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Abstract (English)

Pier scouring, being a devastating natural event, is recognized as one of the major
contributing factors responsible for the collapse of hydraulic structures. Its destructive potential
poses a significant threat, leading to severe consequencedingckconomic losses and
casualties. Therefore, this phenomenon has garnered substantial attention, prompting the
implementation of diverse countermeasuigsth active and passive approaches have been
explored, encompassing techniques that modify flowepat and solutions that reinforce the
bed against scour.

This thesis centers on a comprehensive investigation of thecagpet, a novel
countermeasure system, aiming to evaluate its effectiveness in mitigating scour. The
experimental tests wer@rducted in a controlled environment simulating cle@ater scour
conditions at a cylindrical pier in fremurface flow. Each test had a duration of 6 hours,
designed to be completed within a single day.

The experimental campaign encompassed a total of 30 tests at the Hydraulic Lab G.Fantoli,
located in the Leonardo campus of the Politecnico di Milano. This included one preliminary
test, two unprotected tests, and 27 tests utilizing various tyggsochrpets. The geoarpets
were varied based on three key parameters: coverage area, mesh size, and material flexibility.
In addition to observing the scouring phenomenon during the tests, comprehensive quantitative
data was collected.

The thoraugh data collection and subsequent surveys enabled an examination of various
factors, such as changes in the channel bed, depths of maximum scouring, and alterations in
scour volumes. These findings facilitated a dimensionless analysis and comprehensive
comparison of all the protected tests, leading to the identification of the most effective geo
carpet configurations. Based on the case study findings, it was observed tfiakibie nets
with optimized coverage area were suitable for mitigating scostregim of the pier, while
coarseflexible-extended nets proved to be effective in minimizing channel bed changes
downstream.

The study provides valuable recommendations based on observed trends, obviously
constrained to a relatively limited rangeconditions explored.

Keywords: pier scouring, countermeasures, -gaopet, clear water, cylindrical pier, free
surface flow, coverage area, mesh size, material flexibility, dimensionless analysis.




Astratto (Italiano)

L'erosione localizzatalla base delle pile dei ponti € uno dei fattori maggiormente
responsabili del crollo delle strutture in alveo. il suo potenziale distruttivo rappresenta una
minacciacon severe conseguenze, tra cui perdite economiche e di vite umane. |l fenomeno e
stato oggetto di attenzione e ha stimolato la ricerca di contromisure sia attive che passive,
riguardando strategie per la modifica del campo di moto o per il rinforzett!| |

la tesi comprende un'indagine sperimentale del-tgepet" per valutarne la capacita di
mitigare i livelli di erosione. Prove sperimentali sono state condotte in laboratorio per erosione
in acque chiare a una pila circolare sotto l'azione dflusso a superficie libera. Ogni
esperimento ha avuto una durata di 6 ore, con questo potendo essere completato in un giorno.

La campagna sperimentale ha compreso 30 esperimenti, svolti presso il laboratorio di
idraulica Fantoli del Politecnico di MilandJn esperimento preliminare per la ricerca delle
condizioni di prova e stato seguito da 2 esperimenti con pila non protetta e 27 esperimenti con
diverse configurazioni del gemarpet in termini di area coperta, dimensione delle maglie, e
flessibilita del nateriale.

| dati quantitativi misurati durante gli esperimenti sono stati analizzati in termini di
profondita di erosione e volume di sedimento coinvolto. Tutti gli esperimenti sono stati
confrontati tramite un'opportuna analisi adimensionale, identdizda configurazioni piu
promettenti. Un gecarpet a maglia fine, flessibile e di area opportunamente determinata
mitiga efficacemente lo scavo a monte della pila, mentre urcagget a maglia grossolana,
flessibile e efficace per ridurre lo scavo aeall

Lo studio offre indicazioni preliminari, da considerarsi ovviamente valide nel campo
sperimentale indagato.

Parole chiavel'erosione localizzata, contromisure, gearpet, acque chiare, pila circolare,
flusso a superficie libera, arecoperta, dimensione delle maglie, flessibilita del materiale,
analisi adimensionali.
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Chapter 1

Introduction

1. 1. Bridgeds failure and the contributing

Since ancient times, civil infrastructure systems have served as a tangible reflection of
societal progress and temporal development, holding immense significance in the realm of
engineering. In contemporary times, civil infrastructure systems haeeged as a critical
concern with multifaceted impacts on society, particularly in terms of connectivity, which
directly influences economic growth. Modern engineers are increasingly devoted to the
research, development, design, and construction of aamide of infrastructural components,
seeking optimal solutions at reduced costs. However, one aspect that often receives inadequate
attention is the maintenance of these infrastructure systems, which plays a pivotal role in the
overall framework of any iméstructure management strategy, irrespective of geographic
location. Consequently, engineers have innovatively designed materials to mitigate the
challenges associated with maintenance endeavors.

Civil infrastructure systems are invariably exposed to enomrs environments, thereby
exposing them to risks that may lead to failure. Consequently, it becomes imperative to manage
the repercussions of such failures in terms of connectivity, social implications, and economic
consequences for society or commusitiés delineated in the latest definition proposed by the
United Nations International Strategy for Disaster Reduction (UNISDR) in 2017, risk can be
conceptualized as a function of three interconnected factors: hazard, exposure, and
vulnerability. While haard and exposure are often beyond direct control, certain infrastructure
elements can be fortified by implementing a range of tools or systems that enhance and sustain
their performance over time, primarily targeting vulnerability reduction. A prominent
illustration of infrastructure vulnerable to risks is found in bridges situated in hostile
environments such as rivers or, worse yet, coastal areas.

In the past 30 years, over 1,000 bridge collapses have been recorded in the United States,
with 60% of these failures attributed to river hydraulics processdading pier scou(Deng
and Cai, 201)) Additionally, (Foti and Sabia, 20)identified more than 26,000 bridges in the
United States as being susceptible to secelated issues.

The Federal Highway Administration's research on bridge scour highlighted those major
regional floods in 1964 and 1972 resuliedlamages totaling approximately US$100 million
per eveniBrice and Blodgett, 197)8Similarly, in New Zealand, a survey conducted among
roading authorities revealed that riveduced scouring leads to annual roading expenditures
of NZ$36 million(Macky, 1990).

f



Although the dynamics of bridge scouring are well understood, and numerous studies exist
in the literature regarding scour processes and predicting maxsonaor depth(Graf and
Yulistiyanto, 1998 and (Melville and Coleman, 2000 several bridge failures during river
floods over the past decades have raised concerns within the scientific community. This has
prompted engineers and researchers to enhance scour prediction models and develop improved
scour measurement techniqu@&sandimarte et al., 20)2Notably, an examination of the
database compiled ymhof, 2004 indicates an increasing percentage of bridge collapses in
recent decades, while collapses resulting from limited knowledge or design errors have
declined over time, those attributed to natural hazards have shovpwardtrend.

A comprehensive compilation of bridge failure data from around the world in 2004
substantiates the assertion that natural hazards are the primary cause of bridge collapses, as
depicted in Figure 1.1, with scour emerging as one of the mostir@otrcontributors, as
elucidated in Figure 1.2. These statistics reinforce the central idea within modern engineering
that constantly strives to devise innovative methods aimed at fortifying bridges against
potential hazards in the future.

natural hazard
M design error
impact
M overloading

B human error

Causes of collapse

M limited knowledge
W deterioration
M vandalism
0 10 20 30 40
% Total collected bridge collapses
Figure 1.1. Main causes dbridgecollapse(lImhof, 2009.
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TE M explosion

=

z,

earthquake
.

0 20 40 60 30

% Total collected bridge collapses
Figure 1.2. Different natural hazards causing bridg#lapse(Imhof, 2004.




In the case of infrastructural entities like bridges, although the factors of hazard and
exposure are inherently intertwined with geographical location and areuttitio alter, the
reduction of vulnerability assumes paramount importance from a systemic perspective
encompassing the entire territory. Adequate preparedness for diverse flood events or scour
phenomena in representative bridges assumes significanceuwagrients the likelihood of
maintaining their structural integrity during the pestergency phase, thereby ensuring the
preservation and even augmentation of redundancy in such territories following
hydrogeological events that endanger densely populaeted.a

Bridge failures are most observed during floods when there is a high flow velocity (v)
compared to the critical velocity dvrequired to initiate sediment particle motion. Even in
riverswith flat terrain, the flow velocity typically exceedsrs during severe flood events. As
a result, if the riverbed contains finengl with a critical velocity of approximately 0.25 m/s,
the flow intensity (v/¥) can reach oexceed 2(qEttmer et al., 2016

Several researchers havedied cleatwater scour, includingLaursen and Toch, 1916
(Larras, 1963 (Breusers, 1965 (Shen et al., 969, (Coleman, 198} (Colenan, 1972,
(Hancu, 197}, (Neill, 1973, (Breusers et al., 197, (Jain, 198}, (Chitale, 1988 (Melville
and Sutherland, 1984Breusers and Raudkivi, 1991Johnson, 1992 (Johnson and Ayyub,
1992, (Ansari and Qadar, 1994 Melville, 1997, and (Oliveto and Hager, 2002They have
examined the phenomenon extensively. For flow velocities with a range of 0.5 < VR,
maximum scour depth {din relation to pier diameter (b) has been reported to vary widely
from 0.75 to 2.5. In most casegy@ak in scour depth was observed at v/

The presence of pile foundations has a significant impact on flow patterns and increases
turbulence around therfRasaei et al., 2020and (Jia_et al., 2018 When the current is
obstructed by a pile, it leads to the formation of a horseshoe vortex, which erodes and transports
bed particles, ultimately causing scqdhang et al., 20)7and(Xiong et al., 201Y. (Lagasse
et al., 1997 reported that in the United States alone, there are 488,750 bridges spanning rivers
prone to scourelated failures, resulting in an annual cost of $30 million. Hydraulic failure
modes, including scour in pile foundationgcaunt for approximately 60% of the 823
identified bridge failures in the past 30 yeg#sirole and Holt, 1991

Noteworthy bridge collapse incidents linked to excessive scouring under pile foundations,
as shown in Figure 1.3, include the Schoharie Creek Bridge collapse in New York State
Thruway on April 5, 1987, where five vehicles plunged into the river, resultihg fatalities
(Lebeau and Waditascetti, 200Y. Similarly, in Taiwan, the collapse of the Houfeng Bridge
on September 14, 2008, claimed six lives during extreme weather conditions with strong winds
and heavy raiffHong et al., 201R These incidents emphasize that scouring is a common and
potential cause of failure for bridge pile foundations, leading to loss of life, as well as economic
and environmental impacts. Therefore, it is imperative to monitor and assess the depth of scour
around bridge pile foundations during design, operation, and maintenance of hydraulic
structuregChris and Norbert, 2003




(b)
Figure 1.3. Collapses of bridge pile foundations: (a) Schoharie Creek Bridge; (b) Houfeng Bridge.

