Al (Sl 2y e
b ol (gm0 Pls5 5 omails cly pwsin JSA 0l ,2 Bos 5 Sy wiile (G0S sla el )l 530 g baaly SLLI Sy
R0 G oy nl 383 el 45 a0 e ol gy ool gl opd o)) (Santa] (laaiyl)b 5l paie 50 S,
Eyge () US55 358 e (Sblax (bg; QLI y i 5o W 4 W5 e (o w25 9 S Sl @B, (S39092 )90
D93 (nl Sgdice (e (Sl (Rl g i SOl WaLS [ e Jhele Glyiear Gl ladilag; 5o anle 5 i s
Suaglie (10805, s so medgi | oy cnl JuS 5o (ol 9,505, 99 (solaidl- (e sla iy 5 lacosgaze w68 blEs
FleSS 585 loansS (5lS (e S Hgzed plie wllan b s 9805, bz Oloes 3ol 9,805, 5 Oz Rln 0 i
G50 (Ssz 4 pg0 0,505, 0 g5 gian slroto 5 late 0 GlaSid (e g S b bl (0l 5l
3310 o0 Laalinl g (3 ae Slxio (S B Slaged lSul GBS dagsh wile Gl Ghaee S8 b e sl bosle
5 Slowlme DYl Slino » S 5590 5 BST loJow Jolss b 4l Gi.uwﬂ ot s Jae aalol jo pizen
lacgakd pos ¢ Slae 5 (2tlejl slacsgams Wisd oo (o) Grdle S0k Sladse 5 (Sntal SYoles SPH gl 2,
05800 il £9050 (S 4 ax g b Gl sloceod e 5 00l 590k 3lu S dgte 4 5L s

eile (6550l o Sontal o e ((Siwial i e iy b bz 65 ordse (Siy] i gundS slaoslg

b5l 5 bl «sulS” Jalge ol 55 5 WapmenilSn ol iy iy (Sl 2 sl 5900 VP10 cpitlias (555 hisiie 508 2!
https://dx.doi.org/10.22034/iwrj.2026.14891.2628 .0Y-10 . a0 (FYIV: ! Ol Lisgh albxe . sblax

5,5 s olRails (53,5LiS oaSitils O pwdige 09,5 Luils -

0,5 e oy (65,9LiS 0aSLtils L pwdige 09,8 Al paalis IS (ggmitils -¥
ghanbariadivi@SKU.ac.ir :J giwws sdiuw g *

VE O/ YIYE b pdy 5ol AR ARVRE R R



https://dx.doi.org/10.22034/iwrj.2026.14891.2628
https://dx.doi.org/10.22034/iwrj.2026.14891.2628
https://dx.doi.org/10.22034/iwrj.2026.14891.2628

A

VP 3l /PY by [T o ke 1Y+ JUul oyl T idg 3y alxo
B oAl A ) ol o293

Flow b (Frens] Jeboas Loy slostby s woys 7+
aiw » sloaises .(Geo-Institute, 2009) el Sds ae
G55 Galises sloosly 1o Ll g bg )l oamei VL] o a5
g JB (St oppe BT 50 aie g lal o g ailad
.(Maddison, 2012; Lad et al., 2022; Mathew et .|
Jlo oM o a5 (5,9bas al., 2022; Vasudeva, 2023)
YVe @ omie g o 9yly ] b OA 4 ol 0 YYAA
5 Shlus Gldyz )V Jguz 0 ab Oyl g o)l

ol sl (Sl Sl 0 oWe 51 a5 a0 by o y50

Sl 150 oy o 55 g Ol)lud Gldz-) Joux

sas AP LS o
Wang et al., (2019) s /) Je’, i
:‘. :,"
e 5l b Swio] & jlus

Froehlich, (2013) Voo p ddlolagg, o sl 4 S5
Sl 0350 ;Y0 (gudis
Shahriaretal., YO+ 3l G & Jew 5l (536 (Sl
(2021) wilo; ool s
9 e Jedo @ YO 5l e
Scawl 51,00 B0 jo Szl
WD 58
e Vel SLbl (Sl 5 zlssl
Ogeke Vo @b (Gl g o 98
SIS
)JMTMQQ‘&YAJ&YT
9 9500 ol (s olagg, S5 b
Oekee A Sl Gt BT sens slaaiy 3o
og Yo

Wardhana and
Hadipriono, (2003)

Prendergast and
Gavin, (2014)

Lietal., (2017)

el ooz F e b sleal sl moge (St
Gl e las (il by oad sbel b SLLl
Ol g Gl L o] o s co (1alS ) ygenlaied
520213 oo Gl s s St oy Gl b
G50 oy (el g plod Laa (gl (Sl (ol 5 ]S
4 (Kol b ablis sla s, .(Pandey et al., 2022) ol
p...w.a.» 6‘O)Lw)_& 9 (_g‘o)l...u Sloladl ‘515 Awd g0
.(Akhlaghi et al., 2020; Pandey et al., 2022) 445
S sleojle b alas 5,84 ol lojle ekl
JOUE ICOMIPS (W P [ AP QO POURL AP O KVt
wais 5l daal Geelm (ordge cbli> g b oS
.(Schendel et al., 2016; oS oo (5, Sgl> S

doudo —)

slaallo § 505, (9 99 o a5 bLS| jslaiens Loy
Ngd oo a3l (gl g olatdl Hlae ) Sl Sl
.(Sholtes etal., aisl o Jolss jo ail305, Sb > 025, b
505y 5 Ol midy 0> Sl oy sas 0558 50 2017)
S5 g0 gamldish S o 25 b yusie o S50 5
.(Lee et al., 2020; 555 o5l ibg,8 L ol 5 4 e
Pzl b soladl slaes Lus Gilja et al., 2011)
5 99,0 B ol esle G5l > 5l om Sl
Jos Blony S sl 4 ) b
.(Bento et al., 2020; Badir et al., 2026)..5 -

&) Sy b alep anlp S lye 4 (St]
e e S5 395l Sl Gz S e 58 45 o e
oo lS g o 5l olee JWl 5 ol lam el g 0uls
S 5 (S8 98 mle B ul Az )0 09,5 Al
olyor slaassl)8 g onuay cpl (Kwisl all>) 048 oo Sl
3 elye 9 Sdgae ool (grulaigs LI s
Cgeme Sl en g ojle Ll el lse
.(Zhao, 2022; Bento et al., 2020, 2024)s5s -
03gazme ;o Ay, i eli)l el 4 Jy 4l (St
& ol ol 31 B Galjd 5 55 oLl auly B
Coles o liga, Jl 5 g la b oS pale B s o
(Baranwal et al., sgs e b Jol5 <o 55 4 Gilgs o
o S5l b jiesy s 2021; Sheppard et al., 2023a)
Selopier Lulyd plo s Jows 5l (36 (Sta] &5 ol
Oz ol 5o o ool 5l (cos 5l G Jsiens
.(Schaap and Caner, 2022; Ghanbari-Adivi ...
S0 owage o and  Kashfi-pour, 2016)
Sz Jare o sl gael roge (Sti]
) ogas sal 5l (5ol hni b a5 393 n D
olyod 4 2y BB olaidl Ollus g 00,5 agags
.(Deng et al., 2016; Liang et al., 2020)s ,ls

5 Sl Slils alex 5oy slaaly (Kiwezal 5l sk ol lus
1y oaay ul 3l fige cblis coenl azgs LB Jbo slaas o
G 0SB VA 5l aas e oyl o9l oS o Lateine
CMie 5 (Kol o 4 oamite VLI o s 00+ )
.(Huber, 1991; Prendergast wloais o 55 Sdsyane
SUVAAT B VA8 6,90 40 ailyjes ,o and Gavin, 2014)
al Sl 5l 26 0y YA b (2 55 VoA
Sgaz a5 das oo Hlis Slax sleesls .(Melville, 1992) s,


https://iopscience.iop.org/article/10.1088/2631-8695/ad5495/meta#erxad5495bib3
https://iopscience.iop.org/article/10.1088/2631-8695/ad5495/meta#erxad5495bib113

wedoles (ol 2 695 g Lo ko 1 fy a3y (Sl 2ol (59 0 4

il ol o 529l50 5 Jolge Y

daasly asile cxile o bl o Kol p5lSe Syo 6l
3 ok elosl cnl )3 Ol JB8) 5 B8 (i n 4l
iz L laplal S @lye jpam U cod Lulpd ol
Dglie sla,bd) 4 yomie (Aoe Judgp )0 45 wiS (o0 i,
oloul Jelge Lowe 090 o0 Jolae laasls )5 olml
Wgd go ol IS alws aw 4 ailge SlLbI o S|
() JS)

ol 49y 0oz belyed sl Jui slaasls 5 (0

ooles o Jlws ey (NOSHID) 5a) pae Jol 5l
gl 515 sl gl (T e s b ol sl s b e
OlslS ol nl 109800 yho Jolae Sa s ol w3l (ST
sl 1) omb as, Gl g 00,S sbml) Gl 4 s, jlis
Col (rdg0 (Sl adsl Jole s 2 9y by oS o0
2 Aoy, Jw 9,55 LgosyS Jeo ol Cr wiile &S
4 e oml S @ gl Se s @ b gloyi>
5 e b 0)93 1 5l e 098 o0 il B g (6551 55 o3
Glawly 5o 4zl 50 5 995 o3l Vb Ceas @y >
R3S peS g St e SBga pobods b o> b 25
Sl b e (30,5 il laise 3 4l By 53 50
285 oyl g 1) (@S wyh s o ol ciSl g
aSlll ol o Ol )T al 4y g a8l olael gl B)b g0
Tafarojnoruz et al., .(Inoue et al., 2025;5445

2010; Khosravi-Hamouleh and Ghanbari Adivi,
2026)

% lsallss slaasls 5 (Y

3 b cmilae Coty j0 (gloy90 D ygoas Joallss slaals 5
Cely oagay (pl Wgd co JoSiis (mile By g0 jLid gl
ezl o8 pss 5 b » 0o)ly slag s (Slogs Sl pis
S S5 g 658 SRl L 0 S leals S
e s 3 Bl ) 0 D0 S (0 S S S (S S0
Lol dily Slg; 2ls 9l dwsin (Ol Gos (L
@l dwaie gileay olul gla b o g0l
O Ll S g polie slagtidg 5l el
ol el Gle She byl alex 5l (Sdgyae
.(Abudallah Habib et al., sy, o Loty Sl
2021; Heidarpour et al., 2010)

3 Cometary vortices

oleladl « blae o Fazeres-Ferradosa et al., 2021)
Lals bz S sl Thy el » Glojlu s
3 N, 558 (LS slaids Sl 6ySo e b (S
(il oals 5 g (roge slagl yz hmdi b g
(Chiew ol o ol Jy 4l SLbl s Siwctl Glyee
b sl g, b b slaasl  Siwzsland Lim, 2003)
Ol ey 65l Bl 9 9 pglie Ggemlaigd
JB s iy (iloand g palns (il o555l edio als

(Liangetal., sl oo j2ols oy o5 sas gl o8
2020)

5 ol Slos,Sug; S5 g drwgs D50 el ()l
ssbitedy (Srwil 5 56 glacesl (2ol5 6l gz
5 oss slaagie fall 5y slaal jee Job 38
06 40 05,%uS Glallas 0gzg L oojls aST (5SS
oS gl 55950 Jelos o 1)) po chmgiy W Sy
WS 2Lyl Gl g a0 ) Sblis sl Sl
ol s B30 b g ol gy ol 3] 0s e b
Cends o5 3 aiye (g poe oz 5 ba)lSg5l sl
G el b (Sl sl slaan] 35l porais 255!
5 el dwain (b > Bos g Sy aiile) oS sla il
L 0300 d] (Sligm, 65lLL 5 (b ole>
9o golatdl 5 Slles slacuogame 5 g8 bls flov
535 705 b blds Dlaladl o (glojlus ie 5 (slojlus pulisl 5 S5,
oesi il shel sl 098 se sy Ol Slg e
RSk Jol) siludoe (g slaoSus; silwaz LSe o
S3Bes 5 BT sladoe b go0e o) 5 mdle
o Sal, lwslic 5 Geoe s L (SPH 5 CFD
i ey Slalllae B alie ol ol atigs blas
sl sl b laiils 35 a5 ol glaais  Bae
arsgs (SpailSo (3l 2 (655 Hloe Jeliie Ll epomaio
2 S e pya 4 |y o] alS glean S S
GOl g Bro j5pe 5l hsee Sregh (a2l S waly
Ol Sl il Ol 6l Slles g cagpie 215
&S 57l 1wl cwiige slrolsy o Sbli> slaSal,
5 woladl sgw SLSb (L 5 el e e
Slyp W5 ol g snile, Plas o 1) Jaecan)

3590s0 mal® ikl slaoign 13 (5 S pea

' Horseshoe vortices
2 Down flow


https://nawee.gonbad.ac.ir/?_action=article&au=1727359&_au=Mohammad++Khosravi-Hamouleh&lang=en
https://nawee.gonbad.ac.ir/?_action=article&au=1727402&_au=Elham++Ghanbari+Adivi&lang=en

Y.

VFed 5ub/PY by 1Y osles Ve Jlwl ol pl ©F Sidg}y alxe

Sloddlis g ool Jos s )5 g a8 5 ce s sy 51 Bl il b
185 slomal 5 s il b & e 45 a3 e JuSCi5
a>, .(Baranwal et al., 2023) sgi o (Sl
Ol ) (Sl Goe dacls S (55 Gl b axwgs
Eldho, 2023; Baranwal et .(Misuriya and sas
Sl g alS b Jols al> o s 4o al., 2023)
b ST sl 595 a0 Gos S 5 JI05S 5
Oz omb ) 4lge 5 03,5 slml (gogee L3 Lol S
S 1y (Sl oS g eols taluyd 1) i

.(Shahriar et al., 2021) aes

Bridge Pier

Flow velocity

shoe
Vortices

L LS 4o, (¥
as .)5..»‘5@ uslavd.aj.tl; ‘_gl.:bolg.).? S9>g )Lv ‘_ngJUlf 5

o) ity Gl Ol gl 51 5 el (o e ST
ol &S ol vg2g 4 Vb ) Gl B ogdoo el onayy
ghw o gal o> ol (e S b Sl z90 oL >
B s ST (132 a0yl 97y 4
o o5 bl o el (ol i S5 (25 2 o
9, Obz sl oo S lag Bl ol Lz b lo Sl

.(Kalidindi and Khosa, 2025)ss.5 s (b
doye an 0 o sbal orise (Set] el
Oz el alo e p3 ams e ) Jolad 5 angt (3]

Wake
Vortices |

Heart-shaped scour hole

(Abudallah Habib et al., 2021) Siuisl all> ¢ ,loallis gboals ;5 5 ol Jo5 oasls 5 (bl anugi Siwnin] allo Ssloi-) JSb

(Chiew 1984; sl o 2als plal axl o alsg,
Ol ggdma IS sb 4 moge Siwwio] Raudkivi 1986)
S 50 el oo (satb Jolw Sy "'Jp.\.’»}f;...;d}l}
dlr 4 (99955 9 Z9y> Olge Hlade a5l Gloy (Jolss

(Lanca et 55,5 o )3, Jolas al> e g oo ol Sl
al. 2013; Akhlaghi et al., 2020)

OB ail50gy 50 Jr oarl Bl bl Swuial (WY JSb
I il ooy 53 o slaarly bl Kiunial (00 Wl s
(Shrestha, 2015)

2 Secondary streams

Sotiag] goigaiid —1-Y
ol ohisn ( Sy sleole BlbI o S
5 Pyt (Sl (S s g0 @ 4 cul Sl sloasay
s ol b o pogee (Snnital 05 0 (GAprnd rd5
w25 ® 3 5 (B g ol I Jine o5 Cel ailsog)
sboml wiile ladl s b el ey oy 2l g by
5 Cowl o o (g oo g, Jlil mile a5 CasoVl yo laas
Do 2 b G 2lmla b Jos 51 (556) S oS Wl oo
G b cslp bsw (ool @p)lS s 51 220)
. hlie ,o.(Liang etal., 2020; Akhlaghi etal., 2019) sl
S gla)| STl 2l (F S2) (ordge (Sl
Sl Lo iy Sle 2l ey s 4l Saop 2
(Ismael etal. oo oo v 5 s s 31 (20 (90 Sby>
(roge Soial 3l 6,50 £42015; Kaveh et al. 2021)
gl (a5 & was e ) Sloj ol oLl (S|
ol e baelSeSs 5 bl o & T ol e
&S el Az o wp s YUl ol 3 508 g ools il

dil}éj)

! Surface roller



wedoles (ol 2 695 g Lo ko 1 fy a3y (Sl 2ol (59 0 "

Sl ysly 4 i Wl o S e ey Sealizs Cnle (285

(Hamidi et al., 2024) 5% ygamlaigd (5 ,lask 5| a8l s

Ji arly SbI (Sowial wsTyb 51 F5e glo el 4= ¥
Celigy 5 00z Wl B Sy gl Skl s (Sl Goe
a9 (g ¢ Selgyaan Jalge 5l (slae garma 3l o a8
S g le0 1y o] 385 (i €55 e 5 30 )8
@ Yol w08 lagilesl pll b ol SKangsy
Gl (Sl Jols Gee eSS gl o0l
.(Ismael et al. 2015; Pandey et al. 2018; wilos S
ol olejee 28,5 Ll s Rathod and Manekar 2022)
G815 5 g Cu e 4 wyiiee assme LS 5 la el
09 e i sealy el (Somnity]

Sy sl el -V -Y

Olie 5> b al Ol Ol GBos 0lyz Ges (W
5 e Gl Cel Bas (el ol e (St
(Lanca et al., 2013; Khan et 544 o iolu,d aois
sl ,> al, 2017; Rathod and Manekar, 2022)
S PG Someia] sloally sbml a4y e Wil oo FBees
B 55 o Jlasl & 0B (gt T (g |y g
ol ol (Sl Gas o Jl Gl bl j 4y a2
Sl Caglie g o3lail (b o e s aloz 3l (o0 Julge
.(Akhlaghi et al., 2020) ccu! gilo awaia g«

2 (o A 0Xig b S0 (b 2 S e il Sy (2
Sy Jialidl el ol malidl g ol Suwcisl dll> ol
(Link et al., 2019; s5i 0 (iuluyd woais 5 oy
Sy 4 Sy Cas ShArp and McAlpin, 2022)
b VIVEST 31 sS o cpond ) (Sl 98 Sl
003}y (Sl ALV IVE>1 519 Y5 O St
Ol s ¥ S o L(Raudkivi and Ettema, 1983)c..l

el oad osls yiuled by Ce b 2dg0 é.,wT Bos

- ~o

T
:f:/\\ PPN

hs g

Ol ey b (rudge (Sl Gos Ol pdi=F IS
.(Melville and Coleman, 2000)

Oz bsgio S s a5 w0 0 5 Gloj SV o (Sianity]
St DS gogas &S gl Sl Sy 5 eS ewsYL
@y b B (6395 ol Sisysba (V<) wil
03gaze ;o Bro yiws Giolu,d oyl cpl o all 4 e8 B
ol @105 i SCE5 9 ()b 2 55 03 dbanslsay s aly
PR RA g :ULL.»T)" ) oo (o8 0 (i A5 Q20 o0 )
Ol by (Siol dly gl sl faled slge s
Toasme (5399 sty b 975 pie Julody g0 Ja (295
ol Gles b all> os coes )0 digd cod (peidad all> (o
e R ey (LolS 2alS g 0 a5 2lS L aS ik oo
oy g ab el Glow Jlade 5 4 dle S o e
bl « Y5 Ol Jole» ol 4 a8 ol 0gd (adgio iolu )3
.(Raudkivi and Ettema, 1983; Chiew, 1984)ss 5
Sl 355 4 ol Sl 005 s (Sl Jilie 5o
€55 (nl 09d 435 Com,y b 635,5 (L2 Lawss pglae Hob &
J5 Sls,5 51 (30 (b 5 4 ama e &) (Gloj (Sl
Igs G5 50 Doy S (Slru (b 5 ) i ol
.(Raudkivi and Ettema 1983; Chiew ail S|
Sy 0%y s (Sl 281y 0 1984; Melville 1984)
S| 1065 Cawsd by 9 CawsdVU 5l Bliga, 45 000 0 7
Pt (£t G 03] et (Sl D50 50 S 28 >
o5 ¥ Sl 5o sl i Slge Gliow (o 25 5l 555
03 o 5 JY5 2l Ll pd 55 (loj b (Sl Gos s

el 00 00l UL‘“"

Max CWS EsSD

= =

=

=]

=

=

2 WS

A

= —— LBS

B — —Max CWS
—-— ESD

Time (t)

5 JY5 @l balpid 5o gloj b (Fmniial o Sl pti=¥ JSi
(Baranwal and Das, 20246455 s

Ll o bl sl yiis Yoero JY5 of Ll ot o S|
o )w u‘}..u.;u t)J 9 L_'?“éﬁ"’ uwa&; “5).7:;.4 )A-MJ
Sl S aS 508 g odemn Sl oS e slaarly SILI

(Sheppard et al., 2023b; Rebai et al., 2026)
5394 « swdigee Sl >l 5 a5 Wl uST 5 slaiag,
oayol gllae cubls y sla Jlogs wiile ooy slolas 4o


javascript:;
javascript:;
javascript:;
javascript:;
javascript:;

Y

VP 3l /PY by [T o ke 1Y+ JUul oyl T idg 3y alxo
B oAl A ) ol o293

Boe oM dguzma p (65l pw D) b aShl sl
5 Sitn] &gty Sl g anil asly Sl
03....4‘54 u)f)lm)o ‘SLa‘)Lum 99 AR C) J.alf o..b)).w
a2 o s s opl sl s OIS lawgte s dgg
pgd Sl b asly SLbl b > (661 5 )3 oslail Sl as
Ve s ol copmV ol 0 SV 2V (Slgyuee byd
Oeeds byl cpl el Ol)S ES e g0 Sleu e
Sehaohdasas, 58 gas 5l o, S e a5 S o
Shd os o digh cod ( Sinnial (69 o @lo g 00 Ll
13 Glaeas Yoans (anls ale) yio o ¥ 5l yiaS has L
2r 0 o5 Gl Caglie oS Wl pe a8 S L o
0y ol kbl Gog @Sl gy 5 Wl Aale
S1aS Jl> 50 tos, o0 395 Jlade 25 los 4 Sl Gos
S50, (s0s3y ((Stwogld atile) Srdly 13555 i Sl)d
(Wangetal., 2021; o5 o (Kl 280 3as 5l milo
Chenxi et al., 2024)

Gl awan -Y-Y

6 ol & e Jy al 4l 0l e wl; ()
(Slopls laal > a) o)l e Siwinl g0l
Goe 9 005 e ) al Fke (e wly cnl S
VNN [PV PR N ST OSICN ESRT S P [t | J oy

Sebio ol ol 3l i b cde Sl Gos g aibly
(Akhlaghi et al. 2020)

Ol SLbL b 5 oy sl » aly 2ye sl 2y (o
o5 SOl S sbwl 4 orie Wlgh ce g 0,105 oo 30
(Sii] e Gos 5 S5 o5 353 bead 4o sissd
@ 5 G o3les b3 alaly cnl o Jb ol b ool 35,50
Pl 5 0l S aly b asain sl llss

(Chiew, 1984)s s Ko s Slga,
Sl 5 bz Al e U5 b IS8 (@
OUSE) o5 sload L gboal ool I35 4T Gl
(Melville wi)ls 55 sloal 4 Caws 58 Kiwisl
and Raudkivi, 1977; Farooqg and Ghumman, 2019)
slailgial) asly calise JISal gl (8 USE) (ool el o
il K211 el bbb atles K=1.0
o s dmlme (gly (K209 55 ailes K=0.86
(Vijayasree etal., 2019; Silvia «g, 0 ,I5 45 K]
5 el Ju ol F bacles sleasl o et al., 2021)
MalS aply a8l Ko 009 oo (K] fiSTam el cowaVl

Coadl a5 any oy caS 09,8 sas (FI) 59,8 voe (7
0Lz 5o (S oy, 4 o 1) (sl (slog yud (oo
39 335 oo 3l (Steaial oe S oo Ciogs Jlm
Sl 5698 MT s> goasms lid SYL 09,8
ol Fr>1y gl pj bz olSlasbFr < 1 50
.(Ettema 1980) ccl il 0 348

SrSISE p S5 Jelos 5l 58 Gl Sax i0br e
llyen & SlaigTay )0 sled 4 rdge (St
5 Ok Sred Wi b wlgie ol b by pedtess
ot Sligasy i e Cubld g ] (ol B ol a3l
(Daset al,2014; Faeletosgs ojle jglxe o
al., 2016)

Joal Glbl s Ol as Sloy S by ley Gaw (o
ro5e (Seetal 53 gl & Wlgi e i 0yl oz
4 e Slgice by S SYeb sleoyge abl atils
Sl Sligw) 15 05d ey BB (Sl 5 Ghalejb
R Gl ol staloyd lagys (Brme 0 g5 Ysb Do
.(Ettmeret  al,2015; Sharp  and &,
McAlpin, 2022)

o s SR g-T-Y

BLLl g,y o3l 5 g5 1lga, o3l 5 ba S50g (G
3% 3l dge (SKiwtal p Wlsie 35wl
2l 00 iy Slisw, 4 Cund Yoane 5Ei 0 Sliga,
5 il oo plimen Ll e Spglis o_i,...,.wi
o3lasl (Kothyari et al., 1992; Link et al., 2019)
U Fts] Gos p ailbog, s 53 (ds0) S,
Slawle yww L awlie 0= dsop < 14.25 mm)
.(Raikar and Dey, ¢l yio (dso < 4.0 mm)
S Syl G ailBog, e 1,3 65105 2005)
4 Sgbice dlbne S5 o3l Sl 5l ooliial b s
Sy9yre LBS 5 CWS Lls unaslb sy
.(Shamshirband et al., 2020) c...!

(’:’)9" )Luus g.Bb.?u‘ Dy G’LA& u‘)é o)L.\J‘ )L..v.n d‘)Ju‘ (g.)
‘).:) ‘0)‘...356.0 ).‘.:Lx gsium_u-d"‘ GoE p ul.:yu) o)lo.,l
Slgusy o3l 350K0al & 595 oaimaylis YL jLae Sl ol
(Dey and s,i% b Szl Wig e a5 ool
Sarkar, 2005)(og < 1.4)


javascript:;
https://iopscience.iop.org/article/10.1088/2631-8695/ad5495/meta#erxad5495bib26
https://iopscience.iop.org/article/10.1088/2631-8695/ad5495/meta#erxad5495bib39
https://iopscience.iop.org/article/10.1088/2631-8695/ad5495/meta#erxad5495bib38
https://iopscience.iop.org/article/10.1088/2631-8695/ad5495/meta#erxad5495bib125
https://iopscience.iop.org/article/10.1088/2631-8695/ad5495/meta#erxad5495bib73
https://iopscience.iop.org/article/10.1088/2631-8695/ad5495/meta#erxad5495bib90
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;

wedoles (ol 2 695 g Lo ko 1 fy a3y (Sl 2ol (59 0 Yy

ol Layln el oy b SLbl edge  Siwiy]
2 Sl Gos Slint 5 45 093 o0 Jol> e
4 Sts] oji> Gos g 03,5 e yho 4y ploj 9>
iy 45 Ll 5] 05 S35 055 gl 5 ST e
by e s )b ke pley 4 Jols e nl
bl ol Gl e e 5 (Stani] dnugs
wodsmo Hlojae b olodMew plp )0 o yawlaisd ol
.(Melville and Chiew, 1999) el ¢ ,q 0

dasio b SO lyiea (T) Sloj wlibe dial) ol 5o
Sl 4 sy B (Sl dnsgh S s 45 095 00 Ly 23
oolel 5 Sumer et al. (1993) oS o 55l oS 1, Jolss
(Clear- JY; ol Sl Lulis 0 095 slo ol
by e oy gl ol alal; S Water Scour)
(V) aaly & ygods a5 03,5 slgiinn  Siwciol Gos drwg
2290 Ol

Se = Se[1 — exp(—2)] M
Sl Bos Se ot loj yo (Sl Goe St ol jo o8
Eort S eddmm Oloy L (luly Gos pSlao) Jolas
aarie Gy wbie Ty (Sl anlp
.=! (Characteristic Time Scale)

O aS Canl Sloy oL T Sloj Lulbiie calasly ol bl 5
S = 1/eJslew) aoys FYIY sg0> a4 (Kol Gos
(Y US8) duy o (Se) 095 Jolss Gos

A  Time scale T
———— "

!

7

[(Gazi et al., 2019) Kuwinl Gos Gloy &l puuis-¥ S

il (Sl w18 3 4ils39) S5999dy90 SI-F
(gain Sl Suog plyea il (s3els)ge
Wlsog, i JolSS &gy 5 wogm; w25, 0l N
oo (Scdal S g Do i o bl i
sl g5k as wilosls oylas wladss o,ls b 4l Gl,bl
a8 Wil B ponr Gloj b aly (Sl
6Nl Jolds ailsog, (Solingd e )L, (glate) i
p Sbaw, Je g JUS wlde o ol

asile jloacles aly loasely el o all gued L > L

WS | g (Sds] S0 slaal,
(Vijayasree et al., 2019)

[N - S —

g U

(1l ol Sy 53 (Kl dnvgi alsl Jolpo- JSC
(Akhlaghi et al. 2020) Siuial g9 51

Lenticular <> Double Cﬂ
Circular
Profile 2
2llintic Rectangular ( :)
Elliptical Q Chamfered
Ogival C> Rectangular E
Oblong ol
Upstream Face :} ircular O
Ogival i
Upstream Face Cl Square D
Chamfered : ok l
Upstream Face olygona < >

(Abudallah s asb Jil 31 (5 p Seileds loi-F S
Habib et al., 2021)

Jolw yboy-Y-¥f
ol atls et 5 (Kol drngi Gloj yaw (o) 2
sl el e gads sbadse 1 (T) Jolws
Lols Lz Melville and Chiew (1999) .coulas;le
Ol Sod 5l eeiies b (ol 4 o, ley a5
olB ol jeba Soml sloas jo 5 000(U/U;)
Sumer et al., .l ol iegs il pen jo b o
Ly, 1,1 L Oliveto and Hager, (2002) 4 (1993)
ol 4 S (Sl Gos Jou5 o oo, 5 ol
Sley pamli (ol co bl el vguse zgl (0 oy
‘SIOL!.? Loj).‘ a3 5) 4.*.9‘..:4:.».»9.1 ’M/" 1 d,o.c gre T > Lg‘).g
Bof e Sl Sl cwidige slo b o (JelS
Sldlas jo ol dlaal 5l SO Jolw S


javascript:;

Y¥

VFed 5ub/PY by 1Y osles Ve Jlwl ol pl ©F Sidg}y alxe

Sohy, i o GoIb b oablie )5 K s
‘(515 )5‘b4" .JJ)‘Q 5).........,.) G'l)lf )SO«)LMJ 6)L~u<1'1...«.n
GBog; hlsdyee Bl o (Sl elow
Wy Sl 5 Gos S0l (o5 e 4 e Wil oo
5 ©ode il o (o e 4 09d ojle Sl
Seslins Jlasl coomw @ pu3l ams jo  Swin] 0,50
o N (Soolipogdyso sloan Ty b ondge oly>
o oo)f &5)9-

Cloy g ailsogy Suiglediee Gyl b -0
S 42l (Sl 42T 3 35 i 3| liao

o 2 SlapaslSe 5l (SO s Jy a0l (St
oo 3l awle g o cldlo bl awle g b cudlop
S Olyear S eyl b (g Sl ehigar daailss,
J sl pselim (Sl Glie 2 50 s0lS Jalse
el )l s becadled cpl sl oals oLl ol 50
Sasl syl 4y oy slaasl Sl s by g Cga,
sladaly ol cpl 09d o0 Glyz )0 (9 b GRIB
Gl 50 Setal 0S5 Gl s BB R
dwle g oy cllo o opl pwogdle ol b ol yaal o
3 g CwdVh o e il 6ol S S e
clloy ol 5l el eals sbm! oS caws b
Rezaei et al., .(Majedi Asl et al., 2019)ss,5 o
sl 05,5 ygely (Siwcio] )5 54,8 sae .56 (2018)
03,5 swyp |y plas clils y yga j0 LI Londs cladlo
g Cawd¥l s o ‘;.,w—l Oliae Sglay a5 wisls ylis 4
L sl iolo;T b avslin jo mlas cils p J1og8 cawspml
).A-M\AAJ)J.JL’ )fal.u FL 0092 )’g}“ﬁw)“"‘““"éﬁﬁ dAe
39,8 olael gl (Kol e jo wlas cuslsp Jlogs
Sl STk o oy 0093l b e i )0 el ol
S ouds sbml gl oS 5 Jy slaasly (Sl oS
aS 0 cdalice 9 2 ‘5‘4.‘[}\)5) CJLA.A w‘\)f ),ul)
el & ey 53 S9 aeel b ST 5 o) 0053
‘_,’_i‘)m SR e NG PR M] J}-‘" 9 Gos
olis wlas cuils p o i olrals (Si> il
o8> Jobo g L ,> =N L o2 ‘5:L>44L> s s 45 00
O 3l g 0,0 LugSae Cad o o> Fos b g puiiins S

&8ly 5o (Melville and Coleman, 2000).45
O |y S adsl bl s & So5elsd 50 Dl s
Golul 5 (Kol dle anngs Sloj wig, aSly i oo
nledor J558 50 1y ol Can Yk

10l ol g Alog) awasa i (I

0975 32 ¢ o 9 Boe o250 Jul alBg; hatie din
2l e JlSepe Glaee g S 5 @)
S5y hp O At 9,0 G L plaailss,
Sl g el g Aoy, ose o)LS jo b2 bglas
& pddd (Sl Jas b Ygane Gusd (215 Lisu ,o adly
2 WSt oless jumes (Ettema, 1985) uilaxlge
— JU b Dlss b o5l ) 00 — alake oLl
3 Ol B el Bl g olml (b Wi corge
g oo sl caosYl

gy w5y 9 e 2l Sl (@

JBBl plo 5 laygs da oy JolSS g ails0g, (2309w ) 235
S5 1) (Sl JolSigle; g adgl bl pd i (551500l
Ao ganay L abady sbay sy ano o
e By b (Sl 9,8 50 3 4 Wl e Slge,
by @lae Sl b slaaileog, ¢ blie )5 058 jonie allar dnwgs
Mg g fms Gy JSD ol axns FabR) e g

(Chenxi et al., 2024)sne  Swis] dl> o
Al sl » G5 Gy Sl U (2

: s’.. :."‘—

Sy slaalis 15 Ygore alssy, Sualudgd,ge ol pnis
Sl (JUS il oS ans e £y dlonis b Siin
Wilgoe o9y @iy i g dapwd olel> dao)lS
b Sl yoe ojl o 1) (Suet] Gal 5 Cosdee
aS el ol 5 Sl Slllas wsos o8 (42 e8 BB O g0
alamdMo BB S s «S059)58,50 Ol pks @ e
33 (Shaal (a8lg i3, 9 rdge (s39e la o e
(Yangetal., 2022)s55 0 srb sloailsog; s
Sl (el gy b s58led 90 Jolas (o
O3B sk (s, aile sbla> sla by, 2,8
Lulyd & laad (g Slrio b Jlabe glaces
2 kS moge sla by, (JUS Jd plrale g bl
Ny, 04 Swolinogd oo Judowi Lol o a5 &5 350 (590
51 .(Melville and Coleman, 2000; Ettema,1985)



wedoles (ol 2 695 g Lo ko 1 fy a3y (Sl 2ol (59 0 Yo

ol odlie MT &< 9 aslo o)’|\.\5| UL"‘° t5°""° Lg‘d\.la)‘)
)L»J.A d’“‘b ‘) ‘:‘)Du ‘5...:); LJ’“"" &l o)ld.u‘ u..&ls ‘).') ol
SRIFIL Fodys old Glejes 5 wes oo GRalS juled
(Wang et al., oS o sy 1) b,> s $p)
b wlgoe ollgyuly slagys 51 (S50 sgame (S
o8l gam Ul e Ceglie (b ol ioldl
aki.(Chen et al., 2022; Chenxi et al., 2024)a»s
Sl S ooy 45 gl 180 sa &) ) 03l )3 (owlal jis
5 05,5 sbml Sl sl bbb o olarss 2SI
Goe g RIBl GpSeda peba 1) e SAp Cuwglie
.(Mahalder et al., 2024) a5 o zals |, Sl
ol aen] 018 S Vgono o,y Gialod onl g oys3d)
ol ks b LSS 4 Jols a4 yaww ) gl oS
hol il 99 (B9 58 Gunaily b bslie Dby,
03y g a8 o (2B woy3 VA B VO sgu |, S|
Sy Glme GmlPl LA clys Sl e
B e T o S I R PR o]
.(Chenxi et al., 2024; Qin et al., 2024)aas -
JeSis el (Og bl ) (25 1siSpae ial3dl Guisran
Sy gl sl 5l e e Dld 5l Ladle 4Y
Sl vz el MT DopaS mile 45 Sg oo 3,
Oz S o (2ol L g ools Rl 81, s (6 ) Feed o
ly Sio] dnwgs g5, W auliEl 5 s ooy
oyl » ode .(Chibana et al., 2022)us o sgae
Ceoglie (Y BV o CC 5 CUSE L) Cgs sanals
(Wang et al., 2021)uS o ol (g i (Sl
5 el B3 Gilies sbaojlasl Loy Jolss ol bgle
8 (sror sy sl U0 52 4S5 g5 w1535 o Ly
9 3 OLd s 50 e ) s S) BB S|
.(Wang et al., 2021)u2s

Slgay (59 08 -Y-F

JESTRIR R PP Je- B0 | CCS B JRN I W L PR PR CES e
S Jl, W5 o (50 a8 gl (eSS 0,3 05lal b
(Tan et al., 2007; sas o5 25 b6 ol @ |,
u*“ﬁ‘ O e Slgus, o Mohr et al., 2018)

Majedi-Asl et al., .(Amini et al., 2001) el asls
alo g p Sl gy (gonails 13T o) 40 (2021)
Seeladg,ied p b 4l og)S SLbl s alssg) i
S goails g3 b bl lagialejl wsl ol
yobieds 9wl ploul alisre 99,8 dac g (20 A (Dglae
2% b dlan cutls o Sl g5 utls 13l ons
Loyl gl ol plsl 4l 09,5 Cavs b ;o v 9 SVl
4 yonie Cewdml sl 5l ddlas cudls yy as ol lias
39,8 d3e ;3 gd oo wb 09,5 Bl bl o Swiol ol
oRlBl el b 0g)F Cevsimly jo JIssS SG Sgzg /0
B RSP TORE FRVAE CON- B UNSet { RESIR PRV VI ¢
9,8 dae led gl g cewdYb slo )0 5l llae clls
2Eislejl wy ol zalS oo e AN 54T, S|
s sl JIogF & psle o by sloasly 09,5 (Sros]
Slr Fse 6,5l (b0 b laaly mhaw (35,5 ;a8 ol (Las
Oy Oley Gl g (Sl dangi 250 5 Goe a5
Cesdpmly sl 5o Syl (orizen ol Jobs 4
9 009 CawdVl 31 Sauad (Gl slo oo ;o ofuga) Jloss
Daneshfaraz ) sl oo 2als yiws S 515 (oo Lial38l L
(etal., 2021a

Slybl xb5e Kol Daneshfaraz et al., (2021b)
Ly cbley J1os8 G Cawd by 9 cowdVl ;o s (sloog )
095 5 (Sl Bals &S ol lis @S Wis,S sy
G5 04 (mizmen ol CawaVL 5l in Cawo il aeds
9 StV o Skl rals el (Ssliyog e slaaly
YA Joleo als oy yiion ol clloy Jlogs Gl o
Jbs¥ olal> b ob saslie Sl Gee 2alS o)
ol Olyr SRS 5 sl e 4 iy
il Gl ol 53 el e sloals, 5 oy
g 095 5 (Seeludgyaee slaaly d92g oIS sba
09,5 o Lol cals b aion Ce s olS Cel oYl
23055 O Gl g Cesoimly o

(Sl 2 iy Slgasy 5 329 55 -7
Oligusy Goudils —)-F

Sl 085 J S ol Julss 51 (oS3 g 45 ol
il alize gloojly o Slga, JL3, 5 Conl (rdge
lige, samaib 5 aes oo olis 6,58 slacglis
Ngdh o ol ((75) dlo 5 Sdons () 095 o & LSS
(Sonia wls Sglite  Stwisl sla S5y plas,a a5
(s ssls o Devi and Barbhuiya, (2017)



Y$

VFed 5ub/PY by 1Y osles Ve Jlwl ol pl ©F Sidg}y alxe

SxSslr S Sld bl 5l 5 00,5 Jas ild Gy
sl 51 oYL 4Y (Schendel et al 2016)ass
S oo ool (Sl pl s 50 polie Lidlome o5 Sy 255
G 9 (25 MY Culbrs (b Corluw (S &3 o5l
1S ojlail a8 waiis b ol Cllasde 5l S 8o
(D€ cul 38,50 cblis ol g peiins jobds Sin
Vos etal., 2011, 2012; Harasti et al., 2021)

RO N BURNEIE VUM S e
W3 (o0 &) (o508 (Sonial 4T (lSin ofisar s oo
g0 il 5l S 5 cenSs ol (Chiew, 2004)
Ll s 30 e Ko Sl Gl pansilSn . Conl cagos
Jedoas b Kaw o loz aS ¢ 8y canSs ol JY5 O
VIVE> a5 Slos Yooso 5 canl (Sealinds,ous slog
.(Melville and Coleman, 2000; sas . #, « 0.35
5O e co B &S (slad cwss Tang et al., 2022)
55,5 polie g VIVC Liol3l b g sl o S dzeiy
(Chiew, 1995; Tang et al., wb . 233l dr/d
Gk 3l i) Slye S5y oS s sl cuSs 5 2022)
ous ST oL sy Baas 5 Consl o Sis (s sl yio
CoSs 5 Slgw, 518 58 4 e Wl
3 «opl poedle .(Nielsen et al., 2011, 2015)s4%
(Pdaw Sllogd) o IS 5l b cansls condy slo s
bl 55 (Lo S Gatle D950 e w55
.(Chiew, 2002; Fredsoe et al., 2001)asloas
Oy b Sw Gol> 0wl 5 sl 5 ioren
Obyz 30 S g Ger S Jlail jo a5 Glal Jele
©oae Sl (Vasquez et al., 2007) il o ool
Wi oo ez S aY oS was e s (b
O Sz ans GlS 1) ages 5 ordge (Sl
S5 S50 e Lol st e Sow S32 (abmle Sl cunl
ogdse baly (o3 0 (Sl oy

Mo g Sow b cblis —Y-)-Y

B 50,5 n bogeyl ¥ @ e 3,5 oleidin 050,
Iy Saiol plp 30 Cwglas 9 YU (g lul dooyas oy
L1 ol ple jo Yo plloctul (ig; cnl aiS oo ool
(LI et al, cul oS0 oS5 Ly i 6,55k
Heibaum et sle_jsle;1 2023; Zhang et al., 2023a)
Cog b S P sleclilee )b al. (2010)
Zhang et al. (2022) .aisls olas |y ast 5 e A oL >

=

5o ’_i...,....w T )Lc—‘ LS‘)‘. «5")’” ‘5...;).’ oS as ..\.A..._‘!l;)o

ey (Stal g oools Gl 1, Silasl (S ,ud
Wiz sloSs o (Wang et al, 2022).s
) oialep Cwglia 5 odls (ldl ) (Sonn (F3,08
Gos Wlgi oo S (JBa Gl aioren (dSu o Sonte
.(Chen et al., sas als ooy F b |,  Siwssl
it i 55 55y Suaslie STy slaaY  2022)
ol e e el 1) Sl el g Gas g Wb
@l Otalo B ply 5 Conglio U1 i (Sd Slogas
Sl (57 5 £9,5 G Gl 5 03,5 G
.(Duan et al., 2025; Wang et al., 2022) sl o

i aly (Sl fals b g, -V

dwdid (b, Olasie Wl 5 ol gbbay S
SIS g Ll glaaie 5 ailsog, (635198550 (oo
Gl m3lo 392y (ol 9,505, 99 9 wigd oo Sl
e S Gkl oz plp o e gl ceglie
slasiis b 5 (53 5l JlaSSg) sloansS (9l8
Mo g S b cdadle ¢ coias oo ,tro  date S
G2 L ol plas el (7)) 5 tpglie sloojlu pla
loadsh 5l sslinal wle SLIdI L ool ialu s cod Lo
oYl 5o SbyE slared coal @Sl o B sl
(Gokmener laaliw] g § aime Slxio 51 soliiw! Sl

et al., 2025; Bharadwaj et al., 2025; Niu et al.,
2025; Hamidifar et al., 2022)

ot 9055 gehao sl pig, -V

b (Sretsl alS b 58 sl Blise ol o s,
00S pelacs (gloo sl 3l onlizinl L L ey g, )3 oS
Jedoas b, ol 09 oo ooliiul ammlaisgh BILLI s
all oolawl  Cdagw g 0e Ao (g,ke
2o cobls zlisl (Chambel et al., 2024)asleas
Gos «sy) slea lcdidlre b iy llas (St
Sloladl ans o 2ol sl jobas |y rdge (Siwis]
Judpd bline olodadl Gloied izmen (o2); Jlite
g e 5 (St

o S V)Y

GBSl p i 3aeS g Jolie (oB9) ez S L clablone
(Tang et ceul s plas Siolu b 5 Swiol oo colls
Jelis 39, ol al., 2022; Ghanbari adivi et al., 2013)
oS oysbay el b sloaly SlLLI s Sy bl
O S Y 098 sl (Lhp AT plp 50 S Ceglie
Ol Y 0 b ol el sad LSas isu g0 )


https://www.sciencedirect.com/science/article/pii/S0029801824011673#bib58
https://www.sciencedirect.com/science/article/pii/S0029801824011673#bib58
https://www.sciencedirect.com/science/article/pii/S0029801824011673#bib136

wedoles (ol 2 695 g Lo ko 1 fy a3y (Sl 2ol (59 0 Yy

O 9 5luly Sl s Sl 4 0)ls 5ls SenlS slaSis o
WS S8 A8 o
(ACM) shaio s sbooSid ~F-)-V
3 Ll b ililone soly g0 o ke 2 (slacSes
CobeS S8 L ead Gl sl o0 eSS b G250
w1y cadgi,oligs slSus U ogd oo adg YU
e ) cmlie pdydsn 5 w8 clallre jiwy (S
adgl SlaSas ool wal B o)) o5 (Slol ol L 5l (65 gl
Qad glazge jo as sl Hlis oee o ialesl 51 e
W)l o3l slacstas JJo crad 4 g &S oo 2 L:eo] okl
.(Li et al., 2023; Liang et al., ssos (gjlwesly a8l
S aw o S5 5l eslaxul L Liang et al. (2022) 2022)
gy S,y 00 JublS g0 ACM Llas 529 wisls lis
ST Sl e bli> ad 4 b o5 sloalols L Ll sg oo by
DS 0 DD lyz S Gl L g 09l o0
(GSC) JsliwsSs 355 oiuis glbalaions —B-1-V
5 SES e ;3 LSy g b flSSs
yls el 58 (S b ablie gl ol cblis
(@ablo glaosln b ailsog, ol > o pae b olge ol
Big5 a4y uglie Al b by 9N et b wlg oo
R{TSTYVRNCE I PR ERNCT S-SRI S OX S CoW Y
(Heibaum, ol Jos 00iS,)lge g ooiS ooy 2l
0,105 09y 0, Ses s Gl 45 (58l 4,0 2006)
Gl ) Sanglie o)) ¥ 5 il plpreas lahliaSS s
Soz e 5 03993 b Loy (g sla Joly wiz pa i oo
- Sty slaakhame aile Siiwgdy B b aiius
Jb o was sleeje>  (Pilarczyk, 2000) o> s
o onial plp 50 Coaglie Sgapy slp oiil o drwgs
Cagi slp oy F955 9 o LliwsSSe) 5l loanlsd jgbas
Gl a5 3g8 e oolitul aKittings) b oaiiS,y olge
.(Heibaum, 2006, wles,s oLl 1) 043 Sow SYeb
2004; Grine, 2007; Bezuijen and Pilarczyk,
Sl ply 0 Cblis 5 Settiwg slaall2012)
e b ot b st by Wl eate lagss
Aol slaojle o S (oo pal B ) g )luk 5 6 pdySlasil
gy W oo 0xiligy (p b el g atslisl by &g
Wlgh oo wad (Sdgyoune bl )0 55 e wiile aLS

ol Coslie bSuitingss 1p) wif oS culiils 4

oSS 3l gl Ve Sgas suligh,colesd mel ST
51 5l S salspyolege slacbli> cwl Olégs e
Wang et al. (2023a) slo olosl 5 aiiwn > Sow
seayl Y ol plas |, Kiwis] Ges aoyo Ar b als
el 00 Sl (6,15 Hloww L

Wy gmalS —F-1-Y

Slge boads sl Sis b braws dbaas ( comw sloancS
ool  Siwiol 2als g 55loub sgago gl a5 K
sl sl by, 5l Koo S L (Lietal, 2023)wgs o
soliul wilssg, lae,lS  Siwet] 5l clablons (gl o
o5 6l b b 5o boes bysnls cul bapenls
(Singh et al., 2022) x555 o oolizn! laailsog, ail>
VP slaalee b (oo (5555 51 09l g Tl s
Slpear Seiiiwgdy sbas,s8 5l 0590l b e Bl
YooNn, .05 oo ooliwl (Lobb b oy ,)5655) smls |l
), S b oad  sowws b y5mlS 5l oslizul  (2005)
Waalbed 4y Jsb Cod I L aS Cdl s 50,5 (o)
Ol LIt = 3 ooisSogamme wopo b js enls 5 1l
slaas s Vsl L/t = 3 5l i Gylade o .l e
Gl 45T Canl Sas 45 WS o sl | wllas LS|
a2 o lis a5 S ol |y sdel Caws 4 ygulS Sl
oo S y9lE (pl odle s diedgus LI i l58l
a Comd Setsl 2l5 0 gy 0Skes Wil oo
b y9mlE Jobeo o3lasl b casms &8l ojlail g sl S
Gl slp a8 pons e sladely 4 e Wl oo
aS a8, axs Lagasse, (2007)  ogh (Steil
bl pladl G lgicas SanlE slaSis o Slae o e
Jola oS5 a5 amn 5 o by (Kol (sl
A Sl sll Sl ples jo il Bye 2l g
S oo ool 8 ST sl e b e RS s
ol i sla, Parker et al., (1998) slaaisl alie
bhug a5 Wil pae Gl sl Sy ol Wiy oo
23 e ol g wcewl sa ol Pagliara et al., (2010)
b e 023 28l | by slS LIS el (Sas sl g
slp ooy Wlgee bgenls 4 cdbil BB olse
oolaiwl b pizmen g wao &)l b sl o S
A o Soww aiile ol 30l L alie )0 slge 5l oo
oolazwl 050 S o3lail ply g0 a5 (g lul les olol (6l

! Articulated Concrete Mattresse


https://www.sciencedirect.com/science/article/pii/S0029801824011673#bib58
https://www.sciencedirect.com/science/article/pii/S0029801824011673#bib61

YA

VP 3l /PY by [T o ke 1Y+ JUul oyl T idg 3y alxo
B oAl A ) ol o293

(Lopez et al., 2016; oril oo Fi5o b Sizee b cuS 5
Aleksandrova et al. (2023) Kim et al., 2021, 2022)
Gl 0 50 K Ladbrs b oadiplésl egian oo o
S5 L gl 53,8 oy 2 sl (Kital S byl sln |,
Wiy 5 23S o 3oy 3Ll S8 ass (WAR) baojles ol oS
i 158 55t o |y IS ks slagSll sl g wlobse 4
9 59 ot ( Seeladgyaus wad 186 yo (b cnl b
4 e Wlgge a5 Wyls (5lbl 4 hled (rads ST Lo gl
» Aleksandrova et al. (2023) .ogs lacslo ) 4 o]
5 Ol sl b (Sl cbla> 3blis 3l ol @)g,0
P loghsw laalgd o5 S o) Y K& s
Sals 5 30 (5 i ol S AY (VL 5 5,58
JS8 by s 20 5l gad 5 s S g,
a5 il 55 5 658 Sy ol (35 Faebizos it
(el (sblye Lai> e (sl L (gl S s
oz b ST ondg ol Si8) Sism ez 0,0 ol
Ohal3¥l g (Sl Boe (2alS L (555055 4Y Ll 5 ((ega
B T e N L L
SdlS b g ez .(Schendel et al., 2014) sz oo
GRS 1y Slhges Jo Sl (bolS 5 ol ey
SIS 258 o0 Bl Hgligd ()lly Sgage 4 e g 03l
00,5 b b5 GlanF a4 ) ey cnl @S
.(Wang et al., 2023b) !

ol s> oais ki Jilie ololadl —Y-V

s Jlite DLl ey (05 e Sla g, p odle
090 (Smedal (2l (6l (grslie (39 53 Ol o
g g0 A0 1 B g, cpl (p e 4 aslol jo ais
Ggb -\-Y-V