1.2. Objectives, and structure of the work

The main goal of this thesis is to evaluate the effectiveness of a novel countermeasure
known as "Geearpet" for mitigating pile scour in clear water conditions. The study involves
an extensive experimental campaign comprising multiple tests to preligianalyze the
performance of the proposed countermeasure. The primary objective is to assess various
parameters and their behavior in relation to the effectiveness of theaBsat. Furthermore,
the study aims to compare the results with existing resasaudies on similar countermeasures.

The present dissertation composes of five chapters:

Chapter 1
|l ntroduction of the bridgebds failure and the

Chapter 2

An explanation of sediment transport in open channel and smeuring. Moreover,
specification of the traditional countermeasure approaches and geosynthetics as contemporary
countermeasure.

Chapter 3
The description of the laboratory equipment used in the experiments, the methods for data
acquisition, and a briefescription of the experimental procedures are presented.

Chapter 4

Conducting various types of experiments and comparing different combinations to examine

their effectiveness and identify the most suitable approach. The objective is to gain a

comprehensive understanding of the experimental outcomes and determine the optimal
combination that yields the desired results. Moreover, some suggestions for future research and
improvements.

Chapter 5
The summary and conclusion of the study.




Chapter 2

Literature Revi ew

2.1. Sediment transport in open channel and bridge pier scour

2.1.1. Sediment Transport

Sediment transport is a physical process that pertains to the movement of sedimentary
particles within various hydrodynamic environments such as rivers, streams, and coastal
regions, among others.

This phenomenon encompasses two distinetgaies of sediment transport, namely bed
load and suspended load, each signifying distinct modes of particle displacement.

Bed load represents the motion of grains as they roll along the riverbed or channel bottom,

while suspended load denotég transportation of particles that remain in suspension within
the fluid medium.

2.1.1.1. Physical properties of sediments

Two categories exist for sedi ments: cohesi
noomnohesive,samwmmpandi ggavel particl es. Sedi me
relative density and size, as il lustrated in
The relative density is determined by the eq
| — (2.1)
Her g denotes the densi tyyr epfresleeat s edihme ndte,n
surrounding fluid.

Cl ass name Size range (mrnPhdcade ( Remar ks

(1) (2) (3) (4)

Cl ay d < 0.002 to (+8 tode +9 <

Silt 0.002 to 0.004+4«< +t9® +9

Sand 0.06 < d < 2.(-1 « +4 Silica

Gravel 2.0 < d < 64 -6 -1 Rodk agment s
Cobbl e 64 < 256 1 -8 «-6 Original rocks
Boul der 256 < d «<-8 Original rocks

Tabl eSe2d.ilmealt a s $ iz(Eharcs@t2D0d n




Mul tiple definitions of sediment size are
efers to the particleesmesehtbhatveaonof passpel
hrough the ssbzedusnévemaFberinstance, it
mm, indicating a particle size between 1mm

]

Nl—"

The sedi mentation diameterze onf tdheqwdrhtez &
ettles within the same fluid at an equi vale
eing studied.

own

Lastly, the nominal di ameter denotes the s
as the real sedi mentnt p & dthedem .Y h iasl fl @mmvis c e p
i mplified analysis by comsi oér alreh smna y& qwh e
Xxamining sediment characteristics.

D Wn

U Particle size distribution

I n natur al sedi ment compositions, a mul tif
creating a diverse mixture. The distributio
plotting the weight percent aag es pdcitfhiec toitzad
particle size itself.

Within this context, certain cheaysacteer if 0tri
instance, refers to the particle size at whi
particles. 1$i mig)ba n(zlkys, rtehper e(sdent the grain si
of the material's weight, respectively, cons

The sedi ment size distribution'"s wuart@or mi-t
devi ald i, owh(ch i snobramsadd donsta ilbougt i on ofi) grain
indicates a wider sediment size distributi ol
di stribution

T Wr
no— T 2. 2
<3 ( )

Figure 2.1 illustrates a typical ©particle

the sampl e @ & hffumsetdii onent w)l,ogaisc awe Isli zaes ptahree
percentage of particles passing as a functio

The sedi mentolod)cab detenpdramefell 6ws:

%o — (2.3)
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U Angle of repose

When considering the stability of an indivi
condition for particle motion is met when th
of contact. Thiwhiccht moal onoodmmenaoesati s r e
repose, hg.noTftheed aarsgl(e of repose is influence
specifically on a flat surface, i ncreases Wwi
bet ween 26A and 42A, with sands typi alAl' y ex
(Chanson, 2004

Figure 2.2 provides illustrative exampl es
particle shapes.
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2.1.1.2. Bed loatransport
U Threshold of sediment bed motion
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geometry and particle size distribution.




S e

Th

Gr

Wh

Bu

Wh

Dr

Wh
an

Li

Wh

Re

I n the context of open channel fl ow with

di ment particle, as depicted in Figure 2.3
ese forces include:
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oyancyY f &hce: (2.5)
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d (v) is a characteristic velocity adjacen
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Precisely defining the exact threshold of
we-cbnducted experi ments rhawe nparbd wi daecdc ua cant sei s

To analyse the sedi ment transport thresho
parameters come into playg) isredliumteinm)g dtdmes idi e

densm,tygr(ain gdgraneittey dadcel er at i oth(CHagsdn, and
2004).

Q -n T (2.8)

The skRéacity can be precisely defined as ffol

0 — (2.9)

Hence, the preceding equation can be refor mu

Q —N-N— n (2.10)
The motion of particles transpires when th

(namely, drag, | ift, and buoyancy) surpass t

force. This condition is contingent wupon the
Empirical investigations have underz9cored

which can be deduced through di mensional ana

¥ — (2.11)

T 7 ® Y (2.12)

o 8

Yi (2.13)

€ — (2.14)




Il n summary, the onset of bed | oad Zz)ranspo
it

surpasses a <cr cal threshol d:
T ni p"m-'- (215)

Not asbd dyi, ment particles in water, as tdcepicte
Shields diagram corresponding to different t

f smooth turbulent flow  (R€< 4i 5) 0.035 < (t*)e,

{ transition regime (415 < Ré<75100 0.03 <(1*)c < 0.04,

 fully rough turbulent flow (75 100< Ré) 0.03 <(1%)c <0.06.

It is noteworthy that for fully ro@gh, tur
remains relatively constant, and the critic.
motion becomes | inearl wepgin ongottChuamanadddtl @ st h e

5110

Sediment
motion

Experimental
observations

T of sediment
"“‘—--—-,\\\\ transport inception
1x107"
I
\ -
Mo sediment
mation
11072

) 11077 0 110 12102 1=10° Vi

Figur®&hi2eldds parameter as a function of (Chaesoparticl e
2009.

U Sediment bed motion

Figure 2.5 illustrates the mechanism of be
the criticalloadrtersshmdpdor tBeedncompasses three |
rolling, sliding, and sal t aotpipoinn,g whnidc hb oi unnvce
sedi ment particles along the bed.
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sketch of saltaltoad Imoyeéeémon an

The rate of sediment transport, typically
using eit hermenaassusr Eoheeswio8004 me

a "N (2.16)
flow ralt)e wbkrV alnunhetwiidt

The mass sedi ment
sedi ment discharge pers. uRuUt t fyedinhriefsi & = ptrlees e:
mass of sedi ment. When the shear stress exce
which can be deter mi negdnibtausdeed. on t he shear s

2.1.2. Pier scour

Scouring at bridge crossings is the consequence @rtséve impact exerted by flowing
water, which possesses sufficient strength to excavate and carry away sediment from the
surrounding areas encompassing bridge piersabatimentgRichardson and Davis, 2001
The scoudepth represents the reduction in the level of the riverbed and serves as a measure of
the potential for exposing the foundations of brid@éslville and Coleman, 2000

2.1.2.1.Local scour
I n the presence of Dbridge-secotsoinafjsgenpimet s
| f

n
the bridge itse induces scour, commonly Kkn
a consequence o0 thbyftbow dibstthhebdn mav ca wsuen

f
abut me retmd,a n&iRkehartdssn and Davis, 2001

The presence of a bridge structure within
changes in the fl ow pattern, subsequemtl|l y r e
The fl ow modifications induced by the bridge
the piers, which have been extensively stud
d a ma df ea i Reharéson and Davis, 20Ppa n (&elville and Coleman, 2000
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The primary char actaerpiisetri ci soft hteh ed efvied w pme
vortwbesh occur s when uni directional -fl ow i
di me n $drad ané Mulistivanto, 1998elville and Coleman, 200®hen et al., 1969

Depending on the geometry of the bridge a
consi ®tt adfi sthmct components, either individ
depicted in figure 2.6:

n
u

a) the Whorseshegstem at
downstream of the pier; <c¢)

e bvacsret exf stylsd e
e surface rolle

Downflow

HhVortex
Figurlkl Rustration of t hegesfiVieleile end Gdlemanp200i ces at a brid

The howeoseskRae i s generated by the wvertical
observed in front of the pier as a result C
appr oa@h @suserhand Raudkivi, 1991

Al t hough the | ateral di version of the flo
inevitabl e, it is generally acknowledged th
pri mari |l y ceonrtermobvuatle so(Grabbret diiianma2D@Th el pr esence
the stagnation pressure | eads to an increas
upstream of the pier.

I f the pressure field i s-ddunfefnisdioemmtl| s eptarr a

boundar yd Itédye rhvooresteesxhn osey st em f or (@sfaadiistisridn e b as
2002 Shenetal., 1999 The downwardnflt boe bmpbdi agt agas a v

a groove i mmedi at el y a(ighvdleaachGolentan,2adhe fr ont o
The waokdedex system is generated due to the
surface (Bhenetdh,e99pi ®m&k e vorti ces originate frc
at the separation |Iine and are subsequently
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(Shen et al., 199% bser ved t hat this vortex system
numbers (3 to 5 < Re <40 to 50) and forms a
for Reynolds numbers ofcepsabe¢ecomé umseakbke,

from the pier, and ar e twarntsepxor g yedt edno wanstt 3 e
cleaner,"”™ entraining and transporting downs!
fl ow and tvhoer theoxr(\dseyislatra®éinleman, 2000 The i ntensity o
vortices diminishes rapidly with increasing
sedi ment deposi ti on(RidhardsonsahdrDevesm@0)af | ong pi er s

The scouring process can be better under st
which provides insights into the sedi ment n
categories based on the ratwodbpt,wesdsp d ersec rpii
b Ettema etal., 2007 The pralseems ed in Table 2.2 are de
highlight wvariations idnepttdhedfdgrel ati onshi p bet

Narrow(@ibels4)

The flow dynamics around the pier are characterized
deceleration as the flow approaches, followed by impact again
pier's centerline. Subsequently, the flow strongly deflects
downward and upward along the pier's face. These vertical fi
closely adhere to the pier's surface and move along its cente
with one directed upward towards the free surface and the
downward towards the bed. The downward flow is driven by
downward gradient of stagnation pressure along the leading fa
the pier, below the still water level. This gradient arises due tq
velocity distribution of the approaching flow, which correspond
a fully turbulent shear flow, resulting in a decrease in velo
towards the bed. As the scour hole forms, the doavdviiow is
reinforced as the approaching flow diverges into the scour |
Furthermore, when the flow passes around the sides of the pj
contracts, leading to localized increases in flow velocity and
shear stress around the pier's sides.

Theseurbulence structures, combined with local flow converge|
Scour typically is deepest at the pier face. and contractions, play a crucial role as erosive flow mechani
particularly around the wide fronts and flanks of piers.

ony/Piledy s (0.2 O

For transition piers, the overall flow field does not unde
significant changes, but there are differences in the way it deve
The accompanying figures illustrate the adjustments in the
field, which indicate a reduction in the scour capacityhef flow.
The downflow at the pier face becomes less pronounced as it
shorter distance to develop, whereas thélap associated with the
bow wave, known as flow stagnation, remains largely unaffect
The largescale turbulence structures, susttlee horseshoe vorte
which are horizontally aligned in the pier flow field, experienc
weakening effect as the dovilow weakens. Similarly, the
vertically aligned turbulence structures, referred to as w
vortices, also diminish in strength due lhe increased influence ¢
bed friction in shallower flow conditions. These changes occur
consequence of the transition pier's altered geometry ang
Transitional pi er .| corresponding adjustments in the flow field characteristics.

Transi t
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Shallow transitiona

Wide Piers o/ k0.2)

In the case of wide piers, the flow pattern undergoes dis
changes. As the flow approaches the pier, it decelerates
redirects, flowing laterally along the pier face before narrowing
passing around theides of the pier. The dowffow at the pier face
is relatively weak and causes minimal erosion at the center pla
the pier's foundation. However, the circulation of the neckl
vortices reaches its maximum intensity in the vertical sections
thesides of the pier. The highest flow velocities are observed ir
vicinity of the pier where the flow contracts around its sides.
Erosive turbulence structures in this scenario primarily consis
wake vortices and the relevant portion of the horsesluEw
system located in the scour region near each side of the pier
deepest scouring takes place at the sides of the pier, whe
erosive action is most pronounced. The flow dynamics
associated scour patterns are influenced by the wide pieredso
resulting in distinct flow characteristics and erosion patte
compared to other pier configurations.

Scotuyrpi cally is deepest

Tabl eSc2o.u2r. pr odess egse oamedEttegma et al.r 2009t i on s

The scour process, similar to other natural phenomena, is influenced by various factors,
such as variations in pier dimensions, shape, orientation, flow depth, and the presence of debris
or ice. These factorsave the potential to modify the flow field, thereby either amplifying or
diminishing its erosive characteristics. Additionally, these variables can have an impact on the
extent of scour, which refers tioe reduction in riverbed level and serves as dicator of the
potential exposure of bridgeundationgRichardson and Davis, 2001

Bridges are particularly susceptible to these phenomena due to the crucial role of bridge
piers in supporting the superstructure and facilitating the transfer of both designed structural
loads and flowinduced hydrodynamic forces. This transfer mechanism typically involves a
configuration of enébearing or frictiorbearing piles connected to a pile cap, while the
foundation material allows for the stable placement of the pier column on a slab footing. Failure
of piers can occur when scouring, combined with structural and hydraulic loads, disrupts the
stability of their foundations.

2.1.2.2. Clear water and liviked scour

In order to effectively manage or control the scouring mechanism, itdstto understand
the influence of sediment bed motion on the development of the scour hole. This understanding
has led to the identification of two distinct scour regimes: sheder scour and liveed scour.

14



Clearwater scour refers to the mess in which material is eroded from the scour hole
without being replenished by the incoming flow. This occurs when the mean flow velocities
remain below the threshold velocity required to entrain bed sediment. In such cases, the scour
hole lacks sedimeras the flow energy is insufficient to transport sediment particles.

On the other hand, liveed scour occurs when the scour hole is continuously supplied with
sediment by the approaching flow. This phenomenon arises when the flow velocity exceeds
the threshold velocity necessary for bed sediment entrainment. Censiggthe scour hole
remains filled with sediment due to the sustained transport of sediment particles.

In literature, the threshold between cleater scour and liveed scour is often
determined based on the ratio between the two velocities mentioned. When this ratio is less
than 1, it signifies a cleawater scour process. Conversely, if the rakoeeds 1, it indicates a
live-bed scour process. This threshold ratio serves as a crucial parameter in distinguishing
between the two scour regimes, as illustrated in Figure 2.8.

i
Maximum Scour at
. - Threshold Velocity
£ = —
o[
2 0 .
-
a0 l
= 1
3 2 Clear-
o 8 Water ‘ Live -Bed Scour
S
(Y8 ] » cour i
|

Mean Velocity v
FigurBq@i l7i. bri um s cwalro(dbetptit8dv s Me an

A noteworthy approach cwad upg(ege, 34 iwrh itche
xamines the va tion of scour depth parall
2

ri

n Figure . 8. Th sbuwaly deécsweamephiasi gescut hae
p i
t h

<= =0

espect to the r di ameitne rt)h eb egyroanpdh )t,h ea tctrri
elocities and initial stage of bed moti

oo Do
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Furthermore, dokei scoupiamgeans aht hci pated
cl evat er conditions, the scour depth under goce
a steady st at eb.edCocnovnedristeiloyns ,i nt Héa vsecour dept
tendflsud¢touate around a stable value due to t|
pr oc gBasheasd Montanari, 200@Richardson and Davis, 2001 Fi2g.u9 evi sual |
depicts the progr esvaiten dafads cowmrdiitn olhst. h cl e

- .
Time-averaged equilibrium Equilibrium scour depth
scour depth in live bed scour in clear water scour

Scour depth

Clear water scour
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Time
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2.1.2.3. Steadflow scour studies

Numerous investigations have been conducted to examine the relationship between scour
depth and various parameters under steadgitions(Chang et al., 2004 hiew and Melville,
1987. This section focuses on highlighting some of these rempats along with their
findings:

U Case study 1:

In this study (Chiew and Melville, 198y explored the sensitityi of scour depth to
approaching velocity, sediment size, and water depth. They derived three empirical functions
that establish a connection between equilibrium scour depth and the approach velocity,
sediment size, and flow dep{iRhiew and Melville, 198)/ Transparent cylindrical piers,
constructed fronmclear 17erspex tubes, were utilized for the experiments. A total of five
uniformly graded sediments with varying sizes, as presented in Table 2.3, were carefully
chosen. For each sediment size, three different pier sizes (b) were investigated, measuring 31.8
mm (1.3 in.), 40 mm (1.6 in.), and 45 mm (1.8 in.).

critical shear critical mean

mean particle velocity, velocity,

size, in metres in metres geometric

in millimeters specific per second per second standard

(inches) gravity (feet per second) (feet per second) deviation

0.24 (9.45x107%) 2.65 0.013 0.27 1.33
(0.041) (0.89)

0.60 (2.36 x 107?) 2.65 0.019 0.34 1.18
(0.062) (1.12)

0.85 (3.35x 1077 2.65 0.022 0.39 1.23
(0.072) (1.28)

1.45 (5.71x 10 ?) 2.65 0.028 0.45 1.24
(0.092) (1.48)

3.20 (1.26 x 10°H) 2.65 0.049 0.73 1.28
(0.161) (2.39)

Tabl ePr2o.p3e.rti es ofexpdrn i@aeasdsMVelslle d98) n

By considering ¢las the average scour depth, b as the pier diameter, v as the mean
approaching velocity, gyas the critical velocity for sediment sizedid and (y) as the flow
depth, the study revealed interesting findings. When the relatidibegyim scour depth,
(ds/b), is plotted against the velocity excess, {y/for subcritical approach flows with Froude
numbers less than unity, certain patterns emerge. Initially, there is a decrease in scour depth as
the velocity slightly exceeds théreshold velocity of the bed sediment. This reduction
continues until a minimum scour depth is reached atv/2. Subsequently, the local scour
depth begins to increase again, albeit at a decreasing rate, until a second peak is observed at
v/ve= 4. Thisparticular point corresponds to the formation of a transition flatbed, as depicted
in Figure 2.10.
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The equilibrium scour dept h i s(Eitemd, 196 nc ed
conducted awatedysoouclamad found that the sc.
size of the piper to sediment, (b/d

It wasveldsthat as) thhecvadsues . oft {éb/dlepth of
However, siwhiess ¢gbéater than or equal to 50, t
(bshfd To il lustrate thiswatEtrt esnca'ogGheeadi@R,l tasl o n
and -bleedvescour results from the preslenEach ud)
curvesdemors shphamcasasébsdal se valkcueaebsbaldm
unt i | it reachegs58. maki mumnditchtds that the
by the relative size »f H0Reang Viedvile, 198/ s edi ment

Considering the effect of water depth, it |
the scour depth decreases primarily due to t
scour holbg thedmowemt um of the fluid fl owing
hol e. I n shallow flows, this momentum is red

18



2-5

0.9 <v/x<1.0 Lok ‘; OB '
& (3) P i
- A
2:0—
o]
> L
©
(B
1.0
| i | o . B 5 |
S 10 SC 100
b/dso
FigurleRed .at i ve equil i br isgam sl ra edsdqoeihandgMevibeuls8r b / d

iU Case study 2:

This exper i mg@hngetan20ic tfeodcm sedvestigating t
sedi ment uni Wwat emrt wiem eclkear wunder steady c
explore how sedi ment size gradation influenc
crcular pier. The research employed both | a
anal yse the phenomenon.