Fie )bl aed Gamalaigd SLbI s gsb I eslal
el SloS g omb g Ol 5l GRSl Gl
lao;le ool .(Bagheri et al., 2024; Chiew, 1992) ..l
Gl>og, WS L (55lae ygods g 005 S (slo plo Los&.c- as
125 b Wpd bate (graliish 4y ailyi e wisd e o
(Gaudio et al. 2012) _,o0 Sldlas 05,8 18
oals 1) (Siol 0nl)d ey lash a5 wols jlas
s (Pandey et al., 2020) sox b,y a2 o
azrg pail p bl wis)S anli 1) (Sl e tals
sl 0wt bl Gads by slp B Sbej oy

asle Satiwgss iz gt dipo oo i3l
by plp yo G gy g oy 5935 da hlenSS s
a1y eadiliibee ghu @ lal Wb Sy
Corvaro et al. (2018) .(Heibaum, 2006).cs
Saby do,0 A LGSC slabkiblre g9, oo ioles]
5 o) ol ceSs 2l g0 g wols bl sy Jom
bl 33,5 plelid ) (09 A (S555l5 45 ¢ 5555l
Toe 5 392 olpod (Kraial o J2al5 L Sae (St
992 5l g plaiel oo 50 9 Zoe B0 399> 5l G plase
Ot Slogls an S e )lul 4 zge VO
D91 (AN s G, oS Il e il 1 5 Shes
oS sls las s el 108,56 SIS 5 zee cus 1)
sxF BB b 1) (Siwil Gee GSC (slalasle
FB Sl izl 0y90 5 1 L glgal j0 9wt oo ralS
sl 5 Wang et al. (2023b) o5 saslie > o5
oadss ;0 S5z sl 5 2idsesl 1) (oarpe g slonls
Akib et al., (2012) .ais,S (5,155 cupe gom,Sm
OERLe(gBlk oad 0,5 i boad y (sla gy anily o
YF 51 o Ll easylo ol o 4 1, b_i..wT G, AV B D
O S I [ A EN B
L Swiol Lzals 55 Korkut et al., (2007) a4 0
ssaliv 5 ws,S ol 1) bKess 5l slacgeme 5l soliul
Sl Al ol JUES 5 555 S oS iogal
25 Kegss o3ls )13 a8 sbml (g iy il WS o
Parker et .aes oo tal3dl 1) lag)] ise 3l cogu, Gos
BLaSse55 e L bSsl wwsl s al., (1998)
s 5l e bS53 51 oolitunl b Lol cokins CanSd daane
a4y (Sl oo 5 il 0500 stz JB b 4 o]
5l oolaiwl Hoe et al., (2001) .cwl oois Jae oS gl
5 %505 wyp |y (Seelpw (BB alie (LI slaSsl
ot Lol s 75 oFass cavs bl o Sl Wz e
4 Sy oo huSSesy szl )05 SaSS e
g Jate LS sl S S K] pals
P oS Glp el Sl pleed BluSSg)
iloads slpion b slo s

(AR) £ guan 5o youo —F-1-Y

5 ol @il Gl b (Sl pl o cblis da s, 0
2 s 55 Gl s ole il x5l e

'Artificial reefs



wedoles (ol 2 695 g Lo ko 1 fy a3y (Sl 2ol (59 0 ¥4

Ol e Bl BE (VL CeonS s Sl (0l o (S
Farhdi et al., .S o ool8 1) croge Siwiol 2als
Gl w5 g, Sy |, GBI slowl o tegs s (2025)
o] @b wia)S (e bl Jo> (Sodol s
S 00y FIA L s mhaw g B L 4l ol las
Gl o St] malS e BEL o dised &
as’ ol o Hajikandi and Golnabi, (2018) .04
Gos bl (peies s TLY) hy sloarly 55, 5 S8 i
oxbias GOE amd o mals 1, Sl oy g
Y bllls a4 Cas (o, ofA zals) Sog oy 55e
G i Ges 0 B oly 1B (as oV als) S
Obied and Khassaf, .5 S5  Swil ol 4
s slollSs Jsb ol38l a5 wis S iule;l (2019)
0oy FAL VY 5], (St Bas Cod 0,5 gboad b
a5 2l 5 b Gl b b BILs ol ams oo ialS
S o o5 | (]

odigublad (ol aods ~F-Y-Y

CasdVl 50 a5 aiiis red sloayll oaigilad slapeds
S aods slaasl)] wlazs S 18 sascbiblne LlLgige
Aol obnl b Ll sl adge (Sl pyme 5o Conl
(Melville w5 o claslons 1) boagly o8 s o b allis
Melville and Hadfield (1999) and Coleman, 2000)
Sl odigilad slareds cidu il o)se 10 oy asddlas S
pll b 5 slailyal slaaly (roge (Siwial (als
Sy ks onignlad slaged a5 w8 S ass sl assls
(B) o5 aloz agl; 5 (VIVC) (b o oo a5 3igis o0 drog
a5 ws,S o,lal Park et al. (2016) acil Sx>oS biws
S olyed (o5 4 lgie §res 0digdlad slaged
s yials ) el mezd 53U g aiS Jes Slgl 0ni ) S
by dilaie g1y JolS Goe b oigilud slagads jl solizul
55k IsT 5l o ool 4y e Jsbo )0 457 355 00 sl
g olaws 4y onigdlad slameds gladlre oisuSle,S )3
Wang et al. .ogi o by e saigilad slageds lodu
Sl malS gl Blol saigilad slages (2017)
Nazari-Sharabian et .iog 5o aeds sloog,S g0
@ ) sigdlad slageds soas yledus 5 slaws al. (2020)
oaigilad slamads olaay iul38l.050,5 v (g00e &g
5 oo GRalS 1) aly SLLIL adse (Sl Bos Wlgi o
Bls sascdable gladsl 5 onigilad aed al)] s alols

D9 yidin 0Xighlad mels al,l dlss 4>t )

el ol plosl JY) O Ll 5o iy Slalllas iy
L 5,5 slagsb a5 wols slas o) s lagiules]
S PS5 Sl (e 9 Sles az o VP il
endi |y g oLl Wlg go pogee (Staiol 51 5L
sile bgsh 5l s mas glyl .(Hong et al. 2012)ws
b a5) ,loodB 3k <(Chen et al., 2018) slaxmis &5k
5 (w230 (RS i 1) (e Syl Gos g0
do,s Y0 b a5 (Ferraro et al., 2020) lsacsl> 3ob
Omied DAL drwgs ol las |, Sl rals
2o, O b cwils CPNL (Valela et al., 2021) Ll
WS Jel e ghe e ) Sl alS
Zarrati et al., 4 Jahangirzadeh et al., (2014)

Sl (G5 5555 olal 45 wis S w90 ,2(2004)
Sl 5 oo oA Llates sl ggb oo o alS yiis |,
5 gy S 2 Gsb el (Grizres s JIS3I pLu
b Al sz el (Sl el cely
ab calize JSul ) b Keshavarz et al., (2024).cc.
ok 655,18 Jore g K& 45wl p3 caz 0 VAL (ugd o
Qo3 V) halS il sl Figo slemny (Sl (0
Wsli b sgan slaal )0 (0 px> )3 40,5 A0 9 Gos ;o
PURSR GO B FPSIK LI KER H KESR VPR VAR PP ESR ]
Zarrati .ol ool (0,155 4l Had ol OMY g A 5
podle (Geb g S oS 5 wisls lis et al., (2010)
Y ol mals cel glisge e Saw ol als
) dpdee Glalgtul aly Glao) iS5 sl o emr S
(b/dr =75 ss50s

SIS -Y-Y-V

azg 0 GO Uy Dygot Ysess o oy aly SIS
Ol 4 95 0z 0955 590 b wgdios sbml 4l Cwsimly
o5 ls 5 ot g ools pals | (Kieezo] il i
.(Bestawy et al. 2020; Chiew 1992)uuS o oS |, oo!
4 Cod Sy FBl> pledily s Seop el
b B Jsb Lo yiad il Ol oyl o o3 slalsls
L lls iole;l g (Kumar et al., 1999) s mlow 55
sasasylas (Grimaldi et al., 2009) cilisee sloges
a4 B asu il onl b el cdadls Glessl, (ial3d)
sgazme ol 5l g Lll sladl Sl ez s
.(Melville and Coleman, 2000; Kumar et sss
Sloy slesly e al., 1999; Gaudio et al. 2012)

Ll 0,65 )18y s 5l Fomly SIS a5 555 oo Jol>


https://civilica.com/search/paper/k-%D8%B4%DA%A9%D8%A7%D9%81/
https://civilica.com/search/paper/k-%D8%B4%DA%A9%D8%A7%D9%81/
https://civilica.com/search/paper/k-%D9%BE%D8%A7%DB%8C%D9%87%20%D9%BE%D9%84/
https://civilica.com/search/paper/k-%D9%BE%D8%A7%DB%8C%D9%87%20%D9%BE%D9%84/
https://civilica.com/search/paper/k-%D8%B4%DA%A9%D8%A7%D9%81/
https://civilica.com/search/paper/k-%D8%B4%DA%A9%D8%A7%D9%81/

I

VP 3l /PY by [T o ke 1Y+ JUul oyl T idg 3y alxo
B oAl A ) ol o293

Smiia] a0y YO 5 ¥ alS Coge oy 4 a8
20,5l SLbl eoge

b8 asliwl -A-Y-¥

bsgs (b8 aliw] S by (rdge (Snity] ) bl
G opl 28,5 1,8 Eou 8,90 Chiew and Lim (2003)
S cpas g ailiw] o o] alold (gogee o aS Slo L
Al 5l cdadle o]y gl (Sop wiliw] o3lail g o)L,
o,Lul Grimaldi et al. (2009) .aiiee pgo cowsYl Jb)S
@ aliwl Lyl s )0 5 Canstml s ailin] G as Wi S
hlize pladl S5 oy S oo SaS ndge (Sl ialS
S 5 B Sy Jols 45505 Gialfl 5 sty 55 (onS 5
wd 5 15 T jslre s sl s s 5o a5 el 25 aili]
wb ol 50 (Sl GhalS (50 Sy Gyt 0 Canl
Ve g A 090 iy ) oo YO sy 4 bangts b
ol ool @l ey (o7 9 (Sl o (sl o0
a3l S Wlgi e i alin] 5 GBS 5 S5 a5 ol
w5l Jy slearly o (rdge (Sl ly o e it
S S aS ausls bl Wang et al. (2018) ¢ Jl> ol b
el 48,5 118 aads SO Cewd mly Cond )0 A4S (5 y3s
S Ll 0 (rdge (Staiol Goe palS o, sl
Slrao gloaidl, alie ongay (! ed o Gl ous;
sl 005 s Jagl i g0 550

S 5 GblS oy, Elgil amlio 3 Jolxs Y-V
Kots] IS (sla g, Alie 5 oo & asllie o
oladl glaasia g lacusgaome Lilpe b ol oo b by
@ azgi basS oo sl LB g (1l jebar 1) 0,50, 50
2 silodh sloojyn (e g (Gloj o S Ll il £95
5 >k el el plss p (Gslite DSl Wil e i,
(Sultana wsb atsls 5,l0e5S 5 6,108l yu sloas jo
Sy e olaal) (ow,n ol axs et al., 2026)
Slogoal 5 ainge QI B Cenl 059 ()l pe 5 plusige
woladl sla Sbj,l g sl )5 slaosls b s 1) &b
Serte [yl GRle S b e sl 5 wias sl
sl g lacusgame Llse amlio 4 ¥V Jgoo ;o aiiso
Jal (Sl 55 5 tal5 sle g, elgil golad]
Goe Rl 20,0 ¥ Jga )0 uizen g 05d 00 a2l
AUSs o5 calize glabs, sl oolinl b 1) (S|
Lol o] calizes Slalllas yo (Kol Goe 2olS ss )0

& s lxio ~F-Y-Y
>l 0 bl S 5 Sy a5 L g it Slxio
cbli> Sl plp o 1) cascdadloe ot el
Slxas cuai .(Odgaard and Kennedy, 1983) a5 s
ol ond anSs el b oFass sl> o
5 omb ) ol )8 el A )3 5 enigd S
(Alizadeh et sgi o o5 ol jo cml Jo5 Sl )5
51 5 Slgas, Colaa b aslys oo Sl=io oplal., 2024)
DS S8 rdge (Kol Lol 4 o Kol o,
Slxas a5 wisls oyLis (Lauchlan, 1999) aJgl cllas
Lol cas,lo cbla> yloaily auoyo Yo /0 sga> B JY; o 4o
Eob 4 Seop b Olxio S o) jw lld e
o5 (Sl Gos J5S1am ol (oo g s
b Slrio conlin glaglonss (Jb ol b acas 2yl
Melville and )soisy sgn |, cbli> ooy 0
Ghorbani and Kells ) sl ), .(Hadfield, 1999
calisee sblg; b obgo 5 (S5 Slis aS sl Las (2008
Ol bulyd o1y (ordge (Sl (alS 00,0 OVIA L
Oleeds S Lo sladll yuomen 0505 sl ailiwl
Ao, FY LYY 5l Saiol gals daoy 51 6,50 g4
.(Tafarojnoruz et al., 2010)wsls slas J¥; o o
Gau,Se oS Oyee4 Vaghefi et al. (2023)
Sl gdge (Swis] alS sl |y 5 yits Slnios
5 Job S T S 48 L g 0 g S 4o Leasl
O &S ol gl w08 cwy 6 S e
G dxio du a5 310 &5 (Sl (Snda] Boe talS
b ay Cond 425000 ayly b og 4l Slad p1RV /0 Job b
ol ol s S L8 g e i e eles
plo 4 s ) Sl Ges ialS asy Yeogus
Chooploo et cen 0,5 sl sabaalllas o>
RNy Sesdse b §ritee oo 1 all (2023)
L az )0 VA wgd o 0wl Blbl adge Sty
Brite Olxiao 655,158 a5 wols (jLis 5 W8,S (o)
) (Sl Goe (2alS (p i (JUI (635 50 970 0
L 45 s ypbas 1S o ool amio fous el b anglie o
Soctal 2l 00,0 ) (St dlly w2 (e
IB L (Sciol 2alS o ias oopl pegdle ol Caws 4
L el Shd ol VIO alols o 5 s Olxis ol
a8 odalie by Hlad pln VO 5 ) Jolsd )5 5 4l 655



wedoles (ol 2 695 g Lo ko 1 fy a3y (Sl 2ol (59 0

!

b Al (Sl 08 g Gals Gy bg) lgil dmslio-Y Jgux

oLl ol

S 090

Ll

De Vos et al. (2011,
2012); Ismael et
al. (2015); Schendel et
al. (2016); Wang et
al. (2019); Fazeres-
Ferradosa et al. (2021)

Abudallah Habib et
al. (2021);
Marandi (2022)

Clopper et al. (2007);
Singh et al. (2022);
Tang et al. (2022)

Gaudio et al. (2012);
Liang et al. (2015);
Mahan et al. (2017);
Obied and
Khassaf (2019);
Bestawy et al. (2020)

Chiew and Lim (2003);
Tafarojnoruz et al.
(2010); Kharbeche,

(2022); Gaudio et al.
(2012)

Ghorbani and
Kells (2008);
Safaripour et al. (2022)

b (005 50 e S S
5 e 3 Jsine oot s
RGN GOPRWA RPN
S5l 480 & o ke e S
Wyo pie Oj90 ;0 -V
ST ols o e S (gLl
Glego bond 5 slodn.s
5,5 ool

Qo9 he 9 5k by, o)
lo Gloj g0 2 =Y ol 480
il g Wisd oo ral>
GalS Syl il 0 o]
b oo

§ Foe ) faS (gl 5L
o3lail b gla S 5l oolazl
olaidl 48,0 5 Sz sS
e ) & Sl o

Sel 5 b slul sl
Sl b g5lupglin sloas so
28 g leagly slacslsls

Jab

Gde 6.315.]0 ool 6‘)‘.‘
Sk 5 Sl o @y (45,0
Fab b o s

5l

Sy adpo 4 (5,80 b9, )
2 LY Sz sl
al b Gl sl

Gas g 00l l3al ) s
olaudl job a1, Sl
A2 o hals

ol 5l 6ol 50 )
el g (Sl
ol ol o8 Gl Buee
Slge) b wBl ok LS
s b=V aisl 5, s
2 Pl Gl oz 555

Gl i el
cdadlns -V b,z ey
5 SV 5l dgae
Sgye ojle Cwsimly
4>l 5l i bSgl 1,5
S o cladloe S0
polae (5,155 & 5L-)
Jdo @ Vo lags 58
Gl sl (Koo Sgaze ol
Yooy b slagl >
wils clie
S 9 il & 5l
50 Al pess Gl Jdsay
Alouels amss o 9 SIS

sloyge (arges 4 5l -

9 432 Sl oo oS i)l
bk ¥ asl pob;
(Jore byl i Jdo 45 sgae
oile (b g 35750 llas
Lol

)l pliie (6515 ¢ 5L )
Loyl il jo sgaome oisw 31
NI

YL S ol )3 pglie )
ok
bS5 sl (bbb oSl =Y
Gl apeks L

g JSal o b Y
ol sl wiline o
@5l Y el slesls
@ aSl s 4 oS (5l
L oodsS 09> b 5l o=,
Diga 03 ‘.’l)"‘>
e b Gi..:atua Ol =)
Ol 5l S5l Y ol s,
i S g 5
Cewd ymly 4o
3l aS § ke S ol
03,5 5,5 gl brals § LSas
oo 5 4l I, o3 5
2@ ge G ) iy Slge,
b Ol 5l ceas sl p-)
olge Y o)l panss &)les
2l g o9z wiile (uytws )
(Joo calizee byl b (6,8 5l
SE Ll g Slgw, glgl

Yool ceai g o8 anze0)

a0, by oS 56

SISy

c._\jj..f;bé

(61.@0).;)&%4



https://iopscience.iop.org/article/10.1088/2631-8695/ad5495/meta#erxad5495bib33
https://iopscience.iop.org/article/10.1088/2631-8695/ad5495/meta#erxad5495bib34
https://iopscience.iop.org/article/10.1088/2631-8695/ad5495/meta#erxad5495bib61
https://iopscience.iop.org/article/10.1088/2631-8695/ad5495/meta#erxad5495bib124
https://iopscience.iop.org/article/10.1088/2631-8695/ad5495/meta#erxad5495bib143
https://iopscience.iop.org/article/10.1088/2631-8695/ad5495/meta#erxad5495bib41
https://iopscience.iop.org/article/10.1088/2631-8695/ad5495/meta#erxad5495bib1
https://iopscience.iop.org/article/10.1088/2631-8695/ad5495/meta#erxad5495bib94
https://iopscience.iop.org/article/10.1088/2631-8695/ad5495/meta#erxad5495bib24
https://iopscience.iop.org/article/10.1088/2631-8695/ad5495/meta#erxad5495bib130
https://iopscience.iop.org/article/10.1088/2631-8695/ad5495/meta#erxad5495bib135
https://iopscience.iop.org/article/10.1088/2631-8695/ad5495/meta#erxad5495bib88
https://iopscience.iop.org/article/10.1088/2631-8695/ad5495/meta#erxad5495bib93
https://iopscience.iop.org/article/10.1088/2631-8695/ad5495/meta#erxad5495bib111
https://iopscience.iop.org/article/10.1088/2631-8695/ad5495/meta#erxad5495bib13
https://iopscience.iop.org/article/10.1088/2631-8695/ad5495/meta#erxad5495bib18
https://iopscience.iop.org/article/10.1088/2631-8695/ad5495/meta#erxad5495bib134
https://iopscience.iop.org/article/10.1088/2631-8695/ad5495/meta#erxad5495bib69
https://iopscience.iop.org/article/10.1088/2631-8695/ad5495/meta#erxad5495bib48
https://iopscience.iop.org/article/10.1088/2631-8695/ad5495/meta#erxad5495bib122

VFed 5ub/PY by 1Y osles Ve Jlwl ol pl ©F Sidg}y alxe

Yy

SBlis lise g gy 31 odliimwl b (Kiwis] ok LialS wuoyo-Y Jouz
o9

Gt 50 6o, AVIY ials by 4 e axas g0 (gl p Ol Ges gL 4l 4 Laie § 5 oy 90
(o il VO ms) coli b, Gee sl aly JLS jo Sl Sglite slos wSgs g

&L

Ghorbani and Kells

(2008)
ob Jols VAID n) Slxio Suli agls
Gaudio et al. (2012) Sl Bes oo, Ve tals bt Gl
Wang et al. (2017) Cawd Gl 0 3o y0 00 b Sii] Gos talS aly Blbl o exigilad slogeds ool I8
Hajikandi and . , A - bl 0 ISa Y GBI g peitiae IS
. Szl Bas pSlas | sals (s
Golnabi (2018) | Goe Sl oo s VY VA ol oo o oy
Qietal. (2021) Qoy Ve dgam 0 adge Sdal Ges iSlas alS o cod agly b slopls Ggb b slaslginl 4l
i S slopls b al Blbl o Geb axan yols 1,3
Pandey et al. (2022) do VO b O Sesy] zals 2 slonls bl SLBLe gk S
Wl g VIO oo b slopls ok b aoyo 0515 sledl, iSTas aslyd js cilisee libee sbly) b cslopls b
Wang et al. (2019) )
a0 V8 oladlxe 0d3 )y
5l om g Ay o0 2o yd £V a4 Sl e ials o T S a0 a0 wad sl JL L ool
Bestawy et al. (2020) : i i
Sl 8wy 0 LS Las o ¥O sl JLL sk ] Slopls al S Gl bl
Gk s ools JIE iy (55, a5 alociia oM 55k ol S bl s alociia oD 5sb
Farooq et al. (2020) T )
ol Lrals s ys YYIY 1) (S| ocus
B a8l jmuldl Cwls ¢ locals [PV <o
Valela et al. (2022a, b) Syl ar ghoys A ialS R 79 gl b oz
Lo slaal o
Izadinia and Heidarpour . Slsp i @ Joaie (led loglyg L ady
Seiol 3 do,o £ pals
(2022) el Gos 5o TE e Lt cos
Farooq et al. (2023) ols pals so e £ 1) Siiol o e alaiio bl G gl oM was G5k
Gupta et al. (20234, BV (ol il SIS (gl b aly Blybl o Siwitol Gac o
) Jusdnl Gsb
Wb go oS as o Ve

2023b, 2023c)
S b slopls 5ol

Fhe yebas Crimed g ol galS so s £A ) Swciol Ges

Valela et al. (20223, b) 35 e ) ok 2 0 b
p) PRCL i SIPLAC 3.5}

oy VAN sb J5dss a0 B0 (gl (Siwcin] Goe yiSTas BigE e
P s alC)

Qi etal. (2023) ' ) . )
WS (oo RS 4 £978 Gob (2L lan 45 b oo a8

Slp 2o, B0 5 00,0 00 cud S a4 al solr 0 (Siol Gos

wlw] S ol 3l zalS LS ab 40 5 slaal

Movahedi etal. (2024) b LS Ao e Sl 595 S slasd

Sgir oo Al olx o (Siwcinl Gas 0 a0 ¥
Yl ad jo soie C9 asliw] ools )8

Al-Rahoo and Alomari St or doyd B+ _pals

(2025)

N ~
AR SR RN BN B ST A N IR B
“f\? \og\' S’ . 31 \c$ \;99 7)9“?’

S 2 N S . e ﬁ" 3
Sl iy, s

iz @.BL&: ‘SLQ‘;!S) J° ;w" ’\.T &O.C ‘:Z.bls oy -A Li.w”’


https://iopscience.iop.org/article/10.1088/2631-8695/ad5495/meta#erxad5495bib48
https://iopscience.iop.org/article/10.1088/2631-8695/ad5495/meta#erxad5495bib52
https://iopscience.iop.org/article/10.1088/2631-8695/ad5495/meta#erxad5495bib116
https://iopscience.iop.org/article/10.1088/2631-8695/ad5495/meta#erxad5495bib113

wedoles (2 595 g Wpmundlo Judowi 1 fy a3y (Sl 3 2ol (659 0 vy

S8 90 Joo -Y-1-A

Gy » a5 L i GBS olyr sl o
S JolSS g ogm; JEI 385 sileand )0 (o)
0,0 Jlow OMales oy o gyl Judo 4 ailzog,
s Jow « blis ;o .(Lee et al., 2016) &,ls cosgomes
gy SIS g Jlw 5B G Sean Jo bl g0
5 el S gspd il sulS (Sond slaas]
Ll S Bl ne5 Sleds (uizred 5 Oligm, (dids
solezel JB s)lpl 5 w0 siluand YL s
— ool ol s g0 4 b Jlail oo elol 1 (533
kgl Joe 50 taigd oo i 65 hsh s 5ksl 9 SHISY
sl S¥slan o b dgey O ppemty Sl 36 <5 35,5Y
Cewy Sl g el Geos Gihgl Cozilr s S el
Slaibuw phaow ;0 s (2L, L alld O jg0q
Vo wds b1y 5B g G oz Seelus sHISY
(Xiong et al., 2024)uS o g3lwancis

SPH gy -Y¥-V-A

WSd g @ HLSY Olyd g, S plsieas SPH 2,
&y osga 9 9,J0 CFD e ;0 (69,8 4 pamio sbl5e
clie oz i gobe b ledand Jles
sl sy, b awlis ,o .(Peng and Yin, 2025)c..
3295 4l Sl als SPH hg) el oo
5 p7 S Wl (Supd sle Sy sl &5 o)
ST SR TLI S S IY-5| INPLOWONL PR CL S SELV O
Sy50 5o aSed sl Sy, al St SLll 51 S5 j9bay
8,95 5 ) Uhsy (nl S oo Szl asis JBs 5 0 >
e 5 ol A3l Sy JSE e Jilo L
&y cBo L1y ol)d el g o oS e slaas s
3 sle Jlo yo.(Zhang et al., 2024) S s jloass
oS oz sndse (Sl Bloo & gy 4y
b cleolSaSs o Soaiyl adlas o coul aily
Jow slailygles jsbas Zhang et al. (2024) . slalgnl
S olseds |y G,y w3l 1) SPH 550 oL ,>
L1y e asbal (b, 28,5 Sl 50 (39w Jlew
(HBP) ol A 5,8 S5l Jae ol
S5 0,8 At jled laluyd Jlse 5 51— ST50 s
Om nles a5 8,5 sl was (Stinl g S5

i aly (Sl Gos Loy LS9y —A

S Gl S ]y (o8 Sriten 0T (S 5 9,1
Ol 00 S o ha oele Olidod 5 qwiige Jos o
5 1l BB Ll l o,k Sloe Sileiunn jsbay (ise
235 b 9 ee (St sladde Sliniod iy
2 e 30 slaoe ihs) g9 dw el g
@ ot S ged (Seslndg s sla el
5ol Sl SaSs ailysls sleop)l5 (oaas g
or 009 EF R sliusgame g Lle anslie 5 ile
20 oo 650k g 9 Goue S3lw e —1-A
HB ST Jow -1-)-A

GAN‘ )Q (5;)..5 LS“JL} ‘as"‘oﬂ“’ ‘SiAMJT cd.:d.:
30 (e 3280 (gl gy A Sl Sdg0ue cwdige
e sladsesd 5 Sased Joo sleiales] asile
Sl g eleie LSBT Sl VU anie cle wls
Siload slahy, &5 Jb 50 wipee @) sgame
A g, W A 093 0,8 Ay yasie bl AT L soue
(Laietal., wos Jhos poe JoSo Slidms |5l S
51 eolaxw! b goae s3lwans 2022; Zhao, 2022)
(gdmdw Hb,> lae sleyell 588 J> L .CFD
oz 38l g Lol 1, Kol s LLSi5 pansilSe
CFD 55BG 0,55, .0ulas oo oagay ol adlllas o
SYoles  Jo)  (Sweliog,une giluans 3.l L
5 ooy JBliog) 659958590 s5le Joe s (RANS
Jobs 4 Gaee), BTy s (Seelas Sla e,
.(Roulund et al., 2005)s:S o (5 jlwads Kiwial
4""“9{" ‘) LsaLu.uL?tA Galle By Lhas UM ‘L)‘“"j) U"‘
sl o J..\.v 6.»..\...@..0 5)....._4 (5';5 J>°‘) g oo;
Si999r90 5 Seeluvg e Joile e (Saelas Jolas
s Stwcial  Jobs s a4 asw,

(&
.(Roulund et al., 2005) s Les oo



Y¥

VFed 5ub/PY by 1Y osles Ve Jlwl ol pl ©F Sidg}y alxe

B8 sbas SPH 5,k 5 0T way (5ludd 5 aads
aal 1) Joe glpebl coll anllas cnl wus wgssl
oibeyd g SIS (Gl G (Ko il 5 0
S, 5l e gk S as o5 ISl I, S
gLl ¥ Jgaz ols @il aads slaaly ordge (Sl
Lulys g ordge (Siwinl so0e oy, o slacasgazs

R S IR |t

33 el S (e i | (a8ly a5 (Sye gl
( Smta] 655 iloans 5 Glyz e @slesl
Juslh aalyd g olyd ehde Swlus cod )0 ohuga
(Peng and JLas! oy, ool o ogdle Conl 3283 cogm,
sl b sl e Yin, 2025) SPH-DEM

i S SLbL glals S Sea] gjleans
slroasny g ol Jlael coll ol Ll ol cod glopls
Gy glails S oy b (Saadl 5 )5 S s

oo (Sl 51y o0 3lw o 0,509, Glamlio 2Ly Jgua

Silw oo 9,59, L5

oy gumo el 5 L

ol s Sloslre (glaas o)

) 255w Sl (Kiwetal slaosyoy-Y
S o (s sldnds

RENSTIEIN
CFD,

dSlbnl ozl 5 @b g yglS-Y

(52 955ww9 500 Gl (55lo Joe)

AS o S 1y S SslesesY
—6oksl 5lss Joe T

O S o0 A po 15 0 )3 Jlow (oA8lg Sy S-Y

5 Jbs 6 95 L2iSan 1 (g5l o Cophlin)

—6shsl b Jae

sl
= bl b olag i sy Sloslxe oS-
el 35 DEM &y s YU iga
ol Jle )5 o S s o pie j0-)
SPH %,

(mesh) aSes 4y bgs o OISCEw Y
A5 (o (§ S ol

Glopusile ol jo Jlgl) (2lhb g 09Ky Sle (i)
(52 55wgSoe N

gl gesd p 4S5-Y slaanslic 5 Gl )l Slalllas-Y

75 sla il ol
il (a5 )

Yo Glmbre ania) o w5l 5 lagy LY

ALl 58

B o8 g, Jl Lyl ¥

LAPRRPREIRONE N §
bwgie

Iy ol)d ars coale-)
S S o0 0yl
3,1 4SS ol Laslg, -V b gesy Jl byl gl conlie
YL cdale

Y ilolon sloasjo-¥

AV e slaay o)

odzmn slalal, b ool >

S Ll pd Foduzey i

Sl BB i (sla Jsa s ool Sld b L aS el
Abd El-Hady 4 Devi et al. (2024) &ldlas .o
Oeile (5 50k slo Jaw 45 wias e yLis Rady (2020)
5 Sl Gos o b3 pd Ly, glicl 4 00
lizee )15 Glaarals ;5 5y 9, 8es 5 0392 5o Jalse
Baranwal and Das  slawslio gla o) p a0 o &)

Bos oe o 1y ile (6 S0l sla Jow (55 (2024)

oilo 5l g Jow —F-1-A
(g 63,9, Olyear (il (6,250l el sle Lo o
Olid s (Swtol i 0 zF B 6Ll
Gl Jse,d 4 s |y 095 (6,5 0 o hgy ol .cawl ools
oz hulyd 0 (St gldae 9 e (228
Sial anls a8 e wiles S0 ol (Seelinsgjuee
opiiodiz g (st pef ez (o5 Slopesle il



wedoles (ol 2 695 g Lo ko 1 fy a3y (Sl 2ol (59 0 Yo

S b Supd Cassame b etle g RS0b
(Najafzadeh and G508 L 5L sbosgame
LB jebay |, Jow liebl coLls Oliveto, 2021)
Sl ) s slas,Sy, 5 wwd o (RlPl 2y
@29y Gz aed s o )] (Sl i
b sloanl 3 0 oad aslis SO 58 uled pléal o
sl doly 5ol ¢ly Joo colon (Jao ol
Sl sy wm o 5 Supd oelsE LSL
Valyrakis (2011) Jlwo ;lsicds Conl atays oo ian
Sly ik s o560 Zlussl s Sl et al,
oS a8 Wi ,S eolatwl el il &Sy i
el (Sopd glonTd gileJoe 9,0y, eaisS
oeile 5oL al. (12025) Jiang et .3 Sldlas
oo Jles J> lp |, (PIML) So5ud Sl
4 Sl sl @Yoles ale oYL Sl
PIML Gla Jow axwgs p b sany] Olids ailazs,s
St] (S e aiz Sl sl Sy sl
S5 Jrdl s SYolas pfitecs dni b ofag s o (ordge
Sl slaglore ;0 Cgmy Selnd 9 Seslindg;uee
atal anl B (Sopd coale S Cud Glp orac
iJlmms sslies sl leo )5 (V) S 5SS
S s S Wang et al., (2024) Jle ylgica
S cole eoran Gh9a lapi oSl (e Jlms
(1) 5 108 o0 81,8 (5558 cnl 0)5 sl (olul 5 2y
Zhang et al. Jlo olgcas : Slojy JolSS uslgd anlllas
Senliys st 325 sl |, MGGP Jus (2023)
oany] Sliios ols axwgs Loy Jsb jo (Sits] Goe
5 oot (2Ll GRal38l (e Sy et S9etr 2 Wb
3 8 mdige Jos 4 (2BLj] @l dez 5 s
Sial oz gwiige Al Jge jsbay 5 1S
dmlio 40 Jguz o a8 J> 1y ol slaojle (ordge

Seial Gt slr oedle RSk sle s,
4.»_7-‘0).: R W) r:L?u‘ L)?"‘SL’ uLLQJLA Ja.my as &5"“45'4

Sty

2wl i eSSy slool sy (S|
5 (GP) S (sagianli o 5l oolinal ¢ Jlie (6l a8 o0
e (ANFIS) s s3lin e il i
dolin (pizmed D 020 brosls L e )55l
shrdad 9,5, ANFIS ¢ANN-PSO (s> olo Jowo
as ol olzs M5Tree 3 (MARS) o ewl o pxionis>
CBS 0d) s Scain] slalse ;0 M5Tree Jos
Oedbe 53k 2L @ls cnl )ls 6 VL Sty
3Skes wslis 5 00,8 anl (SKietal g 5o
Dl oo dwz o Bl jo 1) Al slap ;55!
L al o ANFIS o )Xl ( loe slao )5 o
SO S8 bl asd Seledl (g5l ange jl eolixul
) by SIS (ol o 30 Ll o1,
sl 0815 i3l a3 b jsboay
it 8 el 6ol drs LB Jomiliy 3325 L
@ (Sly wibe oils glo iy (oroge (Sl
s Ll plares jnds Sobl g peesd (Ul cools
5151 g o TS, Cudgdse dw [ERVNS oS Oliasy
51 oolaiul ax ST cogame (Sanled 5 cols 4 Siusly
e sleesls Jls sl pedle 650k sle oo
Bof (S B0 dee sl p(Kim et al., 2025)
Sk ay Joe pond (U5 el (ial3dl a5, (o]
3gueS 5 Cewl dlinly bigel slassls Fo,nuS
Sad as |y Jaw 0,0, o28ly Slas 6,5 05lail slaoals
, oga (Choi and Choi, 2022) &S o 3gae
Slediges lads a5 0l 5 ol beslag, (i i
szl LByt slo i 4 e S5 el
olow daz Conle 51 (LU A eds Sl LS 058 e
o wéh e ol el ools e o Jus
wmsge O L (Spd s N i
O ohgh a5 uogaxme (Nandi et al., 2024)
.(Shamshirband et s,ls cowal wige slaod )l
S s Joe a5 oK (o5 jsbas al., 2020)
o 3 (b sl S0 pas s o Sl w0l
ot Sl il 5 05 a s | ek Lol e s,
ool S o Sl Jaw gilwaigs o oloy ST sl
U Joe plirebl bl LS &5 53y yamd 50 al
ool 2 6 Bk 5l 5 Geee S)0 Blo oSy )18 o
baigsgame cul ol J18 Bus b osd oo 50 (S
oy, (1) ol 4l (55S drwg mis Sz 4



ts

VP 50 bL/2Y la 1Y oyl [T JLol oyl ! ‘,:T g5 adxo

90 (Sl (S 61y il (S0 Gla gy A lio-d Jgu

Oeilo (6 5 0L slaJus b5 By ogue 12! BB byl
died a8 as i clnl coblE-) ol dunx> JSCio-) acgeme )] 10 a5 glog L

oé s ANFIS ANN

Dang et al. (2021)

Obetiy o lacile
o5 3 SVR SVM

Choi and Choi (2022); Nandi
et al. (2024)

«GTB «M5MT «M5Tree <DT
o< ¢ REPTree

Najafzadeh and Oliveto,
(2021); Wang et al. (2024);
Sreedhara et al. (2021)

29,5 gl slads,
. (AdaBoosteggss Jas RF
LCatBoost XGBoost
o,eé 3 SGB BRT <LightGBM)

Nandi et al. (2024); Wang et
al. (2024); Kumar and Afzal
(2024)

S35 p,55 sle Joe
o,é s MGGP <EPR «GP GEP

Abd El-Hady Rady (2020);
Najafzadeh and Oliveto,
(2021); Zhang et al. (2023)

R e &yl sloJoe
Sl slaps ;55!
NF-¢ ANFIS-GAtANN-PSO
PSO-¢GMDH-PSO
¢ RFO-XGBoost¢XGBoost
RS-tRPSO-XGBoost
ot g REPTree

Dang et al. (2021); Kumar
and Afzal (2024)

oo 50 e 0, desY
Slapi o8l g Wil oY
Wb Sgnge pleol slo g, b (s jlodige
Lylys g glgl )o Jlosl culls-)
b pt bly; b aglse 1Y

Gl clin 000z
ks JoB g (639081

L5_!4>J,A.c Lajlyy o e 4y 0B-Y

03 S 3ls s G 4 (65L5-Y

3,lai osls
D9 o S est
P e 8 es)

ot bl e oy poliY
J’“M Y N S 9 0dTxy

o 3,5 5l slos S Cads-Y

@re ok sl e o)
S o duded
b el odimmy Bl 4y ils -
Fr ot 3 S e
5 sremy il sl Ll LB-F
laojlos glgil 5 Sl Lyl
=z BB Hsba Sty <80-)
a8l Sgnge

oduzmy bl Lailg, boye oY
S e e e

P Ewg J).':)lf aolo-Y

osls a4y ol Sl

D3t -
(overfitting)

b el eedass 40 5L5-)

3,ls

ae> b Shy Y
obews

ools 4y atuglg-Y

Sloimt G55l
aals 3b cos o Slee-Y
055 oo 1,8 osls

RPREN 6}.1..\1 yani—Y

sl gloasge Sloll)

Sl ot sogdlly jlas-Y

Lwl ui.o.ae o)S.Lo.c—T’
Al Solaie > Ll s

sduzn el )b (g5loaig)
auje Sl Sl 5l

osls 4y ol (Swsls-Y

Lo ol pelis & Y

3l

Sl ot Sl

294 JiSw Cund 9 S oeols
ué.)d\fs;b »®9 ol YL\

ol a5 0550 (oYU Jlaws ot

b S>o5 slaosls acgozms
Vb (S bl b bawsgis

S s Jelos b (S5
el 55 0550 (e S

(SOt it iyl
@l Yl SLIPI L Ko

@S o Slass] Clidss Gaa
b e g u (o Gled
Cewl osls 51 o5 slo Jge 3

S a0 slo Jow o Slos 89
FBlao 4y by po Slol3ll w0950
a4 ol S sieayglp |, ol

Sgs 0, Nlas jo i JLis

SPH 5 5,5¥-( ksl aiile ooz goue slaos
7 sose B 4 a5 Coabad pac ogilly jsba
Joe i B b1y (Supd slpmndlSe 15 wi)ls
scaahd sae glils 095 b Jow cpl (Jb cpl b oS o

s Vb ceaS b gloosls 4y pw s 4 baie el ol L
g Coxhad pae Cupie gl ad i LSSl oolai]
Jl 5 eon Gl Fodssr o el pdy e
Slaalie 2l dats; ple s ous siledae slas S,
5 3 aels g bo Cudgaze 5 B, 0 85l Jold L5395 <35 g Lo yiel by Sl (g jlvdinS by, 5l (20

2ol ol p ol puc Wyl 1y Cuslad pae rals ity ML la Jow ais

] OM] LS""&A £5<



wedoles (2 595 g Wpmundlo Judowi 1 fy a3y (Sl 3 2ol (659 0

Yy

g0 (Sl 51 B gy ple g o0 Gilwdo G0 g) Glamalio 2b)-F Jgus

9,599,
Silw oo

cds

[LYSFICTRE 7Y

S 3,15 dolo

w.ﬂa&,m.\.c

_ oo b lawgie
58S Jowe

sboday sl
CFD i

(2559 S Lo

Seles sl YL
(o8- Jlw &S5

&3y Jae
sHIY-s ksl

$5Bss Joe .
’ ekl ¢l

S kshoby!

(‘r‘}*’) 6YL€

Co e sl YL
sl Sl s
Tobw 3 S5

(e3uzm

SPH b,

sl Jse,

bwgle b ol
Sl 025

slaJse

Owbile 6 S0l
(ML)

L) YL ol
(BB slaosls

EPE SO T
5 ladge p 4 1G] (g 55ug Soe
les pas 225 sla el
Cg b S e p 550

I e Slale a4z
FB l)d olass jo Coogame
Slp 0995 el ¢ jluans
gy YL s slackale

S Cple (28 5 ony0l
w0l Lol 4 51 o2l)3d
L) YU Slasbrs sloas o
cbale ¢l DEM/EL 5l s
oL

Gaow YU Slaslbre slaas s
4 5k g0 bl il Fodzmy

ale) Lels eudas sla el )y
¢smoothing length

aals o> sbrosls 4 S5
558,85 000l wgaze 0,0,
IS 56 sle el 5l s ke

BpslSo alas pos

Sl esls 4y was Sl
S L s (6 pdy e
slodls 45 55 (ol anz)
CebeS b g e

5 59 Sl (St
Sldlas ¢ gwsige ()b
sloanslio oS el by
sy &S Gl on il
00 s Jole (Glslone
Sl
G50 glapucilis (o) 2
i 85 g i el
o Jlm (3235 Sl 4
b g, JUE! gl el

JEl bylyo 6l sl
b cdale b g,
95 slagl,r IS (gileans
3l

skl b olpl >
ials 5 sl IS

Seeliad 555 (55lwad

Yl jo lyd

2 sl g & e glo ez
s oS loj ol Ul

Slp BB slaosls a5 Sk

5 @00 3925 Jae (339!

lold (@ i @
ol slagSl

0dliinl )90 (0225 sl Jge 8 5l (2L
slodaa 3 AV IS gy JLm
RO

S e el g5l Joe 5l ot
P9y 958 oS Yslee
Jas 51 518 S oty 5 Lot
Fad Judow il Lol s

B85 595 s g oaizle Ll 5l (56
30 Conhad pac dlugy leieas 5B g0
251 G S o0 2 330 Ao

Sl e diad o3lail Ll 5l 56
g, «smoothing kernel)

cusgame 5l 56 Baas YL
u.i;,d dLas‘_g)'L.woL.: 9 dzwgd L;lmaob

ooy ConeS 5 S 5l 256 AL

obews duaz Cole g ¢ Joo bl ¢ 590
Aol o) (s3leseS Lo Jae (S

(852 LPIML wiile) canss slo g,

o

JB bl ol g oo anl Slas sloosls b a5 olKin

.(Nandi and Das, 2025) s ,ls ss>9 4>
Jse,8 ¥+ awslie L Vonkeman and Basson (2019)
2 7 BB laoglss e b cnl &5 adlh e 025
lase,d 5515005 b slooliass (Kool Bos (st
ol ls (Sl (Hly Gos 0> 5l S (oS 4 Rl
Lgsyo Jloe (1) 1995 o 256 Jole [l 51 Boes Cusgasme
Slogilel (e Bone 05250 (sl Jsa b imliie i1 4
Gl 4,00 o5 wits Sz b ;o (2L
By 2l sladaze 10 g ol ez Stalins JalS

5 oy wlbide lacgogass Jdo 4 ‘QT 3 P e s

g0 Snnind] | s oy Y Sl —V—A
Skl Sligw; Ghalo® 5l bgy anld S (ndge (St
selizd Il ol SKon a5 el ST Lawgs Lol
Ol 0ad ol @ e (2 b Sjlang Sl 4, baojle
b lr salS comal | (Sl Boe 385 it
sl Joysn g doluld slaogsy l cblis 5 el
5275 Sladgers 4 bane rdge (Stenta] tiw iy
oobie o aRabel Jow lamulesl 5l samleossa
sladge B opl & b (Jlo nl b cl (S S5
oot Wgdos Jlasl (Hly cwiige laoign o (0



YA

VP 3l /PY by [T o ke 1Y+ JUul oyl T idg 3y alxo
B oAl A ) ol o293

ol 008 (et JolS 5oy g Jolge 95 g (S|
L loulide ;o Jlosl pliin a5 358 o0 ala e 4 e oS
(Suietal,, wms o lisl) s BB 6 bl dagy L
sz ol oalSe sy 5l o] Sligis 2023)
0055 ST gy Salins 5 Sealindg e o oliio
T 5 Boe 0 (rope (Somal ooy Sew a2
S5 el & (25 ol 5l iy Joe ios
JRPEEVEENE TIPS SURPH-t RPN S S0
@V Jgaz 50 oS ool 2 Jolow (cwsiies (ol Ak S
Sl Boe mihn Sl 2 sladsed amlic
g g0 a1 alizee sbvojle Il o Jolas

A o e Camd gl OYolae gyt cobB A IS o
odds gy Drgliie 4y sloglis )| )0 calisee (Do /D) s 4
eSS -z JSs o Pandy et al. (2022) aolee ool
SYole a2 o plid be/b Sl @ ) Celis
Jahangirzadeh et al. (2014) 4 Kumar et al. (1999)
g 2 co LS 1y b /b b osl oili8l wig -l ISl (o
Sl Jahangirzadeh et al. (2014) slo coiin
Aol s b 5 b ady S o ool sl S aliilo
aolee g o,y b cowlus 55 Pandy et al. (2022)
Slasbe/b L1, a3l cauliél wig, Kumar et al. (1999)
55 bl 4l 3558 51 A6 Al gl e
be/b = ) o sniny @Sl 5 Sl (Sl il
o -0 S8 il bl 1) b Jae Codgaze 2.5
elas,l g 4y slo o ,e (sl 1, Farooq et al. (2020) asles
sloady lp 5YL o3l g 00,5 (o) p Sglite oD
Slogaye 3 M el gl axg B b 5 155
oadodmlice glaosl - JS&b o o oo plis 1) S5
SYobee Lawgs saddiwlxe sloosil b (Gl b 5l)
4 Jahangirzadeh et al. (2014) Kumar et al. (1999)
doles  .ailoas  awslie Pandey et al. (2022)
o35 a5l i | 003 Jahangirzadeh et al. (2014)
08 (oS A 5l yieS Pandey et al. (2022) doles g 03,
03gaote ,o osls 5l g8 BB idw (6,5 1,8 0929 L]
pas o o i gl g bosls SauSly as 0 Ve gl
Kumar et al. (1999) aolee a5 oo ylas 1) olocoalad
Omb 9 Vb sleodsl (ot )0 (g B sl
Gt gm0 SYolee A oo o ol ails
e g BCudgaze 0,15 dials dulie jelitedy  Kiwcisl
RO PRV PUPRPI TSN

sba ol e |y (Sctin] 0l S deolKisle;l SlSe
Bo Sl s pSojlail 4y e a5 08 (g lusand 380
Jeol> 00 oy polie el aS 0gi o Jolbss K]
=l o0 5l e Lol e |y (aRlesl lazalesl |
Sl Goe JS5 il onl 2 edle e s
St 2 bl pair 4 Saadly o conl (e (ol
5 @bl Lulid o sloosls a5 Wil adl L
(Sui etal., 2023) oS o ez 5 jrian |, 2Bly lame
oz Vgonn b Jga b sontoslis 9 5l o 6,55 Glos (V)
lsle s 5 JToss! slailszal slolislo oyl cleisy
By sl &5 o 0 S o0 58 1) SIS
gy Sehss ol (bl 5 bealssg))
Py ES19S5 08 Slhgsy g oz 6,8 Le lasiglgd 90
i) S ppmesilSo bogiluosls oyl ki by
P8 oszse laoe g wiiS oo nds Dud @ ) b Jge 8
(Nandi et axies saste Jelse DMl S ol
ooz sloojls L L 5,550 (Y) al., 2024)
Slp ondosle Lyl co Jol a0 50 S92 50 slaJge 2
o Lyd (ewarge Lol digd oo gl 00 laged
ooliis] mads sloog,S wiile gloduzmas ol 5l 03,2S
a e Wlgie bap] 4o als,S U5l ol a5 WS
2 FSas s (Srets] Goe 0 azy LB Glaclis
S pSolal bossay (nlogd 3 5hie Glaged b anlis
0 J..\_»L: 8dde

2ST 5050 5,5 (F) .(Baghbadorani et al., 2018) <.l

sbgsloass 5 glas

P sl Claalio b o) sbosls ulul 5 o Jge,8
dcgozms odgdze I e ald o LK aiiie
B ey ot s wigd oo Jlesl ol slaesls
Sgazme (o) > B 6 a0 05 5 whoe a5 (s
o Jge,8 cnl (o5 ,sbas .(Nandiand Das, 2025) 5% o
asle ot e Sad a5 AT jLan sl glaolyg, o
3 Ol m ol g ads Slgr SMelS Lo aligum 5 Lo sl
odlitl g banrls (Swisl Gz Smiiw slr W

.(Jazaeri et al., 2024)s,s
Syge ) (kb Slido o 2y BB slacd iy 4z S
Ll el o Joolo gudgn (Sinisl (Gt iy slaJyo s
Sdgerd ST .wsl (o il oS JSiw (uaiz 55
S glaosls b (ol slatalejl b s 95290 4l S9nge
45k e gl 03 Sl g wload (i lLiel sgane
anlp b Saos ol poedle )l i anb



wedoles (2 595 g Wpmundlo Judowi 1 fy a3y (Sl 3 2ol (659 0

Y4

ciliseo saojlu Blybl 5o Joba (Sowcial Gos (S lp (2575 B g0y dmslio -V Jgu

YT RE 7Y

ol o6 Loyl

Jool Jgo Llse
u;Lmolo cs“"u*“‘ C.LL.J ‘_g|).37\
HEC-18dslxs oyl g o, Slee 2lKiles]
Arneson et al. p bl iloosly glonay-Y
(2012) ool f&@uj sools 5l sob;
Sl 00 ols
FDOT dslss S5 5o B 50 1) Sy ole-)

Sheppard and Renna
(2005)

calizee JSol @ 1>l LBE-Y
59 0554 Slae slaosls jo-)
Q)L) 6’9’ O,S.Lo..c (OJJ) ) Ja;l).w
Qi et al. (2016)

21y gy slaasls o5l L5E-Y

SpSe B

1 yS llas sllas 5 YL cds)
Syolel el dlolas ] Gas o

Baghbadorani et al.

(2018) A0 1y ez alSul glaojlo-Y
SpSs
slogasls cos 1) YL cdas)
2 Gome aolee and e s dasia (g bl
Ham(ig(i)g)et Al S ol 85 4 S Sl T

QOCE IR PP CRUPL R g

S ol g

S Solo uliia 31 50
Sui etal. g doles & xSl le Sl

(2023) o .
SpSsr Ao 1) e, sae Y
lie b il (55,0 i gl

S sl O PREPRER NN IY
Crowley et al. . .
(20%,0) o3l slo S5y Sz e (oo ¥

alyd

WS oo S sl Jols (Sueal
LS)-"-‘-’JA”U 9 Lsﬁ».'\.;dUa.-Jl—Y
a8 o ol B ) 6 e gl

Tang et L alolas
al. (2023)

Goe el Sl slaosls i)
Wiise Gt 0 5l G |y (S|

slp MT G (S e C8-Y
el u‘il" LAV 9} LgL:obo..fa

5 et el 5 by B (a3
g 8 03 eSS A
ClalSul b 5,55 5 j0 6,k slbcuogame-Y

St | G g28lg a5l eS pass-)
Lalys sl oisa) olfialesl slaosls sl
(JY; &1
1y (Sl Goe 9> 5 i eediY
St Glas 5 55 4l b slaelSaSs

S oA

i sl iell 9550 50 (ol (slaosls-)
Col 5l 0y5e Ol bz lulyi s Jy sloarly

LRV ) :L.......;"' 3 4_?_“[_,“,\"

é"’“ ;LA.CGL%.)).?)[S)Q Sl ’S.,o.a*\
Wi et 9 5l Gy (95 ) (St

e sl ol @Yolas b ol e 2 L-Y
Sg oolazuwl

O9de g ) E95

3k 990 4] (6003585 3l (65 Gree S ,0-)

Ayl sgape 4 5sd / Dso ol polie oY

A 5ks alo gy dwle 5,90 y0 05,15 cublE-)

ols iy ol

Wb Sguge Wb o5 Gl Gl o cds-Y

L J‘ 6[.&:4\-3[.; 5‘]-} cowlio—)

ool awain

Sl bl (61 Goee-Y

Lk sloal lp coslior)

ool awai

Sl bl (61 Goee-Y

o Shas Logas #0-Y aolee)
3R PO-Y & cos (550
L el sl #0-Y alslaaY

e 10 b 0) Lawgta ,lad
D/Dso lawgio slacansly

gl g0 Amogs

bosezn b aly sloojls
Alisee pwain la il

».j » 614315.';...;‘ 6LQAIS...JL\

JY;

oBiulo;l jo oo ooliiwl JB-Y
a0 Ry
Lo ;o 9 5i slaget-)
P Wi dae oogasa-Y
Sisle g @lyd ojlasl gl -
ais] 344 o o slaools L-Y
Sybien (Sl

eed 2l b gty Ll -

CS9iSs et (S sl Y




VFed 5ub/PY by 1Y osles Ve Jlwl ol pl ©F Sidg}y alxe

f.
. 80
80 ¢ kumar et al., (1999):z/y=0 (I @ Farooq et al., (2020):z2/y=0,h/b=0.15 (
. lf“”“” etal., ( ]?()t)):,/-',:“'::/ ‘Q O Farooq et al., (2020):z/y=0.h/b=0.3 <
£l Akumar et al, (199927025 A 3 AFaroog etal., (2020):z/y=0vb-0.45 X
= 60 * Jahangirzadeh et al., (2014):2/y=( 560 ®Farooq etal., (2020):2/y=0,h/b=0.6 A
) A 4
7] @~ "?
2 + o g
; = 3
z 40 4 =40 X
3 + v =] = A
o
z < = 2 U
5 20 2920
k& s, B & 2 &
i=} &
= + 2 P4
0 -3
0 X
1 2 3 4
be/b 1 2 be/b 3 4 5
X Pandy et al., (2022):z/y=0 (G 100 & kumar ct al., (1999)
®Pandy et al., (2022):2/y=0.25 +20%
— 30 indy etal., { VEY 80 OJahangirzadeh et al., (2014)
Q © Pandy et al., (2022):2/y=-0.25 e
= <, A Pandy et al., (2022)
2 2
] 60 ] -20%
% 25 e © o o & 20%
3 ©) Q X X X X =
I X 340
> |51
2 20 E
2 X X X K 29
= b4 X g
= (=]
23] ]
15 0
1 2 3 4 0 10 20 30 40 50 60 70 80 90 100
be/b
¢ Observed