The experiments involved the use of two ty]
measuring 1.0 and O.mMdntmsn, wiatnld thlme uma me rme diee
standar d 0¢ e wifat2i. ®nsand 3. 0, respectivel y. N o t

experi ments had a specific gravity of 2.65.
whil e t hget ht)l oywasdenot speci fied. For det ai l
experi mental conditions, please refer to Tab

I n a channel with a movable bed, the flow
t hat are | ocat eslurofnacoer. nTehaer Itahyeerbefdd om whi c
entrained by the flow is known as the miXxi n¢
where the bed materi al i' s susceptible to ero

During the procesmsomnmunieroorsm osne diinnveonltv,i nigt i
0

grains tend t be scoured and transported b
behind. Over time, a significant portion of
As a reesdl mat éhiealbs covered by the remaining
create a protective | ayer known as an ar mor e
underlying materials from further eresi onh by
the f1l ow.

19



a

Fun do G Yo \ t dJb
number (mm) 9 (mm) (cm/s) (h)

51 1.00 1.2 20.0 39.0 19 1.86
52 1.00 1.2 200 28.0 19 1.18
53 1.00 20 200 28.0 56 0.43
54 1.00 3.0 20.0 28.0 28 0.29
55 0.71 1.2 300 355 7 1.54
S6 0.71 1.2 150 227 7 0.66
57 0.71 2.0 300 35.5 72 0.83
58 0.71 2.0 15.0 2279 47 0.24
59 071 3.0 30.0 355 38 0.68
510 071 3.0 15.0 227 27 015

Tabl eEx2p.edr.i anemd ié&tihiang Btsl., 2004

iU Caseudy 3:

(Ettmer et al., 2005f ocuoshnedst udyi nlgedc t®*a@adyr |aveé measul
parameters of scour depth, including maxi mumn
were performed in a sedi ment recirculating

particl es.

The primary objective of the research was
bed experiments. The expetimenusm wenditaonise
The flow velocities (v) ranged ¢f rroeng uGi.r8e dt of of
i nci pient motion of sediment particles. Cont
was perf or med ucsammegr aa np |eancdeods cionpsiicde a pl exi gl
structur e
The study observed that bed | oad transport
transport for flow<vdlodtiowgpveati wheafthe<vel
vico 4, the entrainment of sedi ment particl e

bedf orms became the predominant mode.

For detailed information regardiTmdpltehe. &x p evih
the pier diameter (b) was 7 cm. The <critica
particgclwass (evexperimentally deter mi p=ed0.iOn9 pm/esl.
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1 2 3 + 5 6 7 8

! V(m/S) F V/Vr dc m:n/b d< mir/b d< mnn‘b
Number (min) (dimensionless) (dimensionless) (dimensionless) (dimensionless) (dimensionless)
S1 360 0.072 0.069 0.80 0.81 0.81 0.81
S2 360 0.077 0.074 0.85 1.10 1.10 1.10
S3 360 0.081 0.078 0.90 1.23 1.23 1.23
S4 360 0.086 0.082 0.95 1.34 1.34 1.34
S5 360 0.090 0.087 1.00 1.51 1:51 1.51
S6 60 0.135 0.130 1.50 1.67 1.31 1.54
S7 60 0.180 0.173 2.00 137 1.09 1.48
S8 60 0.225 0.217 2.50 1.96 1.53 1.79
S9 60 0.270 0.260 3.00 2.26 1.79 2.07
S10 60 0.315 0.303 3.50 237 1.97 222
S11 60 0.360 0.347 4.00 251 213 240
S12 60 0.405 0.390 4.50 2.64 244 287
S13 60 0.450 0.433 5.00 2.84 2.59 2.73
S14 60 0.495 0.477 5.50 3.01 273 2.88
S15 60 0.540 0.520 6.00 3.09 2.84 299
S16 60 0.585 0.563 6.50 3.21 299 3.10
S17 60 0.630 0.606 7.00 323 299 315
S18 60 0.675 0.650 7.50 3.29 294 3.18
S19 60 0.720 0.693 8.00 3.29 3.00 3.21
S20 60 0.765 0.736 8.50 333 299 32

Note: Flow depth wasoy0.11 m during all runs.

Tabl eEx2p.e5.i anemd ié&thiang Btsl., 2004

I n Fi Qurehe&.aquilibgibymoveodid ogvepteh ef@eii ty
Additionally, the fluctuation of scour depth
f orc>v/1lv

For c<v/l, the mini mum, average, and maxi mun
with flow intensityc=unidti/l reaching a peak at

I n the raon<ge2,oft hle <avve/rvage scour depth init
unt athirmg a | ocal mi ni mum, after which it C
observed for the minimum scour depth. Howev
increase with fcboWw, i neaocbding toei v i$8.gohest
Notably, this value I s -watgemrnn fsacauwrt | de mgtrte adfer
V/cV 1. 0.

The minimum and average scour cdedtbhs amxdit
envel ope curve of t hesd idadptngss alfi gpmrse vweoluls w
(Melville and Coleman, 2000

Further mor e, It was-l obdsecovedi ttiheadt s dumidtelhhe b

maxi mum scour dept20 % deemprerroxihmat ¢lhye B er age
f orcOv /4y, the maptitmemaseoomn|l gearound 5% deepe
results are consi(RitherasdtnavdiDavis, 200wk of hndhhgghof t
maxi mum scour depth wunder skead i mmeghi ftira@aarstploy
compar edwattoerc lcecanrdi ti ons.
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U Factors affecting the scour depth.

Mul tiple factors influence the magnitude o
wildeamgtamdof the pier/ abutment (especial/l

t he
velocity of the approach flow, the size and
the approddcnte fslhawe of the pier/ abutment, thi
i ce f oormad@ddiwe asd Lauva, 20).7

The di mensionless scour depth at a circul
described by the following function:
— 'O—h-h-h-h- (2.17)

wherreepmlresent the scour deptihs, t(hke) wiag etrhene
the channeénwiéds$ hti hé¢) ocamndre(w)kiity.tAéde par ar
hand side of the Eq. (2.17) correspond to t1l
sedi ment coarseness, fltowredice tind hasve,GL7 and di nm

it Clear water scour at <circular piers

Reference is made tgpaper by(Franzetti et al., 2092that focusesn Clear Water Scour
at Circular Piers. The paper introduces a novel predictor for predicting the nmasoour
depth at a circular pier under cleaater flow conditions. The authors argue that despite the
existence of various approaches in scour research, a simple predictoomaseal correlation
still holds value, as walepth studies of process dynamitave not significantly influenced
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engineering practices. Moreover, focusing on the case of a circular pier allows for the
consideration of various other factors.

To develop their predictor, the authors collected laboratory data from 30 diffevects,
comprising a total of 328 experiments conducted over 66 years. This data was utilized to
establish a formula that incorporates five dimensionless parameters: pier slenderness, flow
intensity, sediment coarseness, sediment uniformity, and time.pid@sed predictor
demonstrates strong predictive capabilities, surpassing the performance of 27 previously
published equations from the literature.

In addition to presenting the new formula, the paper discusses several considerations
regarding additional parameters and operational conditions that should be taken into account.

It also includes an analysis of the uncertainty associated with computed scour values and
provides recommendations for making conservative predictions of squatlr ideesngineering
applications.

Overall, this paper introduces a promising new predictor for scour depth around circular
piers, based on a comprehensive dataset spanning several decades. The proposed formula offers
improved predictive performanceompared to existing equations and is accompanied by
valuable insights and recommendations for practical engineering applications.

The methodology involved employing a dimensionless framework and addressing related
issues such as dimensionless angjylsulk and central mean velocity, velocity and shear
velocity, threshold conditions, and data selection. The scour function was derived, resulting in
the proposed scour predictor in the form of an equation:

D, = F(H.Ds.0,,U.T) = aF | (H)F,(Dsy)F3(0,)F4(U)Fs(T) (2.18)

Where, the scour function employed in this study assumes a multiplicative relationship
among functions of individual parameters, withrepresenting the ratio df (scour depth) to
b (pier width). This approach capitalizes on thetion of separat effects of various
dimensionless parameters, as previously explored by seesealrcher@-ranzetti et al., 1994
Kothyari et al., 19921 auchlan et al., 200 Melville and Coleman, 200®liveto and Hager,
2002 Radice et al., 2002

The proposed equation, denoted as Eq. (2.18), incorporates only five parameters, whereas
other equations from which it was derived contained a larger number of parameters. Certain
parameters were excluded from the equation based on specific criteria.

Thefunctions for the individual parameters can be described as follows:

FilH) =1 — 0615 "1H (2.19)

F,(Dsp) = 0.849(DL815¢-29900%™ 1 (,511) (2.20)
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F3(a,) = 0.740(e~00%7%"" 1 0.416) (2.21)

{1—2.017(1 —U)}; U<LI1 (2.22)
U > 1

vV

)
=
[

(1__€—u0&wﬂﬁl) (2.23)

Based on the provided parameters' functions, where: ¢fb=Bs0= b/cso, U = Vi, and T
= t %/ bop

The dimensionless representation of the scour experiments can be depicted graphically.
Figure 2.13 illustrates this representation, showcasing the dimensionless scour over
dimensionless time.

1.5 [—rrrrm—r e 1 00

D,/aF\F,F3Fy[-]
P{J'-'.[I' [%]

D 1 1 1
10° 102 104 10° 10
T[]

Figure 2.13.Dimensionless representation of the scour experiments. Black continuous line2=28) dashed
lines =° 25% bounds. On the right axisy g (dotted line)(Franzetti et al., 2092

(el

To summarize, under steady conditions, the scour depth evolution is found to be more rapid
and fluctuating in livebed conditions compared to cleaater conditions. The fluctuation of

scour depth decreases at highalocities (v/v> 4) (Ettmer et al., 201% as illustrated in Figure
2.14.
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2.2. Pier scour countermeasures: A review of existing methods

The issue of scour around bridge piers has
necessitating the deved omimeingatoef tvhairsi opis o bsl
engineering approaches have introduced met hc
of -rraipp, wire gabion structures, and coll ars.

integrity of brotdgeti bg mpeadavumde ngagai nst sco
2.2.1. RipRap

Scour holes that form around bridge piers
the intense vort eixndmocteido nmoatnidons eddeisnternitbed e
erosional effects, engineers coaymonay eepi of
Fi gulrke Riapp involves placing a | ayer of <coars
provide protection against scour and erosion
resisting the ergswatefoanodsshbhfetbdenfl owenf o
from expo \V4

Y —————

pier

>

flow b average sediment

bed level \

b

Y, placement depth

p riprap layer
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C, riprap covcrage |
FigutB8Ri®Rapc h dlaehlan and Melville, 2001
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Later research has ff &®Rapsedodmrcodpinmiszyisn g mt
(Chiew, 1995 a n(@hiew and Lim, 200Ph aev r eveal ed potential fail i

compromi se the stability of the ar mor. It sh

dependi ng on -Ralpe tihse re xtpiwaste®r poerd cltievmed i t i ons .

Il n the cwatenfc,chtéhaar i fomlsl owi ng fail ure mecha
1.Shear failure: This ref-Rap dtoonerse a&rid uarti
carried away by the flow due to shear for
2. Winnowing failurwhemmMhtilse ffaiinaenr ebeod cmatser i
Rap stones is eroded by turbulence and se
removal of the stones

3.Edge failure: This failure corr-Raspolnayern,o
whi ¢ hr mindees t he stability of the armor st

I n -bedeconditions, -Rapep Ilsawpbdi li syabfedthed Rb
bedf orms around the pier. The migration of |
which can |l ead to the instRgidtiane sanals ptohteyntl
from the underlying bed. There are two types
of the bedform is deeRap Itawar t htehdodtt@@me ©fm
slide into the tg oeungbhe d dpeods saitb [ay dbeeecpoemi nl e v el
the erosion of the underlying sediment 1incr.
movement . Al ternatively, as the bedform app
stresses hoer gbhoetapedi odRapThto®neanbeesngl tpl
the |l ayer and transported downstream to the
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Over ti me, the deBRBgnspsebemduhavef evoRVPpd
findings from various research studies. Se\
infl uencers on pRiaep pseyrsftoermmsa. n cTeh eosfe Riar amet er s
in the design process and include fl-Rawp vel oc
stones and median grain size of t he sedi me
approprifatteh-Baipziechbagyer based on these par amet
universally accepted desi gnbeaprpapascend, Dand e
effectiveness may vary dependi n@hiew,nl993 peci f i
various design procedures are summari zed, p
empl oyed at that ti me. Recent(lLauckas end¥eivile, s uch
200), focuses on nafiann@QapbhbagBRipt mi ckinsess. °
considered cruci al as it si gntRfaipc ssrytsKkyemmd me a c
precise estimation of the | ayer thickness <ca
better overall ef f ectRavpe nseyssst eamm.d st abil ity o

Extent of Riprap Layer
Method Minimum riprap size Length Width Thickness
{1) 2 (3) (4) (5)
Gales (1938) Not specified 5.5b% 5h Not specified
Bonasoundas (1973) Dyb =6 - 3.3U + 41?2 7b, of which 2.5b is upstream of 6b b3
(Ss¢ = 2.65) the upstream face of pier
Neill (1973) Presented in graphical form | Extend 1.5b in all directions from | Extend 1.5b in all directions from >2Ds,
face of pier face of pier
Posey (1974) Not specified Extend 1.5-2.5b in all directions | Extend 1.5-2.5b in all directions Not specified
from face of pier from face of pier
Breusers et al. (1977) 1.38402 Not specified Not specified Not specified
(Ss — 1)2g
Richardson et al. (1991) 0.692(KU)? Not specified 2b from face of pier =3Dg,
(Ss ~ 1)2g
Note: Dy, is in cm; U (undisturbed mean flow velocity) is in m/s; and K = 1.5 for round-nose pier and K = 1.7 for rectangular pier.
“Pier width.
"Median grain size of riprap stone.
“Specific gravity of riprap stone.
Tabl eDe2s.i6g.n appr-Rahievsl99or Ri p

2.2.2. Wire gabion

Wire gabions, as shown in Figure 2.17, con
of fer advantages such as flegfbetityendasabh
Il i mited research has beenanc oanldtuecrtradtpiovinen tthoe VRei
bed conditions. I n compari son, numeaodes st
conditions, providing interestinBagompsat ey
More research i s needoefd wior ea sgsabbsido ntsh ridmp elridwes
their ability to withstand erosion and provi
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The researlbWomaOhicg leldieqalcths ng as a fail ur e

wi re gabiwatseri ncandiatri ons. The study demonstr
the pier and in the upstream sr eqfi otntse cwvainr e eg
| eading to the |l oss of materi al near the pi
|l eached bed materi al i s then deposited dowr
Additionally, at highef Vval barei esasn @acsecomhd
a distance of half the pier diameter, resul
di sl odged and swept away downstream, l eadi ncg
gabion system.

Anber factor influencing the performance ¢
coarse bed materi al and the potenti al ri sk
velocity. The scour depth or t hoensr atnico ebaestewse
flow depth up to a certain |imit, beyond wr
phenomenon, observed at depths below the I
el ongation of wire gabionsoasd parbégomescomm
as the ratio of gabion I ength to thickness i

Further mor e, (Yboh &00% ewsEemea ths btyhat wire- gabi o
Rap stones can provide equi v adfefnec tpirwd reecs 9,0 n;
gabion wet hot heeRsaapm sat oRliep of f ers higher prot e
performance. A comparison Rfapt lexpcedatdnedtemirt
condi t(Laoanlgn abdyMelville, 200ls hows t-hayea gwbi on syster
critical entrainment -NMayeRfRBRi pystempdbiyedptpo
30%, and higher-l egmpagatdi ba aysheemeby nearly
confirm thatpwuonodedi gieps, fwir®Ragabicams ps ma&
equivalent protecefdoectmaki sglubemna Wose ga
Ri-Raps offer even betmpropedtpetfonmannodi aat
forurscwmrotection around piers.

2.2.3. Collar

A coll ar, as shown in Figure 2.18, i's a «coa
piers by diverting the downward flow. It fun
vortexuainwg rieds strengt h. The effectiveness
el evati on. Specifically, decreasing the el ev
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the flow penetration below the csoildeasr ,r ddeuvacdii
the depth of scour, collars also help in dec
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Down Flow
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Fi gur eCod 4 ta& dZareati et al., 2010

T he r ecsoenadruccliMaskahirbeyal., 20G47arrati et al., 200dld e monstr at es

the use of a collar not only reducefsi ¢ddrt Idep
decreases the rate of scouring. According toc
three times the diameter or width of the pie
effective. The resul tts tstheo wu g shtart e atnn ef ascceo ua fi |
notably slow in the initial 30 hours of the
maxi mum scouring occurred with the collar, w
scouring wiitmefr d&drme. skRuret ter mor e, the study
effective in reducing the scour rate compar
el evati on

I n some cases, researchers have empelcotyed a
bridge pi er(€hiewFle9u sexdhmplegmbi nat-Ram ©d mmi si Q;
bridge pi er (Zaratoadal.i260gc, o mchliuldeed t hat a combi na
Ri-Rap could completely control the &aratur dep
etal.,20l)st udi ed t he ef f ectRavpe naensds ao fc ocld nabri ntion gc «
around cylindrical piers.

The aforementioned research sheds | ight o]
count erfrnoeraspuireer scour . | i's observed that <co
Ssi ze -Pdp . Rionsequent !l vy, ol l ars appear to be
Ri-Rap sizes, as they provi de prtoteecptiieorn tHm we
in the casepofsifziersgr thiep downstream area of t

S
t
C

becomes <critical i n tRearpmss toofn etshe Trhemosvtauldyo
relationships between Itlhaer pd&Raga mRiypt emof bag
research establishes that t hRapsree@ui raedc oild a
and sides of the pier, and with coll ar- width

Rap volumed i areé yrddpe and 57% | ess than thos
(Zarrati et al., 2010
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2.3. Pier scour countermeasures with Geosynthetics

2.3.1. Geosynthetics

Over time, advancements in materials technology have led to improvements in civil
engineering systems for building and maintaining infrastructure. One significant innovation in
this field is the development of geosynthetics, which are synthetiatrah polymeric
materials used in conjunction with soil, rock, or other geotechmaggrials.

Geosynthetics encompass various types such as geotextiles, geogrids, geocells, geonets,
geomembranes, erosion control mats, geosynthetic clay liners, and geocom(posités
2009). Geotextiles, in particular, find wide application in geotechnical engineering and serve
functions such as separation, filtration, drainage, reinforcement, stabilization, barrier, and
erosion protection.

Most geotextiles, around 98%, castsof hondegradable polymers from the polyolefin,
polyester, or polyamide families. However, letggm usage of geotextiles can result in the
disintegration of synthetic polymers due to environmental factors like wind, moisture, friction,
and ultravioletadiation. This can lead to the accumulation of microplastics in the surrounding
environment. Additionally, geotextiles used in geotechnical engineering face complex
environmental conditions, including acidic or alkaline settings, which necessitate higher
performance requiremenig/u et al., 202}

The development of geotextiles aims to achieve high performance and multifunctionality
while embracing a green concept as a key factor. Recent research and development focus on
utilizing natural geotextiles to replace at least 50% of synthetic xjéet@pplications.
Furthermore, the integration of optical fiber sensors into geotextiles offers the potential for
creating "intelligent geotextiles." These intelligent geotextiles can contribute to the
development of monitoring systems for geotechnitalctures, enabling early detection of
high-risk areas prone to failure and damggei et al., 202))

Regarding the use of geosynthetics as scour countermeasures, they can be employed as
layer armors. These armors consist of single elements supbragable or impermeable
mattresses or continuous blankets. Impermeable layers are acceptable when excess pore water
pressure below the layer is not a concern. However, in cases where excess pore water pressure
is caused by a high groundwater table comgdo the surface water level or due to waves or
drawdown, a permeable cover layer is recommended. Although permeable configurations may
require more effort and cost, the overall benefit is positive in such cases.