Al Y slae 4 4z g7 b OB Cilizeo gl ) b B oalscain g sl 1l S b dly (ol 1 s 5 b Sotuanidal LS 053l o pudi-4 S

o U yiol sl (8 pm0 g Ly gusms o0 LS dold dumgliio jgliiody ( Sowaiia] Bos (S o2y OYlro-A Jguo

abayl, Olxusgd S 30,15 dold by dguxso pevy
ooz Lulys sy aly SlLl Sos)] ol
s ab Uo,e b Swito] Goe Y FOCR L S OO
Vo Ve2 : Hancu
ys=2.42b(2-1) (2033 Copo o e S bogia Vol laSlas s otV /e St ¥ TN
JE Qs g (Sl 39550 54 gmsy & o ailinl 4y o33
b}.u@ oolaiwl aw;& ulJ}.m) Ls‘],.‘l :yj.a.v.a -Y
H f e al b Sl Gos:
ys=bfKsK6(2tanh?) 4 J: SLCO ‘d"‘ T b oy ale gl 4 )
v & by S o & iy
f=0  5<05 "U T .K ' l e Ll g o pite lodsly (sl i alaf Y Breuslers
v v Slp guoral o po Ky 1 Flypn S8 pu _ . B i etal.
=2—1 0.5<—-<1 5,55 pkaie Load ()b, b Slael aBisles]
=% ve e gy K 1y aly alos IS5 S T ORT R S S (1977)
f=1 ZI>1 . T ool 00
Ve uld,o.c.H‘dlo?msbebF‘_g‘):
H
ys=2b(Fr—Frc)0.25(;)0.5 35,8 dae by o] glas 5 il o 05,8 sae 4yl )
H -
ys=1.85b(Frc)0.25(;)0.3 b al ooy b Ss] Goe s W PRV ARGt S Jain and
P 338 008 Fre 1oz 058 00 FT V5 ol Ll s st i S, slY Fisher
e 1 gas H 1 ) elio (1979)
0<Fr—Frc<2 Sl Goe T ¢ Sy Sl
Frchl:;_H ol e s 4y S35 Lyl ay alaf ¥
; 39,8 33 (e ailg; 5l gloddoslu aseus-)
th ab oy b il e i
ys=184b(Frc)0.25(50.3 i JONE Jan
g:;l Gos H fg.s"‘)""’? 09,8 dde :FTC R i i L . ( )
w‘ WJL.Q owf,c ulg}.u) 61)'.’ )...»..‘J—Y
Sl e & Gl S s S 4 Al
*;}id%liuéfc:b*wi&“:ys .cm;lH/bq:.mjws
B Vo e Ve b e b V1S ik oy s slesl sl Y _
ys=896b(2 -~ 1)()143C) AT e N Khalfin
c J& olis g (ol o H ¢ Sl 09 0 oolauwl Conl s (oo Bos (1983)

H

wb ooy

asals gl alaly ams o GLEN ()lg5 55 5-Y
RO PR s by 5 dwaie 1 patise
505 I 3ot Syl d 4T




fl=tanh[(;:2)04]
fa=1-12(In;y?

f3= o

= b b*
0.4(d—50)1-2+10.6(a) 013

fgm ) uba AJL..Q )‘!45 :dso
sla el )b & anls &l of, f2, f3
SS9 5 gwiin

e Jlse (ol (§9S g gl Jaloni 1y sy (Sl 2 ol (5590 "
alaly Olxpusgd 3 39,15 aolo ey dgue X0
X ys=KKHKdKoKsKab sy al oy b ¢ St Gee s
1
_24]/_(]/‘1_14) V-, -V sy Jawgia Ve ju o o K ol ol 5l glasgaze sl adail o)
' 74 1A G:AC)a&:l/‘l f@l)zgc&)w:l/c b= gl iz slhawacs ly ol ply
o y2 K 15099 Dy Lawgis el pelas BB g Sglite Ll
V——=V) s 4 ol Ges Cans 4y auly gy o5l 4 abal ) sas oo LKy g g Melville
k=24 ———>1 Cly oy Ky o0l as H sl sl e by o & Cen and
H ¢ Sy e B o See T G Tl e R O & e Sutherland
Ky =1 E>2'6 hogie ol 4 4l o0 Cos ool ootz 1t Sliga, (5l YoaneY (1988)
% < 2.6Ky =0.78 (%)"'255 gy 3 aile b w5 toges, Sy sn
b K «bga, sanails co o Ky sl o5l 5l 7,15 awasa b b > SHF
Ki=1 —>25 ' e ' PO
dsob ) o Ky sagly aélos JSo oy ol e als s sl Lol
Ko = 05710g (224 ) —— <25 ~
¢ o8 dso/ dso sl
V-V, «hal o, S il es B
YS=KaKGbOSHOId50-007 gy ¥ TS a(n = 1) Y ol s
- ¢ e u‘)d AJL._A ).143 :dso fy‘ d,o.c :H ,
n= 1JY) ol Jml).u le)‘.' v L o v M‘BI/C e‘_\....‘c){.ol LS")'?U us).mmd.la.ll)f\‘
_ : ¢ > o O I 1S _
Ky=046d50-0005( i , Gao & Ku, 76 0RT S B ey T e bl sl ol e
1989) S S Vo Gl Co s s Gao etal.
e e e s T el frlin g 1993
Ke= gt oo (gl g by U3 56 Lylys 4 atly ol M soals 2o ( )
; W1 Sligey 95k Glr 5o b al sl Y
ol 2,95 2) <br> (Pguy Jo b Y5 O & | sl o
— @ 0.053 . i Cewl a8l dmwgs o..\......oj.._:
Vc'=0.645Vc( ) ) gy b bl o K » ‘ )
ol b sl olal o5 ogesy ailio yad arF
Jﬂw oo Kg <br>
G5 b b (ordge (Sl sl
_ ; Gy (§aals (UK dwas @l dwais ol )l
ys=KsKiKupKiKcKa (e ol ore b o (Sl Gos Y5
~ 3L ol
b . . . K . H O & e 9
KHb=2-4'b — <07 A;Laodi...;%)..o:sfgld,@c: o A
H i ) L;‘>§Lal w|).4 )l 6“""5""’.“ S ygods dja.gl)fY
b Kyp b g9 cupo Kp sl ) )
Kyp =2VHb 07<—<5 ‘ i Ll g el (6l g Melville
b ) ~ RO P G>b.]a (1997)
KHb =45H —>5 L_;\.\;.gd.j‘o £y wb w).o :Kd Eg‘
KGZJUS Awdid UJ)@ ‘JLI[S AR w)..c :KG g
ol bl Liel oS sl
sblen ol Ky . ‘
9 odin b Slgay slp Jgoro jgboar-¥
gl o0 oolazwl 5L b >
v
yS=2.5f1f2f3b* 0.432 <1 JJ 4_\|.\ d])_u - " oS st LS‘)%’\
\4 Vp v .
-1 —_—— Jy ol e
ys=fi [22(c=) + 25579 * b* T TP e
7ol ve1 Fyo B DT s Skl Bae Vs i g et i (shaalad g0ty alad Y
v v . .
1SV_¢ <7i bl adles JSo cu o K by sl yezndV V) e gloosl
ys=22fib*  —>2 o bgio V sy w0l 2y 04<V/V.<1
w yige bs b*=Ksb ey Wy sl ey Ve 10l 2 1<V/Ve <W/Ve asnréeggirnda
Vp=0.6,/gH or 5V. ol Goo il (JB UL G ez s Vive> W/l (2005)

09 oolitl leitas Wil aojl el 51 )5l il
o3l sV ez ye o DT Ay e b 4 Y
Sl Gilenlsg g,

Obyz &5 (alpd g oatuz p Sl 6l T
el flin ol & o i ) VL L S0y




Y

VP 3l /PY by [T o ke 1Y+ JUul oyl T idg 3y alxo
B oAl A ) ol o293

Srosz)lr (rized il dnwgl oday Sjd (e
5 lyb 5o oslitul (gl oolel ool Yol ol Lae
(onl 992 b loads aslil 00,5uS jgbay cwdige Jos
Jlosl oV gl o)z Sl ¥oles 1 oolical
laawain ol Sdgyae Lulys ol oo, (ole)
) e @mls SuSlny srys S jsba (al ools
@ (Al Sled b xSl ol bt s oe (il
s sl BB (8l slafy Llyd g oeliie 4 (Sola
o Ol G Ml 9 Slee slad 4 b Jue (305 )
e id ot Cashi bl ST slajtagl o0gd oo ules]
olyod « S5 Sl b (St sladgep anwgs g oy
woll Jae 3o piyeslitul § w5 b oozl |
b

Sl sosls o408 -F

g il (Mo 1By 50 Glae slrosls 55aST fdoay
ois iyl les jsbay (Setal ply o (s Salibls
ol Bl g S abiblons 5 tas] Yo 0925 Jlozo oo
JU avse wandb L aRabgl elas ol )l
(b Slgw, plp o col s Alas o gjlwesls
woinlesl Sbej slacusgama o Ss uue bl i gjlwesle
38 Sl dmgygns slayelly U5 lacasgase
plo Jalss 556 5 xed sloojls ;o laJses Sgazma
Sl dew @28y o (Sl g 5 o JUI 51 Sl
o

J sl (Sl o slojlo (g pdyeml (b5 -0
Oleje sabar (Cunsls Jlozoh) s ] 5 Joms s>
oxkid S5, WL oyl Slollas ail line oyl
5o sl o axly Hlade S 1) Siwiiol Sl Ges 5 aiyl
Jols 5 Jolge o)ls 9925 (ool ; glacoalad poe o5 Jl>
A S5 5 Gamlaigd Ges wlse (ol oy anaia
Lagie 6 Lo lalod ¢ Slgaam ws jl el (S
Ysors bdll> a5 Jb> 0 wos o &l)) Siisl Gee
gl Blad glojle s b 0wl g wiloousy

SYsb Sloy Gl 5 (Sl Gl F

Sy sl SYsb (Sloj slags y 3D (Gl 5l S
Lilyd ol Fab g el w5y 09 el gk
(e sladsep slacusgaze cCwl e (Su3ls e
laceakd poc g oy Coale 385 oy Slly pas
polhe il Sl 00,5 5SSl Al 1) Slas o e by
502 a3 o pie gl (Sl axts slo ) slaarly

(Sl Slalllae Ll 35 -3

o) olaae (ol S 0o G ol jehaie 4 isu ol o
355 el Sendd (59, 00l plamil Jlow bl 059>
el 00l A Josz jo alides slo et o Sladss

i gl yglS 59 2 (UM 35 w0 Sl -8 Jgua

e S0 5O . . .
29 SS90 35 pod g (om T duo)d
2955 b

RSN ez 6okl (gone (Sl (goae (g3l oo
o, V0 KV Slasl jg,0 9 Eoian igd o2 DYool
RS TA 155,01 Sl Dlidos o lastisl a2y

o3 W gl (esran Ghen SISS [ Gek da e (sjluaie
doye Ve g,

Qoo VY o e g LIS Ll sl 580 ol le T cilabios

2by® slas il iogm, Sl

laaly (Sl o)l)s aslr 5 59,4 5,55 (ivgih ol
e s o ,Sos, b bhagly Setsl ole ams o sl
Sl Ebie ol Slagiuy Sea g Sl axlge egie
Coabd pac 5l a2 gh BB Olrjo b (Sl 551 5 00ile
S| c‘).o.Q

gloxl 0905 g ody 8y (Suzey )

Cagi 1) oLl (Sisujeea (Sl B (Sazy
b g lah) G s Sugy pimes WS (o
el S 4 ol Gl wlasd, K ol glaans
9 BB LIl el cwdige i ozl )l 5, Sen
Sl Saalizd) (53508 he8 (g 2 lantige) o S
aile (Slgyee sloyiel ) S yee (Slige, &S >
@ oy gwl) SSS5) 5 ojle (owdige 9 (Boe 5 S
60,5 lacuoguss o u_ali....:Le)T .b.»‘)...q—\’

sor @5 & dh sl (St oS W0k ol Gl
5 0as S Lulpd )0 baee 598 slaasdl Lol scanl ons
Wgaome lejhae laul bl 2) Sl e ‘Smli;'.,{u)'T
Coadly (S5 sla yuliie coolu sl (19SS Sligu
e cdillas Slusyd pl by Jes

@lie j950 olol p 0ol (piimghy (sl pamns -

..\!bob_a \)Le‘.».m.u o..\.;.ﬂ (5‘ﬁ (GO0 ‘_gl.m).w.,o ].ol.> )90
5 PRnlel slagnlel Gk 5l ey Sund o
el 03,5 Lz 095 as |y g0l a5 (so0e sl glwais
Fsd sl b (Sl (i sl e, 09550 ]



wedoles (2 595 g Wpmundlo Judowi 1 fy a3y (Sl 3 2ol (659 0 FY

95 Oloee 3 3BT Gl la oo b ;000 4 Sus
@D g &8s G Jols jelareay

Ol osls b o Jus Solatuns i liel g aglae @
boladoae Sloyiorm 5 Gammlrdl cneaily Slowe
2 St Oleebl CebB Gl sl Slaee slaosls
g (oodien slotare

W glspgol lulyd cou ame glajeite Goizen @
slael ColB U wigd Bld Wb Jow oszjlz o

b dgge Doy slo oo ien

& S 4z -Y)
pos L BIS a5 oy slaaly (Soetl sy 5l gl S0
O Bees st aiojls Cewl ol pan gl 3 slacoalad
5 bl leoySisy 5 ol pwaipe «Sdgpaee sl
Ol shals 0,S0g, pl el Caadad poe (g5l oS
C"""“’ L Lg)‘d.e‘ij 9 |)?-| ‘@‘)14 6[:%,.:..0..43 L ‘;LM..»A
Al 5 by s Jelos sl 00 ool B 1) VL Gl
sl el )l aS aas o olis sl Blbl Szl byl
Sg g al wais S50l Fee g S aile oS
Oboied obar (b2 Ges g Slgm) ploeadl 5 (sanails iy
5 oz Sudle )8 oo Sl anld (nl Gud g e
bt Gl ngs ps3) eyl ly ol it S
lo,lxe g dasie ol (28,5 Jlas ooy ol aS |, 5580

Sit] 5 cblas slas S g, 008 co auSE il 65 LgS
~ Sy s 0,0y, Wed oo pueds ol s g0 @
oolatwl g bz plp jo yiuo Caaglie Cugdi b aS (g sl
Sl als JUis & (Kioyd 5 (Siw slacbli>
o sla b L as 0l e 23lol 3,805, 9wt
Ol (Sl Sab b e i lp sl slanid s g
g Ll s 950, 99 2 s e a5 1) (ciale b
SE8, @l awais ( Jowe Layls 580 bl L ol cblas
do oS F 5l g 485 S50 Sy e slawm, 9 «Slge,

Do e 97l So B o o S5,
el gz g0 slag b aS was o lis iegh (nl slaasl
pac Jdody a5 W5 )ls A ST wdige Siglad g oy gl 4
slrosls jo Cosgame o 20 laly, jo SIS slacoslad

logdee h 50 pali b (b 65kl 4 e (Slae

505 ol Sl S syl el il osls Ll
2 (Sl glops Gl 5 05 aalys wied; )|
WS oo o2l B S8

mlio b o, San 5 ootyT Sligios laljll -V

395 ey Fxko Glaatyd Jled o8 lie bl gy ooy
SLOLE 2929 b .0gd yomie 5 ke (Bli> la >k 4 g
Olpls el gy ool Clidsy 5l el cons YL
(s 9 WSl (Saie Slajli b guen 5 59 )4 b b pole
LS oS mylio a4y e lagme 53l oy a8 Laie

Orile 6550k 5 (3l o 2525 sl Jge 8 -A

4 Ll washe adsl (pwasge (b Sl (225 slade s
Lyl b 0 wgame ikl slaosls g ools s ,d Lo
059t (gode (gilwal LWl Cusgase (adly cwidige
S5 ol zedgs (2Ll 5390 bz laoe
(Jo nl b sl oad Jo (cotn 297 Rl 4 g 0)ls ],
Wlg5 o (i liel losls 0905 3 Vb (Slowlono sloasy o
sleesay rdle 550l GSLSS Lall Codgaze
g obwdsr Coole Ll iS00 Joo 0o I Sl
a3 oo Ul 1) 00 S 0,5 ¢(6 iy Jlatl oy s g
bl Sl b 5 b o] 520 do il -4
Sl |
b sladalgies 5 a4 Sl
(il Sl (bl bk ly Sl
Sl osts (Sia] jl cbilim (0,8 7)1 00, 5 5 (5,
SllasMe oyl 3gzg 0,5y e Xw globles
slogyb o wl Gl Gl Sl 5 Ll W SSis
Boas 55750 (Sl 5l cbliz )b g Ll clilix
Wlgs g0 4S5 Conl gwdige Dglad 5 o2 SYslae 5 e
S9h )8 slagaki g (b (Kol 4 e

ooyl (Slo s g (i Lkl (o0e b Joe - ¢

Sl Kol o SPH 3 CFD asle goue slo Jos
zy P glaoylies g9y Ses lapansile
Slalbre sloanie byl o ls cosgase Lol wslails
5 Saedds slagiluwans o 1) gl 0p,l5 a5 casVl
oo onl (rimylitel L aiS o Jlpds (cwiige laulie
sools L a5 cul (St aBasbesl slaosls 4 kel
s57e 9 ol latagsy 39 pe sl Sglie Sl
Wl o dS

pleal aile ( owldosiz g oS 5 (g0 o Jus dnugi @

R Q‘..\.:.A aLws al o 6)‘@50 ul-’)-" ‘_gLaJ..\.A



F

VFed 5ub/PY by 1Y osles Ve Jlwl ol pl ©F Sidg}y alxe

10.

&lw
Akhlaghi, E., Babarsad, M.S., Derikvand, E., and
Abedini, M., 2020. Assessment of the effects of dif-
ferent parameters on scour around single piers and
pile groups: A review. Archives of Computational
Methods in Engineering, 27(1), pp. 1-25.
https://doi.org/10.1007/s11831-018-09304-w
Aleksandrova, N., Emmanouil, A., and Van Duren,
L., 2023. Scale model testing of eco-friendly scour
protections for offshore foundations and cables. In
ICSE-11 Proceedings, International Society for Soil
Mechanics and  Geotechnical  Engineering
(ISSMGE): Copenhagen, Denmark.
https://www.issmge.org/publications/publica-
tion/scale-model-testing-of-eco-friendly-scour-pro-
tections-for-offshore-foundations-and-cables
Abdelhaleem, F.S.F., 2019, Roughened bridge piers
as a scour countermeasure under clear water condi-
tions. ISH Journal of Hydraulic Engineering, 25(1),
pp. 94-103.
https://doi.org/10.1080/09715010.2017.1420498
Abd El-Razek, M., El-Motaleb, M.A., and Bay-
oumy, M., 2003. Scour reduction around bridge piers
using internal openings through the pier. Alexandria

Engineering Journal, 42(2), pp. 241-248.
https://www.researchgate.net/publica-
tion/268378292

Arneson, L.A., Zevenbergen, L.W., Lagasse, P.F.,
Clopper, P.E., 2012. Evaluating Scour at Bridges;
National Highway Institute: Washington, DC, USA.
https://rosap.ntl.bts.gov/view/dot/42053

. Abd El-Hady Rady, R., 2020. Prediction of local

scour around bridge piers: artificial-intelligence-
based modeling versus conventional regression
methods. Applied Water Science, 10(2), p.57.
https://doi.org/10.1007/s13201-020-1140-4
Alizadeh E., Qaderi K., Gishinzade F., Madadi
M.R., 2024. The effect of abutment geometry and
application of submerged vanes on bridge abutment
scour, Iranian Water Research Journal, 18(4), pp.
67-78. [In Persian].doi:
10.22034/iwrj.2025.14692.2586

Bento, A.M., Gomes, A., Viseu, T., Couto, L., and
Pégo, J.P., 2020 .Risk-based methodology for scour
analysis at bridge foundations. Engineering Struc-
tures, 223, pp.111-115.
https://doi.org/10.1016/j.engstruct.2020.111115
Badir, Z., Asadi-aghbolaghi, M., and Ghanbari-
adivi, E., 2026. Experimental investigation of the ef-
fect of wedge-shaped debris on scour depth of
square-shaped bridge piers. Iranian Water Research
Journal,  19(59), pp. 19-38. [In  Per-
sian]. 10.22034/IWRJ.2025.15163.2675

Bento, A.M., Minh, T.Q., Ferradosa, T., Sousa, H.S.,
Nguyen, H.X., and Campos e Matos, J., 2023. Study
on the model to determine riverbed scour and the in-
fluence of bridge construction on riverbed defor-
mation. Olympiad in Engineering Science (pp. 69-
76). Cham: Springer Nature Switzer-
land.https://doi.org/10.1007/978-3-031-49723-0 5

Ll (Sopd Sle a5 opim ladoe darwgi ) (ol
ol ot Copalad paic (55l o5 (sl b i (5)le] (sl S0,
g Dol Jlawe glecols 1 colaiwl Loolyes il
ke el (55,0 (55l o Jae Siletn i Liel
TR HIPCIR A PRSIV RPN WEL PR ES
Sl Olpear (Stal Gloj slag e sbml 5 Lol
2GS el 31,8 D9 Gl Glas o pae o Sl
Ly pesite (So38dg0ep sbaeed) 5 sonddl Ol b gzl
2L (Sl oday J 505 Cu e 45 95l o0 w0l
Lol 50 S (o0 S 29250 slacualal pas (285 L
3 olrand susd g (Stol enay (la Sozn 4 4>y
5 T2ly SlSpeal ozl S e (sileh sleels
wbla> glagiliwl oSy o fane Bl Gl (23
03, 5 5 SIS eo il e b 4 bgy e SLITL ol o
Sl s ol @D (el b el (65900 53l
Sty 005 (et Wojgn olamdl 5 (asrecin;
g Caie Jb 5)en b (ST slogiagyy o5 o5
S5lossS @lp sl )5 slabgy damsi 2 ol 2! Sluwia
L bpeeal slolnl g oo laslis] coselad sue o e g
szl b Wisd 35 pete Sedily Slige sloesls y 4S5

g ol Siatal Sy o pe gl ol

s lin 3L

el B o g5 Ao Al 550

Woold ay  ow yiwd
el o 1l Alie e j0 ol g OleMbl don

OB e i Lo

5 Olpg (o) deosls Jdod g b 550 1 gl oatunsd
s S allis ool

@lie (5 55laaz doosls adgl Jolowi 5 (5 55laaz ipgo osiny
Al Giolpg g 5,5

PENEIN
ko Sl pl lasl g sl o 1) DI Jgol Bacs s
Vel Y LQQT Aot ol 0,50 9090 (pl g Wlodgal Cule,


https://doi.org/10.1007/s11831-018-09304-w
https://www.issmge.org/publications/publication/scale-model-testing-of-eco-friendly-scour-protections-for-offshore-foundations-and-cables
https://www.issmge.org/publications/publication/scale-model-testing-of-eco-friendly-scour-protections-for-offshore-foundations-and-cables
https://www.issmge.org/publications/publication/scale-model-testing-of-eco-friendly-scour-protections-for-offshore-foundations-and-cables
https://doi.org/10.1080/09715010.2017.1420498
https://www.researchgate.net/publication/268378292_Scour_reduction_around_bridge_piers_using_internal_openings_through_the_pier
https://www.researchgate.net/publication/268378292_Scour_reduction_around_bridge_piers_using_internal_openings_through_the_pier
https://rosap.ntl.bts.gov/view/dot/42053
https://doi.org/10.1007/s13201-020-1140-4
file:///C:/Users/PISHRORAYANEH/Downloads/Eitaa%20Desktop/نسخه%20نهایی%20مقاله.docx
file:///C:/Users/PISHRORAYANEH/Downloads/Eitaa%20Desktop/نسخه%20نهایی%20مقاله.docx
https://doi.org/10.1016/j.engstruct.2020.111115
https://doi.org/10.22034/IWRJ.2025.15163.2675
https://doi.org/10.1007/978-3-031-49723-0_5

wedoles (ol 2 695 g Lo ko 1 fy a3y (Sl 2ol (59 0 fo

First International Conference on Scour of Founda-
tions, Texas A and M University, College Station,
TX, USA, 17-20 November 2002, pp. 70-91.
https://henry.baw.de/server/api/core/bit-
streams/f8327fd8-135a-4cf4-9260-
0412a882c445/content

23. Chiew, Y.M., 2004. Local scour and riprap stability
at bridge piers in a degrading channel. Journal of Hy-
draulic Engineering, 130(3), pp. 218-226.
https://doi.org/10.1061/(ASCE)0733-
9429(2004)130:3(218)

24. Chiew, Y. M., 1992. Scour protection at bridge piers.
Journal of Hydraulic Engineering, 118(9), pp.
1260-1269. https://doi.org/10.1061/(ASCE)0733-
9429(1992)118:9(1260)

25.Choi, S.U., and Choi, S., 2022. Prediction of local
scour around bridge piers in the cohesive bed using
support vector machines. KSCE Journal of Civil En-
gineering, 26(5), pp. 2174-2182.
https://doi.org/10.1007/s12205-022-1803-9

26.Chen, X., Zhang, X., Liu, X., Zhang, F., Yan, J., and
Wang, H., 2022. Experimental Study of Scour Char-
acteristics and Scour Hole Dimensions in Consoli-
dated Silt Sediment under a Current. Ocean Engi-
neering, 266, pp. 112801.
10.1016/j.0oceaneng.2022.112801

27.Chenxi, Q., Lunliang, D., Duoyin, W., Jianting, Z.,
Bingchuan, D., and Hao, F., 2024. Experimental
Study on Silty Seabed Scour around the Single Pile
Induced by the Current. Ocean Engineering, 293, pp.
116680. 10.1016/j.0oceaneng.2024.116680

28.Chibana, T., Quiocho, R. and Watanabe, K., 2022.
Role of Grain Size Distribution and Pier Aspect Ra-
tio in Scouring and Sorting around Bridge Piers. Wa-
ter, 14, pp. 2066. 10.3390/w14132066

29.Corvaro, S., Marini, F., Mancinelli, A., and Lo-
renzoni, C., 2018. Scour protection around a single
slender pile exposed to waves. Coastal Engineering
Proceedings, 36, pp. 6. 10.9753/icce.v36.papers.6

30.Chen, S.C., Tfwala, S., Wu, T. Y., Chan, H.C., and
Chou, H.T., 2018. A hooked collar for bridge piers
protection: Flow fields and scour. Water, 10(9), pp.
1-12. https://doi.org/10.3390/w10091251

31. Chooplou, C.A., Vaghefi, M., and Akbari, M., 2023.
Effect of repositioned submerged vanes on local
scour variations around a pier in a bend: experi-
mental investigation. International Journal of Envi-
ronmental Science and Technology, 20(8), pp. 8627-
8640. https://doi.org/10.1007/s13762-023-05031-3

32.Clopper, P.E., Lagasse, P.F., and Zevenbergen,
L.W., 2007. Bridge pier scour countermeasures. In
World Environmental and Water Resources Con-
gress 2007: Restoring Our Natural Habitat, pp. 1-13.
https://doi.org/10.1061/40927(243)380

33.Chambel, J., Fazeres-Ferradosa, T., Miranda, F.,
Bento, A. M., Taveira-Pinto, F. and Lomonaco, P.,
2024. A comprehensive review on scour and scour
protections for complex bottom-fixed offshore and
marine renewable energy foundations. Ocean Engi-
neering, 304, pp. 117829.
10.1016/j.0oceaneng.2024.117829

11.Baranwal, A., Das, B.S., and Choudhary, A., 2021.
Bridge pier scour depth prediction model -a review.
Proceedings of the International Conference on Hy-
draulics, Water Resources and Coastal Engineering,
Singapore: Springer Nature Singapore, pp. 75-88.
https://doi.org/10.1007/978-981-19-9151-6 7

12.Baranwal, A., and Das, B.S., 2024. Scouring around
bridge pier: A comprehensive analysis of scour
depth predictive equations for clear-water and live-
bed scouring conditions. AQUA — Water Infrastruc-
ture, Ecosystems and Society, 73(3), pp. 424-452.
https://doi.org/10.2166/aqua.2024.235

13. Baranwal, A., Das, B.S., and Setia, B., 2023. A com-
parative study of scour around various shaped bridge
piers. Engineering Research Express, 5, pp. 015052.
10.1088/2631-8695/achfal

14.Bharadwaj, M.R., Gupta, L.K., Pandey, M., and
Valyrakis, M., 2025. Countermeasures for local
scour around the bridge pier: A review. Acta Geo-
physica, 73(2), pp. 701-728.
https://doi.org/10.1007/s11600-024-01361-z

15. Bezuijen, A., and Pilarczyk, K.W., 2012. Geosyn-
thetics in hydraulic and coastal engineering: filters,
revetments and sand filled structures. In EuroGeo5-
2012, 5th European Geosynthetics Congress, Ghent
University, Department of Civil Engineering, pp.
65-80. http://hdl.handle.net/1854/LU-2999048

16. Bestawy, A., Eltahawy, T., Alsaluli, A., Almaliki,
A., and Alqurashi, M., 2020. Reduction of local
scour around a bridge pier by using different shapes
of pier slots and collars. Water Science and Technol-
ogy: Water Supply, 20(3), pp. 1006-1015.
https://doi.org/10.2166/ws.2020.022

17.Baghbadorani, D.A., Ataie-Ashtiani, B., Beheshti,
A., Hadjzaman, M. and Jamali, M., 2018. Prediction
of current-induced local scour around complex piers:
Review, revisit, and integration. Coastal Engineer-
ing, 133, pp. 43-58.
https://doi.org/10.1016/j.coastaleng.2017.12.006

18.Breusers, H.N.C., Nicollet, G., and Shen, HW.,
1977. Erosion locale autour des piles cylin-
driques. Journal of Hydraulic Research, 15(3), pp.
211-252.
https://doi.org/10.1080/00221687709499645

19. Chiew, Y., and Lim, S., 2003. Protection of bridge
piers using a sacrificial sill. Proceedings of the Insti-
tution of Civil Engineers — Water and Maritime En-
gineering, 156(1), pp. 53-62. Thomas Telford Ltd.
https://doi.org/10.1680/wame.2003.156.1.53

20.Chiew, Y.M., 1984. Local scour at bridge piers.
Doctoral Dissertation, University of Auckland.
https://hdl.handle.net/2292/2520

21. Chiew, Y.M., 1995. Mechanics of riprap failure at
bridge piers. Journal of Hydraulic Engineering,
121(6), pp- 635-643.
https://doi.org/10.1061/(ASCE)0733-
9429(1995)121:9(635)

22. Chiew, Y.M., 2002. Failure Mechanisms of Riprap
Layer Around Bridge Piers. In Proceedings of the


file:///C:/Users/PISHRORAYANEH/Downloads/مقاله%20پایان%20نامه
file:///C:/Users/PISHRORAYANEH/Downloads/مقاله%20پایان%20نامه
https://doi.org/10.2166/aqua.2024.235
https://doi.org/10.1088/2631-8695/acbfa1?urlappend=%3Futm_source%3Dresearchgate.net%26utm_medium%3Darticle
https://doi.org/10.1007/s11600-024-01361-z
http://hdl.handle.net/1854/LU-2999048
https://doi.org/10.2166/ws.2020.022
https://doi.org/10.1016/j.coastaleng.2017.12.006
https://doi.org/10.1080/00221687709499645
https://doi.org/10.1680/wame.2003.156.1.53
https://hdl.handle.net/2292/2520
https://doi.org/10.1061/(ASCE)0733-9429(1995)121:9(635)
https://doi.org/10.1061/(ASCE)0733-9429(1995)121:9(635)
https://henry.baw.de/server/api/core/bitstreams/f8327fd8-135a-4cf4-9260-0412a882c445/content
https://henry.baw.de/server/api/core/bitstreams/f8327fd8-135a-4cf4-9260-0412a882c445/content
https://henry.baw.de/server/api/core/bitstreams/f8327fd8-135a-4cf4-9260-0412a882c445/content
https://doi.org/10.1061/(ASCE)0733-9429(2004)130:3(218)
https://doi.org/10.1061/(ASCE)0733-9429(2004)130:3(218)
https://doi.org/10.1061/(ASCE)0733-9429(1992)118:9(1260)
https://doi.org/10.1061/(ASCE)0733-9429(1992)118:9(1260)
https://doi.org/10.1007/s12205-022-1803-9
https://doi.org/10.1016/j.oceaneng.2022.112801
https://doi.org/10.1016/j.oceaneng.2024.116680
https://doi.org/10.3390/w14132066?urlappend=%3Futm_source%3Dresearchgate.net%26utm_medium%3Darticle
https://doi.org/10.9753/icce.v36.papers.6
https://doi.org/10.3390/w10091251
https://doi.org/10.1007/s13762-023-05031-3
https://doi.org/10.1061/40927(243)380
https://doi.org/10.1016/j.oceaneng.2024.117829

\i4

VP 3l /PY by [T o ke 1Y+ JUul oyl T idg 3y alxo
B oAl A ) ol o293

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

https://doi.org/10.1061/(ASCE)HY.1943-
7900.0001025

Froehlich, D.C., 2013. Protecting bridge piers with
loose rock riprap. Journal of Applied Water Engi-
neering and Research, 1(1), pp. 39-57.
https://doi.org/10.1080/23249676.2013.828486
Fael, C., Lanca, R. and Cardoso, A., 2016. Effect of
pier shape and pier alignment on the equilibrium
scour depth at single piers. International Journal of
Sediment  Research, 31, pp. 244-250.
https://doi.org/10.1016/j.ijsrc.2016.04.001

Faroog, R., and Ghumman, A.R., 2019. Impact as-
sessment of pier shape and modifications on scour-
ing around bridge pier. Water (Switzerland), 11, pp.
14-20. 10.3390/w11091761

Faroog, R., Ghumman, A.R., Tarig, M.A.U.R., Ah-
med, A., and Jadoon, K.Z., 2020. Optimal octagonal
hooked collar countermeasure to reduce scour
around a single bridge pier. Period Polytech Civ
Eng, 64(4), pp. 1026-1037.
https://doi.org/10.3311/PPci.15966

Farooq, R., Azimi, A.H., Tariq, M.A.U.R. and Ah-
med, A., 2023. Effects of hooked-collar on the local
scour around a lenticular bridge pier. International
Journal of Sediment Research, 38(1), pp. 1-11.
https://doi.org/10.1016/j.ijsrc.2022.07.002

Fredsge, J., Sumer, B.M., and Bundgaard, K., 2001.
Scour at a riprap revetment in currents. In Proceed-
ings of the 2nd IAHR Symposium on River, Coastal
and Estuarine Morphodynamics, Obihiro, Japan, 10—
14 September 2001, pp. 245-254. https://or-
bit.dtu.dk/en/publications/scour-at-a-riprap-revet-
ment-in-currents/

Ferraro, D., Fenocchi, A., and Gaudio, R., 2020. Hy-
drodynamics of a bordered collar as a countermeas-
ure against pier scouring: Hydrodynamics counter-
measure scouring. Proceedings of the Royal Society
A: Mathematical, Physical and Engineering Sci-
ences, 476, pp. 20200393.
https://doi.org/10.1098/rspa.2020.0393

Frahadi, S., Asadi-Aghbolaghi, M., Ghanbari-Adivi,
E., and Raeisi, A., 2025. Study of the effect of sub-
surface slot on reducing scour at the base of a square
nose bridge. Advanced Technologies in Water Effi-
ciency, 5 (1), pp. 16-34. [In Persian]. https://doi.org/
10.22126/atwe.2024.11120.1138
Fazeres-Ferradosa, T., Chambel, J., Taveira-Pinto,
F., Rosa-Santos, P., Giannini, G., and Haerens, P.,
2021. Scour protections for offshore foundations of
marine energy harvesting technologies: A review.
Journal of Marine Science and Engineering, 9, pp.
297. https://doi.org/10.3390/jmse9030297

Gilja, G., Kuspili¢, N., and Beki¢, D., 2011. Impact
of morphodynamical changes on the bridge stability:
Case study of JakuSevac bridge in Zagreb. In:
Sawicki, J.M. and Zima, P. Current Events in Hy-
draulic Engineering. Gdansk University of Technol-
ogy, Gdansk, Poland, pp. 112-122.
https://www.croris.hr/crosbi/publikacija/prilog-

knjiga/44122

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Deng, L., Wang, W., and Yu, Y., 2016. State-of-the-
art review on the causes and mechanisms of bridge
collapse. Journal of Performance of Constructed Fa-
cilities, 30(2), pp. 04015005.
10.1061/(ASCE)CF.1943-5509.0000731

Dang, N.M., Tran Anh, D., and Dang, T.D., 2021.
ANN optimized by PSO and Firefly algorithms for
predicting scour depths around bridge piers. Engi-
neering with Computers, 37(1), pp. 293-303.
https://doi.org/10.1007/s00366-019-00824-y

Das, S., Das, R., and Mazumdar, A., 2014. Vorticity
and Circulation of Horseshoe Vortex in Equilibrium
Scour Holes at Different Piers. Journal of the Insti-
tution of Engineers (India) Ser A, 95, pp. 109-115.
https://doi.org/10.1007/s40030-014-0078-7
Daneshfaraz, R., Karajabad, M.S., Alinejad, B. and
Asl, M.M., 2021a. Experimental investigation of the
effects of flow discharge on the scour rate around the
groups of bridge piers with a rough surface in the
presence of aggregate extraction pits. Journal of Wa-
ter and Soil Science, 24(4), pp. 111-125. [In Per-
sian].10.47176/Journal of Water and Soil Sci-
ence.24.4.37953

Daneshfaraz, R., Ghaderi, A., Sattariyan, M.,
Alinejad, B., Asl, M.M., and Di Francesco, S.,
2021b. Investigation of local scouring around hydro-
dynamic and circular pile groups under the influence
of river material harvesting pits. Water, 13(16), p.
2192. https://doi.org/10.3390/w13162192

Duan, B., Wang, D., Qin, C., and Duan, L., 2025.
Local Scour Around Marine Structures: A compre-
hensive review of influencing factors, prediction
methods, and future directions. Buildings, 15(12),
p.2125. 10.3390/buildings15122125

De Vos, L., De Rouck, J., Troch, P., and Frigaard,
P., 2011. Empirical design of scour protections
around monopile foundations. Coast Engineering,
58, pp. 540-543.
https://doi.org/10.1016/j.coastaleng.2011.02.001
De Vos, L., De Rouck, J., Troch, P. and Frigaard, P.,
2012. Empirical design of scour protections around
monopile foundations. Part 2: Dynamic approach.
Coast Engineering, 60, pp. 286-298.
https://doi.org/10.1016/j.coastaleng.2011.11.001
Dey, S., Sumer, B.M., and Fredsge, J., 2006. Control
of scour at vertical circular piles under waves and
current. Journal of Geotechnical and Geoenviron-
mental Engineering, 132(3), pp. 270-279.
https://doi.org/10.1080/09715010.2017.1420498
Ettema, R., Melville, B.W., and Barkdoll, B., 1998.
Scale effect in pier scour experiments. Journal of
Hydraulic ~ Engineering, 124, pp.639-642.
https://doi.org/10.1061/(ASCE)0733-
9429(1998)124:6(639)

Ettema, R., 1980, Scour at Bridge Piers. PhD disser-
tation, The University of Auckland, Auckland.
Ettmer, B., Orth, F. and Link, O., 2015, Live-bed
scour at bridge piers in a lightweight polystyrene
bed. Journal of Hydraulic Engineering, 141, pp.
04015017.


file:///C:/Users/PISHRORAYANEH/Downloads/Eitaa%20Desktop/آبشستگی%20-نهایی.docx
https://doi.org/10.1007/s00366-019-00824-y
https://doi.org/10.1007/s40030-014-0078-7
http://dx.doi.org/10.47176/jwss.24.4.37953
http://dx.doi.org/10.47176/jwss.24.4.37953
https://doi.org/10.3390/w13162192
https://doi.org/10.3390/buildings15122125?urlappend=%3Futm_source%3Dresearchgate.net%26utm_medium%3Darticle
https://doi.org/10.1016/j.coastaleng.2011.02.001
https://doi.org/10.1016/j.coastaleng.2011.11.001
https://doi.org/10.1080/09715010.2017.1420498
https://doi.org/10.1061/(ASCE)0733-9429(1998)124:6(639)
https://doi.org/10.1061/(ASCE)0733-9429(1998)124:6(639)
https://doi.org/10.1061/(ASCE)HY.1943-7900.0001025
https://doi.org/10.1061/(ASCE)HY.1943-7900.0001025
https://doi.org/10.1080/23249676.2013.828486
https://doi.org/10.1016/j.ijsrc.2016.04.001
https://doi.org/10.3390/w11091761?urlappend=%3Futm_source%3Dresearchgate.net%26utm_medium%3Darticle
https://doi.org/10.3311/PPci.15966
https://doi.org/10.1016/j.ijsrc.2022.07.002
https://orbit.dtu.dk/en/publications/scour-at-a-riprap-revetment-in-currents/
https://orbit.dtu.dk/en/publications/scour-at-a-riprap-revetment-in-currents/
https://orbit.dtu.dk/en/publications/scour-at-a-riprap-revetment-in-currents/
https://doi.org/10.1098/rspa.2020.0393
https://doi.org/%2010.22126/atwe.2024.11120.1138
https://doi.org/%2010.22126/atwe.2024.11120.1138
https://doi.org/10.3390/jmse9030297
https://www.croris.hr/crosbi/publikacija/prilog-knjiga/44122
https://www.croris.hr/crosbi/publikacija/prilog-knjiga/44122

wedoles (ol 2 695 g Lo ko 1 fy a3y (Sl 2ol (59 0 fy

airfoil-shaped collar. Hydrology, 10(4), p. 77.
https://doi.org/10.3390/hydrology10040077

68. Gupta, L.K., Pandey, M., and Anand Raj, P., 2023b.
Numerical simulation of local scour around the pier
with and without airfoil collar (AFC) using FLOW-
3D. Environmental Fluid Mechanics, 24(4), pp. 631-
649. https://doi.org/10.1007/s10652-023-09932-2

69. Gupta, L.K., Pandey, M., and Raj, P.A., 2023c. Im-
pact of airfoil collar on scour reduction around the
bridge pier. Ocean Engineering, 290, p. 116271.
10.1016/j.oceaneng.2023.116271

70.Gao, D., Posada, G., and Nordin, C.F., 1993. Pier
scour equations used in China. Hydraulic engineer-
ing (pp. 1031-1036). ASCE.
https://rosap.ntl.bts.gov/view/dot/855

71. Hamidi, M., Koohsari, A., and Khalili, A.M., 2024.
Numerical investigation of mining pit effects on
maximum scour depth around bridge pier with dif-
ferent shape. Modeling Earth Systems and Environ-
ment, 10(4), pp. 5189-5203.
https://doi.org/10.1007/s40808-024-02057-5

72.Huber, F., 1991. Update: Bridge Scour. Civil Engi-
neering (ASCE), 61(9), pp.62-63. Also HW Shen
and VR Schneider, ASCE National Meeting, Trans-
portation Engineering, Boston, USA, Paper
No0.1238 (1970). https://www.seman-

ticscholar.org/paper/UPDATE%3A-BRIDGE-
SCOUR-Hu-
ber/2d0bcd54¢c53b36a49198189368efd26d2d2a529
f

73. Heidarpour, M., Afzalimehr, H., and lzadinia, E.,
2010. Reduction of local scour around bridge pier
groups using collars. International Journal of Sedi-
ment Research, 25, pp. 411-422.
https://doi.org/10.1016/S1001-6279(11)60008-5

74.Habib, I.A., Wan Mohtar, W.H.M., Shahot, K.M.,
El-Shafie, A., and Abd Manan, T.S., 2021. Bridge
failure prevention: An overview of self-protected
pier as flow-altering countermeasures for scour pro-
tection. Civil Engineering Infrastructures Journal,
54(1), pp. 1-22. 10.22059/ceij.2020.292296.1627

75. Hajikandi, H., and Golnabi, M., 2018. October. Y-
shaped and T-shaped slots in river bridge piers as
scour countermeasures. In Proceedings of the Insti-
tution of Civil Engineers-Water Management (Vol.
171, No. 5, pp. 253-263).
https://doi.org/10.1680/jwama.16.00063

76. Hamidifar, H., Shahabi-Haghighi, S.M.B.. and
Chiew, Y.M., 2022. Collar performance in bridge
pier scour with debris accumulation. International
Journal of Sediment Research, 37(3), pp. 328-334.
10.1016/j.ijsrc.2021.10.002

77.Harasti, A., Gilja, G., Poto¢ki, K., and Lacko, M.,
2021. Scour at bridge piers protected by the riprap
sloping structure: A review. Water, 13(24), p. 3606.
https://doi.org/10.3390/w13243606

78.Heibaum, M., and Trentmann, J., 2010. Partial
grouted riprap for enhanced scour resistance. In
Scour and Erosion, pp. 1-10.
https://doi.org/10.1061/41147(392)1

56. Ghanbari Adivi, E., and Kashfi-Pour, S.M., 2016.
Estimating scour depth around bridge piers using the
integration of empirical models with the FASTER
numerical model. Water Resources Engineering Sci-
entific,  9(31), pp. 1-10. [In  Persian].
20.1001.1.20086377.1395.9.31.1.8

57. Ghanbari Adivi, E., Shafaei Bajestan, M., Saghi, M.,
2013. Laboratory study of the stability of riprap bed
materials at river confluences. Journal of Water and
Soil Knowledge, 24(1), pp. 69-83. [In Persian].

58. Geo-institute., 2009. The problem of scour, Re-
trieved February 1, 20009,
fromhttps://ceprofs.civil.tamu.edu/gbiscontin/ero-
sion-gi/index.html.

59. Gazi, A.H., and Afzal, M.S., 2020. A review on hy-
drodynamics of horseshoe vortex at a vertical cylin-
der mounted on a flat bed and its implication to
scour. Acta Geophysica, 68(3), pp. 861-875.
https://doi.org/10.1007/s11600-020-00439-8

60. Gazi, A.H., Afzal, M.S. and Dey, S., 2019. Scour
around piers under waves: Current status of research
and its future prospect. Water, 11(11), p. 2212.
10.3390/w11112212

61. Gokmener, S., Gogus, M., and Altan-Sakarya, A.B.,
2025. Effects of collars in reducing local scour depth
around bridge abutments under unsteady flow con-
ditions. Acta Geophysica, 73(1), pp. 729-753.
https://doi.org/10.1007/s11600-024-01363-x

62.Grline, J., Sparboom, U., Oumeraci, H., Schmidt-
Koppenhagen, R., and Wang, Z., 2007. Unter-
suchungen zur Stabilitat von Geotextilen Sandcon-
tainern unter Seegang und die Anwendung flr den
Kolkschutz von Tragkonstruktionen fur Offshore-
Windenergieanlagen. In FZK-Kolloguium
Kistenschutz und Seebau, Hannover.
https://www.fzk.uni-hannover.de/filead-
min/fzk/publications/024 FZK_Sandcon-
tainer_Gruene.pdf

63. Gaudio, R., Tafarojnoruz, A., and Calomino, F.,
2012. Combined flow-altering countermeasures
against bridge pier scour. Journal of Hydraulic Re-
search, 50(1), pp. 35-43.
https://doi.org/10.1080/00221686.2011.649548

64. Grimaldi, C., Gaudio, R., Calomino, F., and Car-
doso, A.H., 2009. Countermeasures against local
scouring at bridge piers: Slot and combined system
of slot and bed sill. Journal of Hydraulic Engineer-
ing, 135(5), pp. 425-431.
https://doi.org/10.1061/(ASCE)HY.1943-
7900.0000035

65. Ghorbani, B., and Kells, J.A., 2008. Effect of sub-
merged vanes on the scour occurring at a cylindrical
pier. Journal of Hydraulic Research, 46(5), pp. 610—
619. https://doi.org/10.3826/jhr.2008.3003

66. Garg, V., Setia, B., and Verma, D.V.S., 2008. Com-
bination of scour protection devices around oblong
bridge pier. ISH Journal of Hydraulic Engineering,
14(3), pp. 56-68.
https://doi.org/10.1080/09715010.2008.10514922

67.Gupta, L.K., Pandey, M., Raj, P.A., and Pu, J.H.,
2023a. Scour reduction around bridge pier using the



https://dorl.net/dor/20.1001.1.20086377.1395.9.31.1.8
https://ceprofs.civil.tamu.edu/gbiscontin/erosion-gi/index.html
https://ceprofs.civil.tamu.edu/gbiscontin/erosion-gi/index.html
https://doi.org/10.1007/s11600-020-00439-8
https://doi.org/10.3390/w11112212?urlappend=%3Futm_source%3Dresearchgate.net%26utm_medium%3Darticle
https://doi.org/10.1007/s11600-024-01363-x
https://www.fzk.uni-hannover.de/fileadmin/fzk/publications/024_FZK_Sandcontainer_Gruene.pdf
https://www.fzk.uni-hannover.de/fileadmin/fzk/publications/024_FZK_Sandcontainer_Gruene.pdf
https://www.fzk.uni-hannover.de/fileadmin/fzk/publications/024_FZK_Sandcontainer_Gruene.pdf
https://doi.org/10.1080/00221686.2011.649548
https://doi.org/10.1061/(ASCE)HY.1943-7900.0000035
https://doi.org/10.1061/(ASCE)HY.1943-7900.0000035
https://doi.org/10.3826/jhr.2008.3003
https://doi.org/10.1080/09715010.2008.10514922
https://doi.org/10.3390/hydrology10040077
https://doi.org/10.1007/s10652-023-09932-2
https://doi.org/10.1016/j.oceaneng.2023.116271
https://rosap.ntl.bts.gov/view/dot/855
https://doi.org/10.1007/s40808-024-02057-5
https://www.semanticscholar.org/paper/UPDATE%3A-BRIDGE-SCOUR-Huber/2d0bcd54c53b36a49198189368efd26d2d2a529f
https://www.semanticscholar.org/paper/UPDATE%3A-BRIDGE-SCOUR-Huber/2d0bcd54c53b36a49198189368efd26d2d2a529f
https://www.semanticscholar.org/paper/UPDATE%3A-BRIDGE-SCOUR-Huber/2d0bcd54c53b36a49198189368efd26d2d2a529f
https://www.semanticscholar.org/paper/UPDATE%3A-BRIDGE-SCOUR-Huber/2d0bcd54c53b36a49198189368efd26d2d2a529f
https://www.semanticscholar.org/paper/UPDATE%3A-BRIDGE-SCOUR-Huber/2d0bcd54c53b36a49198189368efd26d2d2a529f
https://doi.org/10.1016/S1001-6279(11)60008-5
https://doi.org/10.22059/ceij.2020.292296.1627
https://doi.org/10.1680/jwama.16.00063
https://doi.org/10.1016/j.ijsrc.2021.10.002
https://doi.org/10.3390/w13243606
https://doi.org/10.1061/41147(392)1

A

VFed 5ub/PY by 1Y osles Ve Jlwl ol pl ©F Sidg}y alxe

91.

92.

93.

94,

95.

96.

97.

98.

99.

Kumar, L., and Afzal, M.S., 2024. Estimating pier
scour depth under combined waves and current using
boosting machine-learning models. Acta Geophys-
ica, 72(3), pp.1895-1911.
https://doi.org/10.1007/s11600-023-01089-2
Kumar, V., Raju, K.G.R., and Vittal, N., 1999. Re-
duction of local scour around bridge piers using slots
and collars. Journal of Hydraulic Engineering,
125(12), pp. 1302-1305.
https://doi.org/10.1061/(ASCE)0733-
9429(1999)125:12(1302)

Khosravi-Hamouleh, M., and Ghanbari Adivi, E.,
2026. Baffle Structure in Water Engineering: A Re-
view of Applications, Challenges, and Innovative
Methods in Flow Control and Flood Manage-
ment. Journal of New Approaches in Water Engi-
neering and Environment, 5(3), pp. 37-72. [In Per-
sian].https://doi.org/10.22034/na-
wee.2025.553107.1171

Kaveh, K., Mai, D.N., Pham, Q.B., and Anh, D.T.,
2021. A hybrid feed-forward neural network with
grasshopper optimization for observing pattern of
scour depth around bridge piers. Arabian Journal of
Geosciences, 14(22), p. 2352.
https://doi.org/10.1007/s12517-021-08617-8

Khan, M., Tufail, M., Ajmal, M., Haq, Z.U., and
Kim, T.W., 2017. Experimental analysis of the scour
pattern modeling of scour depth around bridge piers.
Arabian Journal for Science and Engineering, 42,
pp. 4111-4130. https://doi.org/10.1007/s13369-017-
2599-7

Kothyari, U. C., Garde, R.J., and Ranga Raju, K.G.,
1992. Temporal variation of scour around circular
bridge piers. Journal of Hydraulic Engineering, 16,
pp. 35-48.https://doi.org/10.1061/(ASCE)0733-
9429(1992)118:8(1091)

Krishna, A., and Latha, G.M., 2023. Evolution of
Geocells as Sustainable Support to Transportation
Infrastructure.  Sustainability, 15, p. 11773.
https://doi.org/10.3390/su151511773

Keshavarz, A., Vaghefi, M., and Ahmadi, G., 2024.
Collars for scour reduction around different shapes
of bridge piers in a 180° sharp bend. International
Journal of Civil Engineering, 22(10), pp. 1733-
1751. https://doi.org/10.1007/s40999-024-00994-x
Kim, D., Jung, S., and Na, W.B., 2021. Evaluation
of turbulence models for estimating the wake region
of artificial reefs using particle image velocimetry
and computational fluid dynamics. Ocean Engineer-
ing, 223, p. 108673.
10.1016/j.oceaneng.2021.108673

100.Kim, T., Kwon, Y., Lee, J., Lee, E., and Kwon, S.,

2022. Wave attenuation prediction of artificial coral
reef using machine-learning integrated with hydrau-
lic experiment. Ocean Engineering, 248, p. 110324.
10.1016/j.0oceaneng.2021.110324

101.Kharbeche, M., 2022. The role of pier shape and as-

pect ratio on local scour with and without sacrificial
piles. Masters thesis, University of Windsor (Can-
ada). https://uwindsor.scholaris.ca/bit-
streams/a3ab965¢-0306-43d4-85b9-
81c6dfebd5f9/download

79. Heibaum, M., 2004, November, Geotechnical filters

— The important link in scour protection. In Proceed-
ings of the 2nd International Conference on Scour
and Erosion. https://www.researchgate.net/publica-
tion/272576993 Geotechnical filters - the im-
portant link in_scour_protection

80. Heibaum, M., 2006. The use of geosynthetics in

scour protection. In 3rd International Conference on
Scour and Erosion (ICSE-3); Verheij, HJ, Hoffmans,
GJ, Eds. https://izw.baw.de/publika-
tionen/tc213/0/third_icse_contributions.pdf

81.Hong, J.H., Chiew, Y.M., Lu, J.Y., Lai, J.S., Lin,

Y.B., 2012. Houfeng bridge failure in Taiwan. Jour-
nal of Hydraulic Engineering, 138(2), pp. 186-198.
https://doi.org/10.1061/(ASCE)HY.1943-
7900.0000430

82.Hancu, S., 1971. Sur le calcul des affouillements

locaux dams la zone des piles des ponts. In Proceed-
ings of the 14th IAHR congress, Paris, France (Vol.
3, No. 1, pp. 299-313).
https://books.google.com/books/about/Four-

teenth _Congress_of the Interna-
tional.html?id=tpvPGV1tzbt0C

83. Inoue, T., Hirotsugu, Y., Kashiwada, J., and Nihei,

Y., 2025. Interaction between horseshoe vortex
structure and sediment transport around a river rec-
tangular pier using a solid-liquid two-phase turbu-
lent LES model. International Journal of Multiphase
Flow, 186, pp. 105153. 10.1016/j.ijmulti-
phaseflow.2025.105153

84.Ismael, A., Gunal, M., and Hussein, H., 2015. Effect

of bridge pier position on scour reduction according
to flow direction. Arabian Journal for Science and
Engineering, 40(6), pp. 1579-1590.
https://doi.org/10.1007/5s13369-015-1625-x

85. Izadinia, E., and Heidarpour, M., 2022. Parametric

86.