When designing the armor layer o$@ur countermeasure, it is essential to minimize the
thickness of the layer to maximize cdwnefit ratios for certain configurations. Linear
placement of geosynthetics with a minimum thickness is preferred, while ensuring the highest
possible resistaecagainst hydraulic forces. Connecting the elements of the layer can enhance
its resistance. For instance, geosynthetic bags filled with sand or geosynthetic mattresses are
suitable options, although the placement of mattresses without gaps can be icigalleng

Complete prevention of scouring is often difficult, and small scour hotég &orders of
the scour protection are sometimes unavoidable and accepted as long as they remain within
acceptable thresholds. Hence, the scour protection systestodeziflexible to accommodate
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changes at the edges. Rigid systems must ensure that erosion does not occur below or beside
the armor layer, which can be challenging. This flexibility requirement applies to all elements

of the armor layer, including thdlfifilter, and armor. Figure 2.19 illustrates an example of a
scour countermeasure consisting of-geatainers serving as a filter and filled with AR@ap

asthe cover layer. This system can adapt to the given geometry and withstand hydrodynamic
forces(Heibaum, 2001

pile / pler
partially grouted riprap

geocontainers

Fi gur eEx2a.mpd.e of dduwemnxt drl(hebasnuaii

It is important to note that each type of geosynthetic has its limitations and challenges
when it comes to placement. For instance, geotextiles used as filters have a depth limitation of
around 20 meters. Mattresses, on the other hand, are ty@issdiynbled in dry conditions and
require specialized cranes for placement. Geosynthetic concrete mattresses can be filled on
site, but similar difficulties arise when placing the geotextile cover as with geotextile filters.

2.3.2. Pier scour proteion with geosynthetics

If the anticipated development of scour exceeds an acceptable limit, countermeasures are
necessary to prevent reaching this threshold. These countermeasures can be classified as either
"active" measures, which reduce thei@ttcausing scour, or "passive” measures, which
increase resistance to scour. Geosynthetics can play a beneficial role in both cases. However,
an alternative approach is to modify the flow pattern in a way that prevents scouring. This can
be achieved thragh river training works, which may incorporate geotextiles for functions such
as filtration, reinforcement, and containment. Increasing resistance may be a more suitable
solutionwhen altering the flow pattern is not feasible or when cost comparisonstfésor
approach(Heibaum, 200p%

2.3.2.1. Geosynthetic containers

The primary application ajeotextiles in scour protection is their use as a filter beneath an
armor layer to withstand hydraulic forces. However, there are also geosynthetic solutions that
do not require additional armor or provide their own armor, such as geosynthetic containers
(see Figure 2.20).
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FigurdePhd.tdgraph of filldaonmgt ieiteean,20060r geosynt hetic

Geosynthetic containers were developed to address the challenges of filter placement by
combining filtration capabilities with sufficient weight to resist hydraulic actions. These
containers are versatile and can be customized based on specifiememis such as raw
material, size, shape, filtration capacity, and strength. The size of the container is chosen based
on hydraulic demands and operational limitations, with larger containers being less prone to
displacement.

To ensure safe placent and longerm durability, the material of the container must be
carefully selected to withstand mechanical loads. This choice depends on the decision between
using geosynthetic woven or nonwoven materials. Woven geosynthetics offer high tensile
strendh and large strain capacity, but they may be more susceptible to crack propagation if the
containment is damaged. Nonwoven geosynthetics, on the other hand, have high strain capacity
and can withstand impact loads by allowing for large deformations. dlkeyprovide better
protection against abrasion, which is crucial when containers are used without additional armor
and are exposed to sediment and bedload transport. Moreover, the fabric used in the containers
should exhibit sufficient resistance to westihg, including UV radiation, especially if they
are exposed to sunlight for extended periods. Modern geotextile solutions (refer to Figure 2.21),
such as the Groynes in Australinave demonstrated losgsting performance without
degradation over a ped of 10 yeardHeibaum, 2005

Fi gurleSe2a. Z5r oy n e ewictohn {gagbanhecPRSK i |
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Certain research evudeaease hauep rrtoivigded he
geosynthetic containers inowvati oedgKoduglpiapat i

al.,200), i nvestigat-ednthenesesgbtamgeéo protect |
channels. The resultsconttiacated shatww peomynstet
Ri-Rap systems foschbui dgeumbert measur es. The

i mportance of -ccoomtnaeicrtdarnsgy ttdheegheaonce t he over e
individual flal ¥y rcrogpg mi Ackdist iwerae found to be

sedi ment Wi nnowdrnmgorbedlwemnraeRdise i ti kree sRi pof f er

pl acement compared to underl ay cl ot hs.

Combining different scour protection systems can yield favomalieomes, as they can
complement each other and address the limitations of individual systems. Résé&éavckt
al., 2019 examined the combination of geosynthetic containers and collars under clear water
conditions (Figure 2.22), which is an intriguing combination as it involves bothdlt@sing
and armoring devices.

The stug focused on protecting four piers in a channel, initiatyploying collars made
of different materials (steel, aluminum, and Perspex), as depicted in Figure 2.23, and
subsequently using geosynthetic containers alone. A further improvement was achieved by
simultaneously employing collars and geosynthetic containers filled with crushed concrete and
palm shells (see Figure 2.23).
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The collar countermeasures in the experiments involved installing collars at the sediment
bed level with an effective width three times the diameter of the pier. Geosynthetic containers
were also placed around the piles. The experiments were conductea ®¥bour period,
focusing on the threshold of motion of the bed material where maximum scour hole depth was
expected. When collars were installed at the streambed level, no scouring or horseshoe vortex
was observed at the upstream face of the piersligitiln contrast, unprotected piers
experienced scouring starting downstream of the piers due to wake vortices. The scour holes
then extended upstream and undermined the collars. The use of crushed concrete mixed with
oil palm shells, whichhad greater stngth and reduced voids due to improved bonding,
effectively reduced scouring\kib et al., 201%.
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(b)

(c) (d)

Figur3dg ad. Al uminium collar; (b) Smeal neolsl avi t h( cy uBdire:
cont ai ni B Y éAkibdtal.p281). m

The Figure 2.24 illustrates the results of scour depth for different combinations of collars
and protection methods, including the use of geosynthetic containers. The most effective
outcome was observed when a steel collar and a geosynthetic eontere employed
together. The stiffness of the steel collar contributed to its rigidity, influencing the movement
of the horseshoe vortex near the pile.

Additionally, the pile was shielded by a geontainer positioned 10 mm below the
sediment, mpviding protection against scouring. Over the course of the three runs, the scour
depth gradually increased, but the presence of countermeasures led to less scouring than for an
unprotected pier.

34



0.5 0.5
o4 T oa
. . .//// . .
S 03 f: = 03
0.2 o f 0.2
014 g A Ol e e
L coTEEE Co EEREEEY Sy G T
0 B SRR : . 0B —iF : -
1 10 100 1000 10000 1 10 100 1000 10000
Time (min) Time (min)
No countermeasure Steel collar —4— Perspex collar and geobag below sand
—m— Perspex collar %- Geobag under the Aluminum collar and geobag below sand
—d— Aluminum collar initial bed level Steel collar and geobag below sand
No countermeasure
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The table 2.7 presents the scour reductio

di fferent combinations of collars and geosyn
coll ar -aonmt ai rgeero wer e csoingbniinfeidc,a ntth e9r6e% waesd uac
for the rear pil e, indicating the superior
counter measur es. Scouring occurred oint aBfemi
combination, whinlue eist ftoosok henlsy n§ylm steel <co
steel collar Iikely contributed to a weaker
resulting in improved efficiency. The maxi mu
upstrae@&amoff the front pile in all tests.

# Type of countermeasur e Scour reduction

1 None

2 Perspex collar 20

3 Al umi num coll ar 76

4 St eel coll ar 96

5 Geocontainers 44

6 Perspex collar and geocont 8 6

7 Al umi num collar and geocont a 88

8 Steel collar and geocontain 96
Tabl eSc2o.u7r. rseodeurc@kib@tres., 2015

Geosynthetic containers offer numerous advantages over standard engineering solutions
and are suitable for various infrastructure projects. However, it is crucial to prioritize
environmentally friendly practices and seek continuous improvement in thesansys
Researclconducted byAkib et al., 2012 focusedon assessing the use of fine and coarse
crushed recycled concrete as fillers in -geatainers replacing sand fillers and promoting
green technologies. The experiments aimed to investigate the potential of thésenelbp
solutions in reducing scoumpact on piers of skewed integral bridges during flooding
conditions.

The analysis of the research results demonstrated that the ability to decrease scour depth
was not affected, and the protective trend remained consistent witog&oners. Lowr
velocities were found to be more effective in reducing scour depth, while higher velocities
decreased their effectiveness. The experiments revealed that finer mixtures of crushed concrete
exhibited greater flexibility, whereas coarse crushed recyclecret resulted in slower scour
rates (see Figure 2.25). By utilizing crushed concrete derived from recycled sources, these

35



findings highlight an environmentally friendly, ceeffective, and efficient solution for
designing scour protection. Moreover, B approach can contribute to waste management
and create economic benefits by repurposing waste materials.

Figuz®Ged.containers with fi nce ucsrhuesdhAktbenedordetfreet e and c o0

2.3.2.2. Armed soil by geotextile

In addition to previous methods, receasearch(Nouri Imamzadehei et al., 20)LGas
explored the effectiveness of geotextile layers in reducing local scour depth around a
cylindrical single pier under clear water conditions.

The experiment consisted of ten runs, each lasting 56 hours, with a critical velocity ratio
(v/ve) of 0.93. The sizes of the geotextile layers used in the experiment were based on patterns
suggested by previous studies on-Rigp conducted b§Gales and Bell, 1938(Bonasoundas,

1973, and(Neill, 1973. Tables 2.8 summarize the tests, providing information on the layer
sizes, scour hole size, and the development of scour depth over time. It's important to note that
in all the protected tests, the reported scour depthspmmels to the deepest point in the scour
hole, rather than the scour depth in front of the pier, as observed in other research studies.

For instance, in Test 1, the change in scour depth after 8 hours was minimal. The maximum
scour depth observed in front of the pier was 11.9 cm, which is approximately 2.6 times the
pier diameter. Previous research(Bnhorbani and Kells, 20Q&ndicated that more than 70%
of the scour occurs within the first 7 hours of testing. In this particular case, over 75% of the
scour had occurred within the first 8 hours.