87.

88

89

90

study for hydraulic design of air-bubble injections to

control scour around circular bridge piers. ISH Jour-
nal of Hydraulic Engineering, 29(3), pp.281-288.
https://doi.org/10.1080/09715010.2022.2058331

Jazaeri, S.A., Nistor, I., Mohammadian, A., and Liu,

X., 2024. A critical review on the tsunami-induced

scour around structures. Coastal Engineering Jour-

nal, 66(3), pp. 563-590.
https://doi.org/10.1080/21664250.2024.2380158

Jahangirzadeh, A., Basser, H., Akib, S., Karami, H.
Naji, S., 2014. Experi mental and numerical investi-

gation of the effect of different shapes of collars on

the reduction of scour around a single bridge pier.

PLoS ONE 9(6):98592.
https://doi.org/10.1371/journal.pone.0098592

.Jain, S.C., and Fischer, E.E., 1979. Scour around cir-
cular bridge piers at high Froude numbers.

.Jain, S.C., 1981. Maximum clear-water scour around
circular piers. Journal of the Hydraulics Divi-
sion, 107(5), pp.611-626.
https://doi.org/10.1061/JY CEAJ.0005667

.Kumar, A., 2017. Three-dimensional flow measure-
ments at circular pier. In: Proceedings of Hydraulic
Measurements, pp. 397-406.
https://doi.org/10.1007/978-3-319-55125-8 34



https://www.researchgate.net/publication/272576993_Geotechnical_filters_-_the_important_link_in_scour_protection
https://www.researchgate.net/publication/272576993_Geotechnical_filters_-_the_important_link_in_scour_protection
https://www.researchgate.net/publication/272576993_Geotechnical_filters_-_the_important_link_in_scour_protection
https://izw.baw.de/publikationen/tc213/0/third_icse_contributions.pdf
https://izw.baw.de/publikationen/tc213/0/third_icse_contributions.pdf
https://izw.baw.de/publikationen/tc213/0/third_icse_contributions.pdf
https://doi.org/10.1061/(ASCE)HY.1943-7900.0000430
https://doi.org/10.1061/(ASCE)HY.1943-7900.0000430
https://books.google.com/books/about/Fourteenth_Congress_of_the_International.html?id=tpvPGVtzbt0C
https://books.google.com/books/about/Fourteenth_Congress_of_the_International.html?id=tpvPGVtzbt0C
https://books.google.com/books/about/Fourteenth_Congress_of_the_International.html?id=tpvPGVtzbt0C
https://doi.org/10.1016/j.ijmultiphaseflow.2025.105153
https://doi.org/10.1016/j.ijmultiphaseflow.2025.105153
https://doi.org/10.1007/s13369-015-1625-x
https://doi.org/10.1080/09715010.2022.2058331
https://doi.org/10.1080/21664250.2024.2380158
https://doi.org/10.1371/journal.pone.0098592
https://doi.org/10.1061/JYCEAJ.0005667
https://doi.org/10.1007/978-3-319-55125-8_34
https://doi.org/10.1007/s11600-023-01089-2
https://doi.org/10.1061/(ASCE)0733-9429(1999)125:12(1302)
https://doi.org/10.1061/(ASCE)0733-9429(1999)125:12(1302)
https://doi.org/10.22034/nawee.2025.553107.1171
https://doi.org/10.22034/nawee.2025.553107.1171
https://doi.org/10.1007/s12517-021-08617-8
https://doi.org/10.1007/s13369-017-2599-7
https://doi.org/10.1007/s13369-017-2599-7
https://doi.org/10.1061/(ASCE)0733-9429(1992)118:8(1091)
https://doi.org/10.1061/(ASCE)0733-9429(1992)118:8(1091)
https://doi.org/10.3390/su151511773
https://doi.org/10.1007/s40999-024-00994-x
https://doi.org/10.1016/j.oceaneng.2021.108673
https://doi.org/10.1016/j.oceaneng.2021.110324
https://uwindsor.scholaris.ca/bitstreams/a3ab965c-0306-43d4-85b9-81c6dfebd5f9/download
https://uwindsor.scholaris.ca/bitstreams/a3ab965c-0306-43d4-85b9-81c6dfebd5f9/download
https://uwindsor.scholaris.ca/bitstreams/a3ab965c-0306-43d4-85b9-81c6dfebd5f9/download
https://uwindsor.scholaris.ca/bitstreams/a3ab965c-0306-43d4-85b9-81c6dfebd5f9/download

wedoles (ol 2 695 g Lo ko 1 fy a3y (Sl 2ol (59 0 4

113.Liang, S., Zhang, Y., and Yang, J., 2015. An exper-
imental study on pile scour mitigating measures un-
der waves and currents. Science China Technologi-
cal Sciences, 58(6), pp. 1031-1045.
https://doi.org/10.1007/s11431-015-5829-9

114.Lauchlan, C.S., 1999. Pier Scour Countermeasures.
PhD dissertation, The University of Auckland,
Auckland.

115.Lai, Y.G., Liu, X., Bombardelli, F.A., and Song, Y.,
2022. Three-dimensional numerical modeling of lo-
cal scour: A state-of-the-art review and perspec-
tive. Journal of Hydraulic Engineering, 148(11), p.
03122002.https://doi.org/10.1061/(ASCE)HY.1943
-7900.0002019

116.Lee, C.H., Low, Y.M., and Chiew, Y.M., 2016.
Multi-dimensional rheology-based two-phase model
for sediment transport and applications to sheet flow
and pipeline scour. Physics of Fluids, 28(5).
https://doi.org/10.1063/1.4948987

117.Melville, B.W., and Sutherland, A.J., 1988. Design
method for local scour at bridge piers. Journal of
Hydraulic Engineering, 114(10), pp. 1210-1226.
https://doi.org/10.1061/(ASCE)0733-
9429(1988)114:10(1210)

118.Melville, B.W., 1992. Local scour at bridge abut-
ments. Journal of Hydraulic Engineering, 118(4),
pp. 615-631. https://doi.org/10.1061/(ASCE)0733-
9429(1992)118:4(615)

119.Melville, B.W., and Raudkivi, A.J., 1977. Flow
characteristics in local scour at bridge piers. Journal
of Hydraulic Research, 15, pp. 373-380.
https://doi.org/10.1080/00221687709499641

120.Melville, B.W., 1984. Live-bed scour at bridge
piers. Journal of Hydraulic Engineering, 110(9), pp.
1234-1247 .https://doi.org/10.1061/(ASCE)0733-
9429(1984)110:9(1234)

121.Melville, B.W., and Chiew, Y.M., 1999. Time scale
for local scour at bridge piers. Journal of Hydraulic
Engineering, 125(1), pp. 59-65.
https://doi.org/10.1061/(ASCE)0733-
9429(1999)125:1(59)

122.Melville, B.W., and Coleman, S.E., 2000. Bridge
scour. Water Resources Publication.
https://books.google.com.et/books?id=SolA3P1zL
AEC&printsec=frontcover

123.Melville, B.W., 1975. Local Scour at Bridge Site.
PhD dissertation, The University of Auckland.
https://hdl.handle.net/2292/2537

124.Melville, B.W., and Hadfield, A.C., 1999. Use of
sacrificial piles as pier scour countermeasures. Jour-
nal of Hydraulic Engineering, 125(11), pp. 1221-
1224, https://doi.org/10.1061/(ASCE)0733-
9429(1999)125:11(1221)

125.Maddison, B., 2012. Scour failure of bridges. Pro-
ceedings of the Institution of Civil Engineers — Fo-
rensic  Engineering,  165(1), pp. 39-52.
https://doi.org/10.1680/feng.2012.165.1.39

126.Mathew, B.K., Lakshmi, S., and Hari, G., 2022. De-
sign of a self-lifting pedestrian bridge for flood-
prone locations. In: Recent Advances in Structural
Engineering and Construction Management: Select

102.Khalfin, 1.S., 1983. April. Local scour around ice-
resistant structures caused by wave and current ef-
fect. In Proceedings of the Seventh International
Conference on Port and Ocean Engineering under
Arctic Conditions, Helsinki, Finland (pp. 5-9).
https://books.google.com/books/about/The_Sev-
enth_International_Confer-
ence_on.html?id=LAjIOAEACAAJ

103.Lee, M., Yoo, M., Jung, H.-S., Kim, K.H., and Lee,
.W., 2020. Study on dynamic behavior of bridge
pier by impact load test considering scour. Applied
Sciences, 10, p. 6741.
https://doi.org/10.3390/app10196741

104.Liang, B., Du, S., Pan, X., and Zhang, L., 2020. Lo-
cal scour for vertical piles in steady currents: review
of mechanisms, influencing factors and empirical
equations. Journal of Marine Science and Engineer-
ing, 8(1), pp. 0004.
https://doi.org/10.3390/jmse8010004

105.Li, S., He, S., Li, H., and Jin, Y., 2017. Scour depth
determination of bridge piers based on time-varying
modal parameters: Application to Hangzhou Bay
Bridge. Journal of Bridge Engineering, 22(12), pp.
1-13.https://doi.org/10.1061/(ASCE)BE.1943-
5592.0001154

106.Lad, V.H., Patel, D.A., Chauhan, K.A., and Patel,
K.A., 2022. Development of fuzzy system dynamics
model to forecast bridge resilience. Journal of
Bridge Engineering, 27(4), pp. 04022114.
https://doi.org/10.1061/(ASCE)BE.1943-
5592.0001952

107.Lan¢a, R. M., Fael, C. S., Maia, R. J., Pégo, J. P.
and Cardoso, A.H., 2013. Clear-water scour at com-
paratively large cylindrical piers. Journal of Hydrau-
lic  Engineering, 139, pp.  1117-1125.
https://doi.org/10.1061/(ASCE)HY.1943-
7900.0000788

108.Link, O., Henriquez, S., and Ettmer, B., 2019. Phys-
ical scale modelling of scour around bridge piers.
Journal of Hydraulic Research, 57, pp. 227-237.
https://doi.org/10.1080/00221686.2018.1475428

109.Li, J., Guo, Y., Lian, J., and Wang, H., 2023. Mech-
anisms, assessments, countermeasures, and pro-
spects for offshore wind turbine foundation scour re-
search. Ocean Engineering, 281, p. 114893.
10.1016/j.0ceaneng.2023.114893

110.Lagasse, P.F., 2007. Countermeasures to protect
bridge piers from scour (Vol. 593). Transportation
Research Board.

111.Liang, Z., Jeng, D. S, Liu, J., and Zhang, J., 2022.
Numerical study of Articulated Concrete Mattresses
(ACMs) for offshore pipeline protection. Ocean En-
gineering, 255, p. 111467.
10.1016/j.0ceaneng.2022.111467

112.L.6pez, I., Tinoco, H., Aragonés, L., and Garcia-
Barba, J., 2016. The multifunctional artificial reef
and its role in the defence of the Mediterranean
coast. Science of the Total Environment, 550, pp.
910-923. https://doi.org/10.1016/j.sci-
totenv.2016.01.180


https://books.google.com/books/about/The_Seventh_International_Conference_on.html?id=LAjI0AEACAAJ
https://books.google.com/books/about/The_Seventh_International_Conference_on.html?id=LAjI0AEACAAJ
https://books.google.com/books/about/The_Seventh_International_Conference_on.html?id=LAjI0AEACAAJ
https://doi.org/10.3390/app10196741
https://doi.org/10.3390/jmse8010004
https://doi.org/10.1061/(ASCE)BE.1943-5592.0001154
https://doi.org/10.1061/(ASCE)BE.1943-5592.0001154
https://doi.org/10.1061/(ASCE)BE.1943-5592.0001952
https://doi.org/10.1061/(ASCE)BE.1943-5592.0001952
https://doi.org/10.1061/(ASCE)HY.1943-7900.0000788
https://doi.org/10.1061/(ASCE)HY.1943-7900.0000788
https://doi.org/10.1080/00221686.2018.1475428
https://doi.org/10.1016/j.oceaneng.2023.114893
https://doi.org/10.1016/j.oceaneng.2022.111467
https://doi.org/10.1016/j.scitotenv.2016.01.180
https://doi.org/10.1016/j.scitotenv.2016.01.180
https://doi.org/10.1007/s11431-015-5829-9
https://doi.org/10.1061/(ASCE)HY.1943-7900.0002019
https://doi.org/10.1061/(ASCE)HY.1943-7900.0002019
https://doi.org/10.1063/1.4948987
https://doi.org/10.1061/(ASCE)0733-9429(1988)114:10(1210)
https://doi.org/10.1061/(ASCE)0733-9429(1988)114:10(1210)
https://doi.org/10.1061/(ASCE)0733-9429(1992)118:4(615)
https://doi.org/10.1061/(ASCE)0733-9429(1992)118:4(615)
https://doi.org/10.1080/00221687709499641
https://doi.org/10.1061/(ASCE)0733-9429(1984)110:9(1234)
https://doi.org/10.1061/(ASCE)0733-9429(1984)110:9(1234)
https://doi.org/10.1061/(ASCE)0733-9429(1999)125:1(59)
https://doi.org/10.1061/(ASCE)0733-9429(1999)125:1(59)
https://books.google.com.et/books?id=SoIA3P1zLAEC&printsec=frontcover
https://books.google.com.et/books?id=SoIA3P1zLAEC&printsec=frontcover
https://hdl.handle.net/2292/2537
https://doi.org/10.1061/(ASCE)0733-9429(1999)125:11(1221)
https://doi.org/10.1061/(ASCE)0733-9429(1999)125:11(1221)
https://doi.org/10.1680/feng.2012.165.1.39

O

VFed 5ub/PY by 1Y osles Ve Jlwl ol pl ©F Sidg}y alxe

scour reduction around side-by-side piers by a down-
stream bed sill and continuous footing. ISH Journal
of Hydraulic Engineering, 30(5), pp. 633-644.
https://doi.org/10.1080/09715010.2024.2397401
137.Nielsen, AW., Sumer, B. M., Fredsge, J., and
Christensen, E.D., 2011. Sinking of armour layer
around a cylinder exposed to a current. Proceedings
of the Institution of Civil Engineers - Marine Engi-
neering, 164(4), pp. 159-172.
https://doi.org/10.1680/maen.2011.164.4.159
138.Nielsen, A.W., Probst, T., Petersen, T.U., and Su-
mer, B.M., 2015. Sinking of armour layer around a
vertical cylinder exposed to waves and current.
Coastal Engineering, 100(6), pp. 58-66.
https://doi.org/10.1016/j.coastaleng.2015.03.010
139.Nazari-Sharabian, M., Nazari-Sharabian, A., Kara-
kouzian, M., and Karami, M., 2020. Sacrificial piles
as scour countermeasures in river bridges: A numer-
ical study using FLOW-3D. Civil Engineering Jour-
nal, 6(6), pp. 1091-1103.
https://doi.org/10.28991/cej-2020-03091531
140.Najafzadeh, M., and Oliveto, G., 2021. More relia-
ble predictions of clear-water scour depth at pile
groups by robust artificial intelligence techniques
while preserving physical consistency. Soft Compu-
ting, 25(7), pp. 5723-5746.
https://doi.org/10.1007/s00500-020-05567-3
141.Nandi, B., and Das, S., 2025. A novel formula to
determine the time to achieve quasi-equilibrium
scour around a circular pier. ISH Journal of Hydrau-
lic Engineering, pp. 1-16.
https://doi.org/10.1080/09715010.2025.2507924
142.Nandi, B., Patel, G., and Das, S., 2024. Prediction
of maximum scour depth at clear water conditions:
Multivariate and robust comparative analysis be-
tween empirical equations and machine learning ap-
proaches using extensive reference metadata. Jour-
nal of Environmental Management, 354, p. 120349.
https://doi.org/10.1016/j.jenvman.2024.120349
143.0dgaard, A.J., and Kennedy, J.F., 1983. River-bend
bank protection by submerged vanes. Journal of Hy-
draulic Engineering, 109(8), pp. 1161-1173.
https://doi.org/10.1061/(ASCE)0733-
9429(1983)109:8(1161)
144.0bied, N.A., and Khassaf, S.1., 2019. Experimental
study for protection of piers against local scour using
slots. International Journal of Engineering, 32(2),
pp. 217-222. doi: 10.5829/ije.2019.32.02b.05
145.0liveto, G., and Hager, W.H., 2002. Temporal evo-
lution of clear-water pier and abutment scour. Jour-
nal of Hydraulic Engineering, 128(9), pp. 811-820.
https://doi.org/10.1061/(ASCE)0733-
9429(2002)128:9(811)
146.Prendergast, L.J., and Gavin, K., 2014. A review of
bridge scour monitoring techniques. Journal of Rock
Mechanics and Geotechnical Engineering, 6(2), pp.
138-149.
https://doi.org/10.1016/j.jrmge.2014.01.007
147.Pandey, M., Pu, J.H., Pourshahbaz, H., and Khan,
M.A., 2022. Reduction of scour around circular piers
using collars. Journal of Flood Risk Management,
15, pp. €12812. https://doi.org/10.1111/jfr3.12812

Proceedings of ICSMC 2021. Springer Nature Sin-
gapore, pp. 393-410. 10.1007/978-981-19-4040-
8 32

127.Mohamed, Y.A., Abdel-Aal, G.M., Nasr-Allah,
T.H., and Shawky, A.A., 2016. Experimental and
theoretical investigations of scour at bridge abut-
ment. Journal of King Saud University — Engineer-
ing Sciences, 28, pp. 32—
40.https://doi.org/10.1016/j.jksues.2013.09.005

128.Misuriya, G., and Eldho, T.l., 2023. Turbulent
structures and local scour around a cylindrical pier
under unsteady flows. Environmental Fluid Me-
chanics, 23, pp. 1359
1380.https://doi.org/10.1007/510652-023-09951-z

129.Majedi-Asl, M., Daneshfaraz, R., Abraham, J., and
Valizadeh, S., 2021. Effects of hydraulic character-
istics, sedimentary parameters, and mining of bed
material on scour depth of bridge pier groups. Jour-
nal of Performance of Constructed Facilities, 35(2),
p. 04020148.
https://doi.org/10.1061/(ASCE)CF.1943-
5509.0001549

130.Majedi Asl, M., Daneshfaraz, R., and Valizadeh, S.,
2019. The experimental study of the river sand and
gravel mining on the scouring pattern around pier
group. Journal of Hydraulics, 14(3), pp. 129-145.
[In Persian]. 10.30482/jhyd.2019.186662.1391

131.Mahalder, B., Schwartz, J.S., Palomino, A.M., and
Zirkle, J., 2024. Influence of Cumulative Effective
Stream Power on Scour Depth Prediction Around
Bridge Piers in Cohesive Bed Sediments. Transpor-
tation Research Record: Journal of the Transporta-
tion Research Board, 2678, pp. 710-723.
10.1177/03611981241230514

132.Mohr, H., Draper, S., White, D.J., and Cheng, L.,
2018. The Influence of Permeability on the Erosion
Rate of Fine-Grained Marine Sediments. Coastal
Engineering, 140, pp. 124-135.
https://doi.org/10.1016/j.coastaleng.2018.04.013

133. Mehta, A.J., 2022. Introduction To Hydraulics
Of Fine Sediment Transport, Vol. 56. World Scien-
tific. https://www.worldscien-
tific.com/doi/pdf/10.1142/9789811257247_0001

134.Mahan, N., and Jahromi, S.H.M., 2017. Compara-
tive study of slot shapes effects on the scour around
bridge pier. International Journal of Science and En-
gineering Investigations, 6(70). https://www.re-
searchgate.net/profile/Naser-Mahan/publica-
tion/322132029_Compara-
tive_Study_of Slot_Shapes_Ef-
fects_on_the_Scour_around_Bridge_Pier/links/5d7ef001
a6fdcc2f0f713d09/Comparative-Study-of-Slot-Shapes-
Effects-on-the-Scour-around-Bridge-Pier.pdf

135.Marandi, M.O., 2022. Erosion Control of Steep
Open Channels Using Articulated Concrete Blocks.
Masters thesis, The University of Western Ontario
(Canada). https://uwo.scholaris.ca/bit-
streams/277f65a5-170f-4634-adbf-
e0b43f52a487/download

136.Movahedi, N., Dehghani, A.A., Zahiri, A. and
Aarabi, M.J., 2024. Experimental investigation of


https://doi.org/10.1007/978-981-19-4040-8_32
https://doi.org/10.1007/978-981-19-4040-8_32
https://doi.org/10.1016/j.jksues.2013.09.005
https://doi.org/10.1007/s10652-023-09951-z
https://doi.org/10.1061/(ASCE)CF.1943-5509.0001549
https://doi.org/10.1061/(ASCE)CF.1943-5509.0001549
https://doi.org/10.30482/jhyd.2019.186662.1391
https://doi.org/10.1177/03611981241230514
https://doi.org/10.1016/j.coastaleng.2018.04.013
https://www.worldscientific.com/doi/pdf/10.1142/9789811257247_0001
https://www.worldscientific.com/doi/pdf/10.1142/9789811257247_0001
https://www.researchgate.net/profile/Naser-Mahan/publication/322132029_Comparative_Study_of_Slot_Shapes_Effects_on_the_Scour_around_Bridge_Pier/links/5d7ef001a6fdcc2f0f713d09/Comparative-Study-of-Slot-Shapes-Effects-on-the-Scour-around-Bridge-Pier.pdf
https://www.researchgate.net/profile/Naser-Mahan/publication/322132029_Comparative_Study_of_Slot_Shapes_Effects_on_the_Scour_around_Bridge_Pier/links/5d7ef001a6fdcc2f0f713d09/Comparative-Study-of-Slot-Shapes-Effects-on-the-Scour-around-Bridge-Pier.pdf
https://www.researchgate.net/profile/Naser-Mahan/publication/322132029_Comparative_Study_of_Slot_Shapes_Effects_on_the_Scour_around_Bridge_Pier/links/5d7ef001a6fdcc2f0f713d09/Comparative-Study-of-Slot-Shapes-Effects-on-the-Scour-around-Bridge-Pier.pdf
https://www.researchgate.net/profile/Naser-Mahan/publication/322132029_Comparative_Study_of_Slot_Shapes_Effects_on_the_Scour_around_Bridge_Pier/links/5d7ef001a6fdcc2f0f713d09/Comparative-Study-of-Slot-Shapes-Effects-on-the-Scour-around-Bridge-Pier.pdf
https://www.researchgate.net/profile/Naser-Mahan/publication/322132029_Comparative_Study_of_Slot_Shapes_Effects_on_the_Scour_around_Bridge_Pier/links/5d7ef001a6fdcc2f0f713d09/Comparative-Study-of-Slot-Shapes-Effects-on-the-Scour-around-Bridge-Pier.pdf
https://www.researchgate.net/profile/Naser-Mahan/publication/322132029_Comparative_Study_of_Slot_Shapes_Effects_on_the_Scour_around_Bridge_Pier/links/5d7ef001a6fdcc2f0f713d09/Comparative-Study-of-Slot-Shapes-Effects-on-the-Scour-around-Bridge-Pier.pdf
https://www.researchgate.net/profile/Naser-Mahan/publication/322132029_Comparative_Study_of_Slot_Shapes_Effects_on_the_Scour_around_Bridge_Pier/links/5d7ef001a6fdcc2f0f713d09/Comparative-Study-of-Slot-Shapes-Effects-on-the-Scour-around-Bridge-Pier.pdf
https://uwo.scholaris.ca/bitstreams/277f65a5-170f-4634-adbf-e0b43f52a487/download
https://uwo.scholaris.ca/bitstreams/277f65a5-170f-4634-adbf-e0b43f52a487/download
https://uwo.scholaris.ca/bitstreams/277f65a5-170f-4634-adbf-e0b43f52a487/download
https://uwo.scholaris.ca/bitstreams/277f65a5-170f-4634-adbf-e0b43f52a487/download
https://doi.org/10.1080/09715010.2024.2397401
https://doi.org/10.1680/maen.2011.164.4.159
https://doi.org/10.1016/j.coastaleng.2015.03.010
https://doi.org/10.28991/cej-2020-03091531
https://doi.org/10.1007/s00500-020-05567-3
https://doi.org/10.1080/09715010.2025.2507924
https://doi.org/10.1016/j.jenvman.2024.120349
https://doi.org/10.1061/(ASCE)0733-9429(1983)109:8(1161)
https://doi.org/10.1061/(ASCE)0733-9429(1983)109:8(1161)
file:///C:/Users/PISHRORAYANEH/Downloads/Eitaa%20Desktop/آبشستگی%20-نهایی.docx
https://doi.org/10.1061/(ASCE)0733-9429(2002)128:9(811)
https://doi.org/10.1061/(ASCE)0733-9429(2002)128:9(811)
https://doi.org/10.1016/j.jrmge.2014.01.007
https://doi.org/10.1111/jfr3.12812

wedoles (ol 2 695 g Lo ko 1 fy a3y (Sl 2ol (59 0 )

Seabed Considering Soil Cohesion (SedCoh-
FOAM): Model and Validation. Physics of Fluids,
36, p. 053340. https://doi.org/10.1063/5.0207743

161.Raudkivi, A.J., and Ettema, R., 1983. Clear-water
scour at cylindrical piers. Journal of Hydraulic En-
gineering, 109(3), pp. 338-350.
https://doi.org/10.1061/(ASCE)0733-
9429(1983)109:3(338)

162.Raudkivi, A.J., 1986. Functional trends of scour at
bridge piers. Journal of Hydraulic Engineering,
112(1), pp. 1-13.
https://doi.org/10.1061/(ASCE)0733-
9429(1986)112:1(1)

163.Rathod, P., and Manekar, V.L., 2022. Gene expres-
sion programming to predict local scour using labor-
atory and field data. ISH Journal of Hydraulic Engi-
neering, 28(2), pp. 143-151.
https://doi.org/10.1080/09715010.2020.1846144

164.Raikar, R.V., and Dey, S., 2005. Clear-water scour
at bridge piers in fine and medium gravel beds. Ca-
nadian Journal of Civil Engineering, 32(4), pp. 775-
781. https://doi.org/10.1139/105-022

165.Rezaie, M., Daneshfaraz, R., and Dasineh, M.,
2018. Experimental investigation of adding clay and
PAM on scour reduction bridge piers under the in-
fluence removal of river materials. Journal of Hy-
draulics, 13(3), pp. 59-70. [In  Persian].
10.30482/jhyd.2018.81358