It is worth noting that tests 2, 4n& 5 were conducted with geotextile layers sized
according to the referenced stud{€sales and Bell, 1933(Bonasoundas, 19)3and(Neill,
1973. Test 3 used the same geotextile layer as test 2, but it was positioned at a depth of 0.8b
(0.8 times the diameter of the pier), which corresponds to a placement 4 cniteliovtial
bed level. Only one test was conducted with this condition, even though it was performed for
the other references as well.
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All the tests exhibited similar behavior, with a rapid scouring rate observed until reaching
the level of the geotextile lay. After reaching this level, the scour rate decreased, as depicted
in the scour depth vs. time graph, where there was no delay compared to the other tests.
Additionally, all the other tests were conducted with only a 2 mm cover.

Moreover, no scouring occurred in front of or at the sides of the pier during any of the
tests, as it occurred in the downstream, which led the researchers to focus on reducing the extent
of the scour hole. Tests 6 and 7 represent an optimizatane$s based on trial and error,
where the size of the geotextile layer was optimized {skhraped) in terms of its efficiency in
reducing the scour hole. As a result, the geotextile layer in test 7 successfully reduced the scour
depth and shifted the lodamh of scouring 5.5 times the diameter of the pier downstream. The
geotextile layer demonstrated its ability to reinforce scour protection by strengthening the bed
and altering the flow pattern.
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Figure 2.26 presents a summary of the scour depth results over time and highlights the
suggested pattern as the most effective arrangement, with a delay of 19 hours before the first
signs of scouring appear at the downstream edges. Additionaltheamotable finding is that
the circular pattern, although it serves as a coverage system, proved to be less suitable due to
the intense vortex formation behind the pier. The circular layer of geotextile can be considered
as an alternative to the collayssem, and further studies are recommended to compare their

performance.
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Chapter 3

Laboratory description

The research conducted in this study took
in the 4A Building within the Leonardo Camp.!
t hat shown in Figure 3. 1.

Proettiva scheseatica dl Laboratecio,

Fi g8ty dr aludbacrsat or y.

3.1. Experimental facilities and measuring equipment

The transparent flume (Figure 3.2(a)) with
the experiments. The channel had specific di
of 0.40 meters, anbtaehechghmpoef wdir dtbaisre dteh &
width of ,tlas dlRepmnmceled in Figure3. 2(b).

In the final segment of the channel, there exists a recessed section measuring 2 meters in
length. To conduct scour runs in this area, a telescopic pier was utilized which was positioned
at the channel axis, precisely 450 centimetres from the iflet. outer part of the pier
comprised a PVC pipe with internal and external diameters of 0.06 meters and 0.063 meters,
respectively. The inner part consisted of a Plexiglas cylindrical bar that could slide within the
outer pipe which is illustrated in FigaiB8.3. This design allowed for simulating the presence
of piles within the channel and assessing sediment behaviour around them.
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Figure 3.4. Plan view ofexperimental facilities.

1. The outl et tank
2. A rectangular duct (channel)
3. Transverse paaditliiezreidng ns ythteempremsetnt st udy
4 . Longitudinal positioning system (roll er)
5. The inlet tank
6 . Magnetic fl ow meter device
7. Hopper operator and time controller (not
8 . Magnetic fl ow meter reader
9. Electric power controller
10. -Maream valve
11.pBgs val ve
12. Pumping and water discharge control uni t
13. Rindet
14. Outlet plastic pipe to reci ul ate water
15. Gauges and piezometers (not wutilized in
16. Underground water storage
17Cyl indrical pier.
18. Hopper for sediment feeding (not utiliz
19. Sedimentds trap basket/ stic as boundar
3.1.1. Water circulation components
The measur ement of fl ow rate Qoni sofacamm,
el ectromagnetic fl owmeter positioned on the
the upstream tank. The entrance to the chann
meters is equipped with a falrovawngtmaing htodn epri
di ameter of 1.6 c¢cm.
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The inlet units, depicted in figures 3.5 cc¢
the source of discharged flow to the inlet t
onnected trope wieh a diameter of 15 cm, whi
he discharge into the inlet tank. I n the ey
ri mary pipe valve does not permitaflcowtpas$s
al

c
t
p
\ ve to redirect excess flow back to the un

(c)

FigBsed)nl et pipesd conn€kanmnoal dgb)nll et est tainkht dcegr p
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The operation of the magnetic fl owmeter r el
metering tube, gener att iinsg dai rpeocttelnyt i parl o pda rftfiea
flow perpendicular to the magnetic flux 1in
el ectromagnetic induction. To measure and p
consists of theo mea@ammuon ergt sd:evti ce and the re
depicted in figure 3.6.

(a)

Fi g@éea) FI ow meRleorw dneevtiecre ;r e(abd)e r .

Figure 3.7 illustrates the prepassepbpeswo’
primary control valve regulates the flow of
tank. Conversely,onded oHplsikce paypee aingd pesivieis
preventing the supply of water to the inlet

is desired.

FigBt@ontrol valves.
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I n the downstream section of the channel,
capture sediment particles that are discharg

water flow back into the urmderdgri ourdd gautr@r 89 €
is divided into two compartments by a vertic
For each selected scour condition, the exp
accordingly. Il nwather cacmediotf i dmeee dcdlde am@ ha@mn e b f

pl aced as boundary conditions at the entranc
depicted in Figure 3.8(b).

(a) (b)

Fi g88aDutl et Stearn kefsi @k as boundary condition.

Il n the second part of the tank, the water i
of 200 mm, directing it back to the storage
system via the inlet tankdoWmsemewame opr @ her \
facilitate system drainage during shutdowns
installed at the outlet of the tank.

3.1.2. Scour measuring tool and its accuracy

Bed level measurements were performed manually using a point gauge, as illustrated in
Figure 3.9, with the support of a transverse mechanism. The accuracy of these measurements
was maintained at 0.5 mm.
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Fi g8trtM®aoigmmtuge & transversal support.

3.1.3. Sediment particlesd properties
The sedi ment used in this work was made of
guasi spherical particl esSeditnhena® ps@reertt iread:
Table 3. 1.
Sediment Properties
& 0.27
d (m) 0.003
Wyg (m?) 1.41372E08

Tabl eSe3d.ilment properties.

3.2. Geo-Carpets properties

3.2.1. Utilized Carpets

Di fferent combinations of <carpetssiwapedtes

and extended for ms, as depicted in Figure 3.
the same coverage areas, t hreref wexteersdad hrte tds
areas for thecaoprses Tduexitlml ¢ igned ed materi al
were made to align the coverage area of the

with those usfedexmewnitmemt Series o

To create the desired coveagargeetay,easx deopgt t
cm by 20 cm and 10 cm by 10 cm nets, additic
involved utilizing thoeadcandmakivengptecbhanaiq
intended configurations.
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Rigid Configurations:

PY [ ) [
[ [ ) [
40*40 30*30 20*20 10*10 40*60 40*80 20*60
Sl [e] ® .
o [ ) [
Flexible Configurations:
PS [ U [
[ o [
40*80 2060
40*40 30*30 20*20 10*10 40*60
25*80 25*60
Y o| ® ° °
[
Figure3.100Net sd configuration.
I n the experi mentation process, two distin
they were further c¢classified into coarse an

with three different meschatseigzoersi.zaRiigounr,.e 3. 11

For both ri gi-odaramat sf,| e imd s£h gseioze of 10 mm
Figure 3.11(a) and (b) respectively. Additio
fine rigid mesh, showduent Bi gheeuda¥h(c¢ambi H
mesh size for the flexible nets in the mark
flexitbhepeges, as depicted in Figure 3.11(d).
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Figure 3.11.The mesh size of the gaarpets: (a) & (b) coarse; (¢) & (d) fine. The material of the cpapets:
(a) & (c) rigid; (b) & (d) flexible.

3.2.2. Weight of Carpets

Rigid Coarse Mesh

Net Size Weight (kg)
1 10*10 0.002
2 20*20 0.009
S 30*30 0.02
4 40*40 0.036
5 40*60 0.052
6 40*80 0.072
7 20*60 0.024

Rigid Fine Mesh

Net Size Weight (kg)
1 10*10 0.002
2 20*20 0.011
8 30*30 0.024
4 40*40 0.042
5 40*60 0.062
6 40*80 0.084
7 20*60 0.033
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Flexible Coarse Mesh

Net Size Weight (kg)
1 10*10 0.002
2 20*20 0.008
3 30*30 0.018
4 40*40 0.034
5 25*60 0.032
6 25*80 0.042
Flexible Fine Mesh
Net Size Weight (kg)
1 10*10 0.002
2 20*20 0.008
3 30*30 0.018
4 40*40 0.032
5 40*60 0.047
6 40*80 0.064
7 20*60 0.025

Table 3.2.Weight of different size of carpets.

3.2.3. Density test

A densit
gemar pets
i mmer sing
insights i
water was
the water,
compared t

fl exible nets had a | ower
s surface.

to the wat

Figure 3.12.Density test.

y test

and water .
i n water
nto the rel at

net s

hi gher than
as shown
0O gain a deeper

er

was conducted

The
and

to

aim was

densi
of

density

t

e x ami

to compar
det emims$ npngyv iwthe
es of
-¢ drep d tes t feldo antait
itnh eFifgluoraet i 3h.gl 2v.e | Fowri tt h eer
under standi
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3.3. Experimental Campaign

rtially, threshold conditions for bed |
ing up two experi mentwatter exipdrorsc dthre. ok
her experi ments -overrpe tcso nasecgpxwrt eaassti tnege rge
ring around piers and determine the opti

I n the 1initial phase of this study, a pr ¢
appropriate discharge fl ow f orprtolpd geadipeer i men
and Ballio,2008 Thi s definitionbeswabhi shesiacrplat

di mensionless sedi ment transport rase,per

a
an experimental t essdurwa st hceo ndautciteerd dfo smeedi n
di scharges.

Table 3.3 presents the measurements of the
corresponding mean values, which are cruci al
determine the discharge value to be used in
in motion was counted at two specific zones
position of zones is illustreatted iorutkiogner @ s3
in the Figure 3.14.

F i g 8.t3ePositionof the plates, sediments passing over them.