166.Roulund, A., Sumer, B.M., Fredsge, J., and Michel-
sen, J., 2005. Numerical and experimental investiga-
tion of flow and scour around a circular pile. Journal
of  Fluid mechanics, 534, pp.  351-401.
https://doi.org/10.1017/S0022112005004507

167.Radice, A., Porta, G., and Franzetti, S., 2009. Anal-
ysis of the time-averaged properties of sediment mo-
tion in a local scour process. Water Resources Re-
search,45(3).
https://doi.org/10.1029/2007WR006754

168.Rebai, D., Radice, A., Ballio, F., and Franzetti, S.,
2026. Predictors for Clear-Water and Live-Bed
Scour at Circular Piers. Journal of Hydraulic Engi-
neering, 152(2), p. 06025016.
https://doi.org/10.1061/JHEND8.HYENG-14569

169.Sholtes, J.S., Ubing, C., Randle, T.J., Fripp, J.,
Cenderelli, D., and Baird, D.C., 2017. Managing In-
frastructure in the Stream Environment. U.S. De-
partment of the Interior and U.S. Department of Ag-
riculture, Denver, CO, USA, pp. 65.
https://doi.org/10.1111/1752-1688.12692

170.Sheppard, D.M., Melville, B., and Yang, Y., 2023a.
Local equilibrium sediment scour prediction at
bridge piers with complex geometries. Journal of
Hydraulic ~ Engineering, 149, pp. 1-14.
https://doi.org/10.1061/(ASCE)HY.1943-
7900.0002026

171.Sheppard, D.M., Yang, Y., and Melville, B., 2023b.
Method for estimating clear-water local scour rate at
complex piers. Journal of Hydraulic Engineer-
ing, 149(10), p. 04023039.
https://doi.org/10.1061/JHEND8.HYENG-13656

148.Pandey, M., Sharma, P.K., Ahmad, Z., and Karna,
N., 2018. Maximum scour depth around bridge pier
in gravel bed streams. Natural Hazards, 91(2), pp.
819-836. https://doi.org/10.1007/s11069-017-3157-
z

149.Pandey, M., Azamathulla, H.M., Chaudhuri, S., Pu,
J.H., and Pourshahbaz, H., 2020. Reduction of time-
dependent scour around piers using collars. Ocean
Engineering, 213(7), p. 107692.
10.1016/j.oceaneng.2020.107692

150.Porhemmat, M., 2018. Spatial and temporal scour
profile of cylindrical pier in cohesive sediment mix-
ture. Ph.D. Thesis, Universiti Kebangsaan Malaysia,
Malaysia. 10.1007/s40996-024-01443-4

151.Parker, G., Toro-Escobar, C., and Voigt Jr, R.L.,
1998. Countermeasures to protect bridge piers from
scour. https://hdl.handle.net/11299/108221

152.Pagliara, S., Carnacina, I., and Cigni, F., 2010. Sills
and gabions as countermeasures at bridge pier in
presence of debris accumulations. Journal of Hy-
draulic Research, 48(6), pp. 764-774.
https://doi.org/10.1080/00221686.2010.528184

153.Pilarczyk, K., 2000. Geosynthetics and Geosystems
in Hydraulic and Coastal Engineering. Rotterdam:
Balkema Publishers. https://api.taylorfran-
cis.com/content/books/mono/download?identifi-
erName=doi&identifi-
erValue=10.1201/9781003762188&type=googlepdf

154.Park, J.H., Sok, C., Park, C.K., and Kim, Y.D.,
2016, A study on the effects of debris accumulation
at sacrificial piles on bridge pier scour: I. Experi-
mental results. KSCE Journal of Civil Engineering,
20(4), pp. 1546-1551.
https://doi.org/10.1007/s12205-015-0207-5

155.Peng, Y., and Yin, Z.Y., 2025. Micromechanical
analysis of local scour behaviors around circular
piles in granular soil under steady flows with SPH-
DEM. Ocean engineering, 328, p.
121061.10.1016/j.0ceaneng.2025.121061

156.Pizarro, A., Manfreda, S., and Tubaldi, E., 2020.
The science behind scour at bridge foundations: A
review. Water, 12(2), p. 374.
https://doi.org/10.3390/w12020374

157.Qi, M., Chiew, Y.M., and Hong, J.H., 2013. Suction
effects on bridge pier scour under clear-water condi-
tions. Journal of Hydraulic Engineering, 139(6), pp.
621-629. https://doi.org/10.1061/(ASCE)HY.1943-
7900.0000711

158.Qi, H., Yuan, T., Zhao, F., Chen, G., Tian, W., and
Li, J., 2023. Local scour reduction around cylindrical
piers using permeable collars in clear water. Water,
15(5), p. 897. https://doi.org/10.3390/w15050897

159.Qi, H., Tian, W., and Zhang, H., 2021. Modeling
local scour around a cylindrical pier with circular
collar with tilt angles (counterclockwise around the
direction of the channel cross-section) in clear-wa-
ter. Water, 13(22), p. 3281.
https://doi.org/10.3390/w13223281

160.Qin, C., Duan, L., Wang, D., Duan, B., and Liu, W.,
2024. A Local Scour Model for Single Pile on Silty



https://doi.org/10.1007/s11069-017-3157-z
https://doi.org/10.1007/s11069-017-3157-z
https://doi.org/10.1016/j.oceaneng.2020.107692
https://doi.org/10.1007/s40996-024-01443-4
https://hdl.handle.net/11299/108221
https://doi.org/10.1080/00221686.2010.528184
https://api.taylorfrancis.com/content/books/mono/download?identifierName=doi&identifierValue=10.1201/9781003762188&type=googlepdf
https://api.taylorfrancis.com/content/books/mono/download?identifierName=doi&identifierValue=10.1201/9781003762188&type=googlepdf
https://api.taylorfrancis.com/content/books/mono/download?identifierName=doi&identifierValue=10.1201/9781003762188&type=googlepdf
https://api.taylorfrancis.com/content/books/mono/download?identifierName=doi&identifierValue=10.1201/9781003762188&type=googlepdf
https://api.taylorfrancis.com/content/books/mono/download?identifierName=doi&identifierValue=10.1201/9781003762188&type=googlepdf
https://doi.org/10.1007/s12205-015-0207-5
https://doi.org/10.1016/j.oceaneng.2025.121061
https://doi.org/10.3390/w12020374
https://doi.org/10.1061/(ASCE)HY.1943-7900.0000711
https://doi.org/10.1061/(ASCE)HY.1943-7900.0000711
https://doi.org/10.3390/w15050897
https://doi.org/10.3390/w13223281
https://doi.org/10.1063/5.0207743
https://doi.org/10.1061/(ASCE)0733-9429(1983)109:3(338)
https://doi.org/10.1061/(ASCE)0733-9429(1983)109:3(338)
https://doi.org/10.1061/(ASCE)0733-9429(1986)112:1(1)
https://doi.org/10.1061/(ASCE)0733-9429(1986)112:1(1)
https://doi.org/10.1080/09715010.2020.1846144
https://doi.org/10.1139/l05-022
https://doi.org/10.30482/jhyd.2018.81358
https://doi.org/10.1017/S0022112005004507
https://doi.org/10.1029/2007WR006754
https://doi.org/10.1061/JHEND8.HYENG-14569
https://doi.org/10.1111/1752-1688.12692
https://doi.org/10.1061/(ASCE)HY.1943-7900.0002026
https://doi.org/10.1061/(ASCE)HY.1943-7900.0002026
https://doi.org/10.1061/JHEND8.HYENG-13656

oy

VFed 5ub/PY by 1Y osles Ve Jlwl ol pl ©F Sidg}y alxe

540. https://doi.org/10.1080/09715010.2020.17528
30
183.Schendel, A., Goseberg, N., and Schlurmann, T.,
2014. Experimental study on the performance of
coarse grain materials as scour protection. In Coastal
Engineering Conference 2014, ASCE, Reston, VA.
https://doi.org/10.15488/895
184.Soltani-Gerdefaramarzi, S., Afzalimehr, H., Chiew,
Y.M., and Lai, J.S., 2013. Jets to control scour
around circular bridge piers. Canadian Journal of
Civil  Engineering, 40(3), pp. 204-212.
https://doi.org/10.1139/cjce-2012-0240
185.Safaripour, N., Vaghefi, M. and Mahmoudi, A.,
2022. Experimental study of the effect of submerg-
ence ratio of double submerged vanes on topography
alterations and temporal evaluation of the maximum
scour in a 180-degree bend with a bridge pier group.
International Journal of River Basin Management,
20(4), pp. 427-441.
https://doi.org/10.1080/15715124.2020.1837144
186.Sultana, T., Nandi, B. and Das, S., 2026. A System-
atic Review of Collar-based Scour Countermeasures
for Bridge Piers. Archives of Computational Meth-
ods in Engineering, 33(2), pp. 2229-
2252.https://doi.org/10.1007/s11831-025-10362-0
187.Sui, S.H., Zhao, X.L., Chen, X.R., Deng, W.N. and
Shen, K.M., 2023. Full-scale numerical simulation
of the local scour under combined current and wave
conditions based on field data. China Ocean Engi-
neering, 37(6), pp. 1032-1043.
https://doi.org/10.1007/s13344-023-0086-3
188.Sheppard, D.M., and Renna, R., 2005. Bridge Scour
Manual; Florida Department of Transportation.
189.Tafarojnoruz, A., Gaudio, R., and Dey, S., 2010.
Flow-altering countermeasures against scour at
bridge piers: A review. Journal of Hydraulic Re-
search, 48, . 441-452.
https://doi.org/10.1080/00221686.2010.491645
190.Tan, G., Wang, J., Shu, C., and Lai, Y., 2007. Ef-
fects of Consolidation Time and Particle Size on
Scour Rates of Cohesive Sediment. Journal of Hy-
drodynamics, 19, pp. 160-164.
https://doi.org/10.1016/S1001-6058(07)60043-2
191.Tang, Z.H., Melville, B., Singhal, N., Shamseldin,
A., Zheng, J.H., Guan, D.W., and Cheng, L., 2022.
Countermeasures for local scour at offshore wind
turbine monopile foundations: A review. Water Sci-
ence and Engineering, 15(1), pp. 15-28.
https://doi.org/10.1016/j.wse.2021.12.010
192.Vasudeva, R., 2023. Damage of nearly one-fifty ru-
ral roads and ten bridges in floods across Punjab,
India. Hindustan Times, Delhi, India, Report
No0.08569, pp. 1-8. https://www.hin-
dustantimes.com/cities/chandigarh-news/floods-in-
punjab-cause-extensive-damage-to-rural-roads-and-
bridges-no-major-damage-reported-to-buildings-
101689020031758.html
193.Vijayasree, B.A., Eldho, T.l., and Mazumder, B.S.,
2020. Turbulence statistics of flow causing scour
around circular and oblong piers. Journal of Hydrau-
lic Research, 58(4), pp. 673-686.
https://doi.org/10.1080/00221686.2019.1661292

172.Schaap, H.S., and Caner, A., 2022. Bridge collapses
in Turkey: causes and remedies. Structure and Infra-
structure  Engineering, 18, pp. 694-709.
https://doi.org/10.1080/15732479.2020.1867198

173.Shahriar, A.R., Ortiz, A.C., Montoya, B.M., and
Gabr, M.A., 2021. Bridge pier scour: an overview of
factors affecting the phenomenon and comparative
evaluation of selected models. Transportation Ge-
otechnics, pp. 100549.
https://doi.org/10.1016/j.trge0.2021.100549

174.Schendel, A., Goseberg, N., and Schlurmann, T.,
2016. Erosion stability of wide-graded quarry-stone
material under unidirectional current. Journal of Wa-
terway, Port, Coastal, and Ocean Engineering, 142,
pp.
04015023.https://doi.org/10.1061/(ASCE)WW.194
3-5460.0000321

175.Shrestha, C.K., 2015. Bridge pier flow interaction
and its effect on the process of scouring (Doctoral
dissertation). University of Technology Sydney
(Australia).https://search.proguest.com/open-
view/66f898b068d9da02aeb-
fff3be633f4b0/1.pdf?pg-
origsite=gscholar&chl=2026366&diss=y

176.Sharp, J.A., and McAlpin, T.O., 2022. Case study:
experimental investigation into the feasibility of pier
nose extensions to reduce local scour around bridge
piers. Journal of Hydraulic Engineering, 148,
05021010.
https://doi.org/10.1061/(ASCE)HY.1943-
7900.0001948

177.Sumer, B.M., Christiansen, N., and Fredsge, J.,
1993. Influence of cross section on wave scour
around piles. Journal of waterway, port, coastal, and
ocean  engineering, 119(5), pp.  477-495.
https://doi.org/10.1061/(ASCE)0733-
950X(1993)119:5(477)

178.Shamshirband, S., Mosavi, A., and Rabczuk, T.,
2020. Particle swarm optimization model to predict
scour depth around a bridge pier. Frontiers of Struc-
tural and Civil Engineering, 14(4), pp. 855-866.
https://doi.org/10.1007/s11709-020-0619-2

179.Sreedhara, B.M., Patil, A.P., Pushparaj, J., Kuntoji,
G., and Naganna, S.R., 2021. Application of gradient
tree boosting regressor for the prediction of scour
depth around bridge piers. Journal of Hydroinfor-
matics, 23(4), pp. 849-863.
https://doi.org/10.2166/hydro0.2021.011

180.Silvia, C.S., Ikhsan, M., and Wirayuda, A., 2021.
Analysis of scour depth around bridge piers with
round nose shape by HEC-RAS 5.0.7 software. In
Journal of Physics: Conference Series, 1764(1), p.
012151. 10.1088/1742-6596/1764/1/012151

181.Sonia Devi, Y., and Barbhuiya, A.K., 2017. Bridge
Pier Scour in Cohesive Soil: A Review. Sadhana, 42,
pp. 1803-1819.https://doi.org/10.1007/s12046-017-
0698-5

182.Singh, N.B., Devi, T.T., and Kumar, B., 2022. The
local scour around bridge piers—a review of reme-
dial techniques. ISH Journal of Hydraulic Engineer-
ing, 28(Suppl.1), pp. 527-



https://doi.org/10.1080/15732479.2020.1867198
https://doi.org/10.1016/j.trgeo.2021.100549
https://doi.org/10.1061/(ASCE)WW.1943-5460.0000321
https://doi.org/10.1061/(ASCE)WW.1943-5460.0000321
https://search.proquest.com/openview/66f898b068d9da02aebfff3be633f4b0/1.pdf?pq-origsite=gscholar&cbl=2026366&diss=y
https://search.proquest.com/openview/66f898b068d9da02aebfff3be633f4b0/1.pdf?pq-origsite=gscholar&cbl=2026366&diss=y
https://search.proquest.com/openview/66f898b068d9da02aebfff3be633f4b0/1.pdf?pq-origsite=gscholar&cbl=2026366&diss=y
https://search.proquest.com/openview/66f898b068d9da02aebfff3be633f4b0/1.pdf?pq-origsite=gscholar&cbl=2026366&diss=y
https://doi.org/10.1061/(ASCE)HY.1943-7900.0001948
https://doi.org/10.1061/(ASCE)HY.1943-7900.0001948
https://doi.org/10.1061/(ASCE)0733-950X(1993)119:5(477)
https://doi.org/10.1061/(ASCE)0733-950X(1993)119:5(477)
https://doi.org/10.1007/s11709-020-0619-2
https://doi.org/10.2166/hydro.2021.011
file:///C:/Users/PISHRORAYANEH/Downloads/Eitaa%20Desktop/آبشستگی%20-نهایی.docx
https://doi.org/10.1007/s12046-017-0698-5
https://doi.org/10.1007/s12046-017-0698-5
https://doi.org/10.1080/09715010.2020.1752830
https://doi.org/10.1080/09715010.2020.1752830
https://doi.org/10.15488/895
https://doi.org/10.1139/cjce-2012-0240
https://doi.org/10.1080/15715124.2020.1837144
https://doi.org/10.1007/s13344-023-0086-3
https://doi.org/10.1080/00221686.2010.491645
https://doi.org/10.1016/S1001-6058(07)60043-2
https://doi.org/10.1016/j.wse.2021.12.010
https://www.hindustantimes.com/cities/chandigarh-news/floods-in-punjab-cause-extensive-damage-to-rural-roads-and-bridges-no-major-damage-reported-to-buildings-101689020031758.html
https://www.hindustantimes.com/cities/chandigarh-news/floods-in-punjab-cause-extensive-damage-to-rural-roads-and-bridges-no-major-damage-reported-to-buildings-101689020031758.html
https://www.hindustantimes.com/cities/chandigarh-news/floods-in-punjab-cause-extensive-damage-to-rural-roads-and-bridges-no-major-damage-reported-to-buildings-101689020031758.html
https://www.hindustantimes.com/cities/chandigarh-news/floods-in-punjab-cause-extensive-damage-to-rural-roads-and-bridges-no-major-damage-reported-to-buildings-101689020031758.html
https://www.hindustantimes.com/cities/chandigarh-news/floods-in-punjab-cause-extensive-damage-to-rural-roads-and-bridges-no-major-damage-reported-to-buildings-101689020031758.html
https://doi.org/10.1080/00221686.2019.1661292

wedoles (ol 2 695 g Lo ko 1 fy a3y (Sl 2ol (59 0 oy

205.Wang, C., Wu, Q., Liang, J., Liang, F., and Yu,
X.B., 2024. Establishment and implementation of an
artificial intelligent flume for investigating local
scour around underwater foundations. Transporta-
tion Geotechnics, 49, p. 101433.
https://doi.org/10.1016/j.trge0.2024.101433

206.Wang, C., Yuan, Y., Liang, F., and Tao, J., 2022.
Experimental Investigation of Local Scour around
Cylindrical Pile Foundations in a Double-Layered
Sediment under Current Flow. Ocean Engineering,
251, 111084. 10.1016/j.0oceaneng.2022.111084

207.Wang, W., Yan, J., Chen, S., Liu, J., Jin, F., and
Wang, B., 2023a. Gridded cemented riprap for scour
protection around monopile in the marine environ-
ment. Ocean Engineering, 272, p. 113876.
10.1016/j.oceaneng.2023.113876

208.Wang, G., Xu, S., Zhang, Q., and Zhang, J., 2023b.
An experimental study of the local scour protection
methods around the monopile foundation of offshore
wind turbines. Ocean Engineering, 273, p. 113957.
10.1016/j.0oceaneng.2023.113957

209.Wang, L., Melville, B.W., Whittaker, C.N., and
Guan, D., 2018. Effects of a downstream submerged
weir on local scour at bridge piers. Journal of Hy-
draulic and Environmental Research, 20(6), pp.
101-109. 10.1016/j.jher.2018.06.001

210.Xiong, H., Xiao, J., Jin, Y.F., Sun, X. and Chen, X.,
2024. Numerical investigation of scour development
around offshore tensioners under steady cur-
rent. Ocean  Engineering, 313, p.  119373.
10.1016/j.oceaneng.2024.119373

211.Yang, Y., Melville, B.W., Xiong, X., and Wang, L.,
2022. Temporal evolution of scour at bridge abut-
ments in compound channels. International Journal
of Sediment Research,37(5), pp. 662-674.
https://doi.org/10.1016/j.ijsrc.2022.03.004

212.Yoon, T.H., 2005. Wire gabion for protecting
bridge piers. Journal of Hydraulic Engineer-
ing, 131(11), pp. 942-949.
https://doi.org/10.1061/(ASCE)0733-
9429(2005)131:11(942)

213.Zhang, W., Rennie, C.D. and Nistor, 1., 2023b. A
new model developed by multigene genetic pro-
gramming for the temporal evolution of bridge pier
scour. Canadian Journal of Civil Engineer-
ing, 50(7), pp. 549-559.
https://doi.org/10.1139/cjce-2022-0430

214.Zhang, F., Chen, X., Yan, J. and Gao, X. 2023a.
Countermeasures for local scour around offshore
wind turbine monopile foundations: A review. Ap-
plied Ocean Research, 141, p. 103764.
10.1016/j.apor.2023.103764

215.Zhang, F., Chen, X., Feng, T., Wang, Y., Liu, X.,
and Liu, X., 2022. Experimental study of grouting
protection against local scouring of monopile foun-
dations for offshore wind turbines. Ocean Engineer-
ing, 258, p. 111798.
10.1016/j.0oceaneng.2022.111798

216.Zhang, R., Xiong, W., and Gao, Y., 2024. A mesh-
less model for three-dimensional direct numerical
simulation of local scour around cylinder bridge

194.Vijayasree, B.A., Eldho, T.l., Mazumder, B.S., and
Ahmad, N., 2019. Influence of bridge pier shape on
flow field and scour geometry. International Journal
of River Basin Management, 17(1), pp. 109-129.
https://doi.org/10.1080/15715124.2017.1394315

195.Vasquez, J., McLean, D., and Walsh, B., 2007.
Modeling Scour and Riprap Protection in Golden
Ears Bridge. In Proceedings of the 18th Canadian
Hydrotechnical Conference, Winnipeg, MB, Can-
ada, 22-24 August 2007. https://www.re-
searchgate.net/publication/327671455_Model-
ing_Scour_and_Riprap Protec-
tion_in_Golden_Ears Bridge

196.Valela, C., Nistor, 1., Rennie, C.D., Lara, J.L., and
Maza, M., 2021. Hybrid modelling for design of a
novel bridge pier collar for reducing scour. Journal
of Hydraulic Engineering, 147(5), p. 4021012.
https://doi.org/10.1061/(ASCE)HY.1943-
7900.0001875

197.Valela, C., Rennie, C.D., and Nistor, 1., 2022a. Im-
proved bridge pier collar for reducing scour. Interna-
tional Journal of Sediment Research, 37(1), pp. 37—
46. https://doi.org/10.1016/j.ijsrc.2021.04.004

198.Valela, C., Whittaker, C.N., Rennie, C.D., Nistor,
I., and Melville, B.W., 2022b. Novel riprap structure
for improved bridge pier scour protection. Journal of
Hydraulic Engineering, 148(3), p. 04022002.
https://doi.org/10.1061/(ASCE)HY.1943-
7900.0001967

199.Vaghefi, M., Zarei, E., Ahmadi, G., and Behroozi,
AM., 2023. Experimental analysis of submerged
vanes configuration for mitigating local scour at
piers in a sharp bend: Influence of quantity, length,
and orientation. Ocean Engineering, 289, p.116267.
10.1016/j.0oceaneng.2023.116267

200.Vonkeman, J.K., and Basson, G.R., 2019. Evalua-
tion of empirical equations to predict bridge pier
scour in a non-cohesive bed under clear-water con-
ditions. Journal of the South african institution of
civil engineering, 61(2), pp. 2-20. 10.17159/2309-
8775/2019/v61n2al

201.Wang, S., Wei, K., Shen, Z., and Xiang, Q., 2019
.Experimental investigation of local scour protection
for cylindrical bridge piers using anti-scour collars.
Water, 11(7), pp. 1515.
https://doi.org/10.3390/w11071515

202.Wardhana, K., and Hadipriono, F.C., 2003. Analy-
sis of recent bridge failures in the United States.
Journal of Performance of Constructed Facilities,
17(3), pp. 144—
150.https://doi.org/10.1061/(ASCE)0887-
3828(2003)17:3(144)

203.Kalidindi, M.K., and Khosa, R., 2025. Coherent
structure variations in the flow around a square pier
with an evolving scour hole. Journal of Hydraulic
Engineering, 151(4), p. 04025009.
https://doi.org/10.1061/JHEND8.HYENG-14263

204.Wang, C., Liang, F., and Yu, X., 2017. Experi-
mental and numerical investigations on the perfor-
mance of sacrificial piles in reducing local scour
around pile groups. Natural Hazards, 85, pp. 1417—
1435. https://doi.org/10.1007/s11069-016-2634-0



https://doi.org/10.1080/15715124.2017.1394315
https://www.researchgate.net/publication/327671455_Modeling_Scour_and_Riprap_Protection_in_Golden_Ears_Bridge
https://www.researchgate.net/publication/327671455_Modeling_Scour_and_Riprap_Protection_in_Golden_Ears_Bridge
https://www.researchgate.net/publication/327671455_Modeling_Scour_and_Riprap_Protection_in_Golden_Ears_Bridge
https://www.researchgate.net/publication/327671455_Modeling_Scour_and_Riprap_Protection_in_Golden_Ears_Bridge
https://doi.org/10.1061/(ASCE)HY.1943-7900.0001875
https://doi.org/10.1061/(ASCE)HY.1943-7900.0001875
https://doi.org/10.1016/j.ijsrc.2021.04.004
https://doi.org/10.1061/(ASCE)HY.1943-7900.0001967
https://doi.org/10.1061/(ASCE)HY.1943-7900.0001967
file:///C:/Users/PISHRORAYANEH/Downloads/Eitaa%20Desktop/آبشستگی%20-نهایی.docx
https://doi.org/10.17159/2309-8775/2019/v61n2a1
https://doi.org/10.17159/2309-8775/2019/v61n2a1
https://doi.org/10.3390/w11071515
https://doi.org/10.1061/(ASCE)0887-3828(2003)17:3(144)
https://doi.org/10.1061/(ASCE)0887-3828(2003)17:3(144)
https://doi.org/10.1061/JHEND8.HYENG-14263
https://doi.org/10.1007/s11069-016-2634-0
https://doi.org/10.1016/j.trgeo.2024.101433
https://doi.org/10.1016/j.oceaneng.2022.111084
https://doi.org/10.1016/j.oceaneng.2023.113876
https://doi.org/10.1016/j.oceaneng.2023.113957
https://doi.org/10.1016/j.jher.2018.06.001
https://doi.org/10.1016/j.oceaneng.2024.119373
https://doi.org/10.1016/j.ijsrc.2022.03.004
https://doi.org/10.1061/(ASCE)0733-9429(2005)131:11(942)
https://doi.org/10.1061/(ASCE)0733-9429(2005)131:11(942)
https://doi.org/10.1139/cjce-2022-0430
https://doi.org/10.1016/j.apor.2023.103764
https://doi.org/10.1016/j.oceaneng.2022.111798

N g

VFed 5ub/PY by 1Y osles Ve Jlwl ol pl ©F Sidg}y alxe

foundation. Ocean Engineering, 312, p. 119220.
10.1016/j.0ceaneng.2024.119220

217.Zarrati, A.R., Gholami, H., and Mashahir, M.B.,
2004. Application of collar to control scouring
around rectangular bridge piers. Journal of hydrau-
lic research, 42(1), pp. 97-103.
https://doi.org/10.1080/00221686.2004.9641188

218.Zarrati, A.R., Chamani, M.R., Shafaie, A. and
Latifi, M., 2010. Scour countermeasures for cylin-
drical piers using riprap and combination of collar
and riprap. International Journal of Sediment Re-
search, 25(3), pp. 313-322
https://doi.org/10.1016/S1001-6279(10)60048-0

219.Zhao, M., 2022. A review on recent development of
numerical modelling of local scour around hydraulic
and marine structures. Journal of Marine Science
and Engineering, 10(8), p. 11309.
https://doi.org/10.3390/jmse10081139


file:///C:/Users/PISHRORAYANEH/Downloads/Eitaa%20Desktop/آبشستگی%20-نهایی.docx
https://doi.org/10.1080/00221686.2004.9641188
https://doi.org/10.1016/S1001-6279(10)60048-0
https://doi.org/10.3390/jmse10081139