Discharge (I/s)
6.400 | 6.639 | 7.209 | 8.009 | 8.263 | 7.646 | 7.504 | 7.066 | 6.795 | 6.789 | 7.289 | 8.271
6.376 | 6.670 | 7.411 | 7.940 | 8.391 | 7.707 | 7.477 | 7.007 | 6.736 | 6.812 | 7.282 | 8.285
6.389 | 6.682 | 7.346 | 7978 | 8.340 | 7.784 | 7.432 | 7.093 | 6.628 | 6.814 | 7.265 | 8.277
6.198 | 6.674 | 7.307 | 8.016 | 8.349 | 7.771 | 7.405 | 7.112 | 6.506 | 6.844 | 7.277 | 8.285
6.336 | 6.655 | 7.314 | 7.934 | 8451 | 7820 | 7.566 | 7.058 | 6.621 | 6.822 | 7.224 | 8.194

a|d|w (NP | #®*
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6 6.406 | 6.820 | 7.293 | 7922 | 8391 | 7.884 | 7.508 | 6.999 | 6.603 | 6.847 | 7.215 | 8.329
7 6.298 | 6.743 | 7.336 | 7.977 | 8.278 | 7.627 | 7.518 | 6.989 | 6.520 | 6.759 | 7.291 | 8.233
8 6.265 | 6.599 | 7.293 | 8.006 | 8311 | 7.667 | 7.408 | 7.008 | 6.532 | 6.770 | 7.235 | 8.278
9 6.241 | 6.544 | 7.311 | 7.864 | 8526 | 7.721 | 7.446 | 7.036 | 6.525 | 6.920 | 7.211 | 8.302
10 6.369 | 6.669 | 7.255 | 8.041 | 8.405 | 7.744 | 7551 | 7.154 | 6.516 | 6.830 | 7.221 | 8.311
mean 6.328 | 6.670 | 7.308 | 7.969 | 8371 | 7.737 | 7.482 | 7.052 | 6.598 | 6.821 | 7.251 | 8.277
Number of
Particles 0 4 1 17 146 33 20 3 1 2 2 192
(Upstream)
Number of
Particles 0 0 5 46 132 23 10 2 1 0 5 140
(Downstream)
Mean 0 2 3 315 139 28 15 2.5 1 1 35 166

Tabl eMe3a.s3u.r ements of the number of particles.

. y = 1E18x¢172
Sediment counts for depth = 8 cm R2=0.9238
1000
8 ()
100
(%]
Qo
S -
g - °
S 10
g
: . $
> ° °
1 °
6 6.5 7 7.5 8 8.5
0.1 .
Water Discharge (I/s)
® Upstream Downstram Mean Target Value Power (Mean)
Fi gB8tdRepresentation of experimental results.

By applying the threshold conditions speci

the data obtained during the preli miwaatreyr t es
di scharge of 7.62 | /s was necessary to mai nt
the plate within 180 s.

wher e:

gs= Sedi ment transport rate per unit width,

B = Width of the plate,

T = Duration of each preliminary test
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(3.1)

Threshold Conditions

a 0.000056
as( At s) 1.49757E08
S (m) 0.085
T(s) 180
N 16

Tabl4eT har,.eshol d conditions.

Asnot e @lehbly, 1989,
where our critical

di sturbances while remai
obtaine

conduct experiments wi
for the present study was

t he ¢
has been captu
cl t he ¢

t o

mhgi mumdegtoluroccurs at
di scharge
ng
d crithisphlwadas omulatiepl(ired2by a f ac

os e to

di scharge of 0.9

determined to be 7

3.3.2. Experimental set up, procedua@d methods of data acquisition

I n the following illustration (Figure 3.15
setup is provided, depicting the surveyed ar
during, and after the experiments.

13.85cm 100cm 124.15cm
Sticks Surveved Zone
Pier
i i
Downstream | ! Water
tank | | <€— Flow level
| | — v
| T ——
—— Flow
o Straightener
N o | i i Upstream
:25’3 ' tank
| e, | ¢ 4
l 86.15cm 24.15cm 580 cm
Back to water 550cm Water supply with

v

N

recirculation

Figure 3.15.Schematic representation of the flume (specified surveyed.zone

The experimental workflow followed a methodical approach:

U Initially,apr el i minary test

t hor oughlvyi oiluns tsheec tp roen.

cond

magnetic flowmeter

ucted to obta
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U Subsequently, two unprotected tests have been carried out with different duratioos, 3
and 6hour,the initial test sought to validate the repeatability of the subsequent test, which
spanned a duration of three hours, the second tasitadasix hours, was specifically
designatedo be completed within a single dag the reference test for this study. Notably,
these two unprotectezkperiments also served the additional purpose of validating a novel
scour predictor put forth biFranzetti et al., 2092

U Ultimately, 27 expriments have been accomplished, utilizing different-gppets, in
order to find the proper solution.

Overall, the experimental workflow adhered to a systematic and rigorous approach,
considering multiple factors such as coverage area, mestastepaterial properties of the
geocarpets. This meticulous approach facilitated a comprehensive evaluation of the
countermeasure's effectiveness and provided valuable insights into the response of the geo
carpets under varying conditions.

Theoverall experimental procedure:

Prior to commencing each experiment, several preparatory steps are undertaken to ensure
the proper setup of the flume. A specialized tool, depicted in Figure 3.16, is utilized to level
the bed, and establish an ialtibed profile characterized by uniformity. This meticulous
preparation guarantees a consistent starting point for the test, enabling the identification of any
significant changes throughout the experiment.

Additionally, it is worth noting that jpor to the initiation of each test, a precautionary
measure is implemented. A manual application of water, facilitated by a dedicated tool (refer
to Figure 3.17), is carried out to prevent sediment suspension and the undesired floating of
particles when th water gradually enters the channel.

Fi gBr éBe-dt rai ghtening tool s.

53



Fig@t&pray tool .

The desired cowdr avpes eaerxd a acft etdhd rom t he av

the stability and secure fixation of the <car
nails was employed. These nails were specifi
3mcin width and 12 c¢cm inlBength, as il l ustre

Figure 3.18.The sample nail utilized as anchorage.

To effectively secure the carpet, a syster
consistently wused around the pier to create
prevent any movement or adi spl atbtewmaeanByofFi gint g
fixing the carpet with these nails, its stab
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l addition to the area around the pier, car ¢

the nets to the channel bed. The number of
di mensions of the nets, and t heicr rsepgaud irnegnewms:
of each net. This tailored arrangement of n:¢
nets. An example of this nai.lilb®Positioning ca

ad
i
e

(b)
Figurgald.olBa.sl ti on on t he Bdr)déidBrasd ft i @0 nSammluen dNetthe Pi e

To initiate the experilmenas, sthhoewnelienctRFii gu rg
activated to allow the water to enter the ch
a |low flow rate. Gradually, the flow rate wa

At the samey tdtmecgk oaitndtame end of the chan
constant water depth at the target value of
empl oyed to control and measure the water de
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(a) (b)

Figurgad. Zd.ectric power controller; (b) Strip ruler.
The flow rate was carefully adjusted over
depth. Once the flow rate reached the approx
conditions were met, the experiment could pr
Prior tongcotmmenexperi ment, a transversal ¢

upstream edge of the pier using a point gaug

To run the experiment, the pier was |ifted
Simultaneously, the timer was started to tra
30 minutes, tempor al measur emenpaei mtf It dhea tsecc
upstream of the pier, with measurements rec
mi nut es, the frequency of measurements was
intervals of 15 minutes nunh@@r )t.he execution

At the same time, the flow rate was cl osely
at the tenth minute and subsequent| vyhoeaurrer.y 3
To ensure accuracy, tenm agends e aauwntdi vaenyr eadii rad g
di scharge rate of 7.25 |/s were checked to b
acceptable range, adjustsmeetasn Waleemademashnh
flow rate.

Thrgohuout the experi ments, it was <cruci al t
depth and discharge at the target values to
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At t he <conclhuosuironp eorfi otdhe tthe el ectric pow
peventing further water entry into the <chan
specific points were selected for surveying.

I nitially, as etcrtainosnv ewassa |l s wcrrwesysed at t he sa
Cresesction.

Furt herdmotrieonaadd transver sal sections were s
channel. These sections were spread out al or
framecm downstream and 24.15 c¢cm upstream of

Lastllogngiat udi nal section was conducted al ong

Dat a collection, recording, and surveyin
experiment, encompasseéexmgetihmeptr ephadsesngThan
meti cueoaursdegd rand organized, and the finding
the data was visualized through the use of g

The collected survey data was utilized to
a speci al iozoeld wsiodfetlwarreectogni zed and extensiwv
creati-higmemsieenal (3D) visualizations of geo
view using Surfer invol vesedctmpoonr td oograchidmagti e s
applying the Kriging method of interpolation

The software provided options for wireframe, surface 3D maps, and contour 2D map,
which were selected for visualization purposes. By employing the surveyegentsms, the
five types of volumes were calculated using the midpoint method.

These included the positive scour volume, representing the sediment volume below the
reference bed elevation (Z=0); the negative scour volume, indicating the accumulated sediment
volume above the reference bed elevation (Z=0); the upstream scour volume, obtained by
summing the positive and negative scour volumes in the upstream of the pier; the downstream
scour volume, obtained by summing the positive and negative scour volumes in the
downstream of the pier; and the total scour volume, representing the summation of positive and
negative volumes or downstream and upstream volumes, in other words, it represents the
sediment volume lost into the outlet tank.

The volume calculation processvolved determining the area of each cross section by
calculating the trapezoidal area between adjacent points and summing the trapezoidal areas
within a cross section to obtain the total area. Subsequently, the distance between two
consecutive cross d&ns was measured, and the volume was calculated using the formula:

0 — (3.2)

where A and A represent the areas of the two consecutive cross sections, and L is the
distance between the cressctions.
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In the upcoming chapter (experiments), there are informative graphical visualizations
provided to facilitate comparisons, as well as additional data presented in tables, graphs, and
generated maps. These valuable visual representations can be foundppehdix section of
the document.

It is important to note that all the steps outlined in the experimental procedure were
followed in the same manner across all series of experiments, with the exception of unprotected
experiments where the use @&ugcarpets was not employed.
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Chapter 4

Experiments

Two distinct types of experiments were conducted: two unprotected experiments and 27
protected experiments, as exemplified by Figure 4.1. The relevant information regarding the

experiments, including their key characteristics, is documented in Zdble

Figure 4.1.(a) Front view of an Unprotected Test. (b) Front view of a Protected Test.

Table of Experiments

All experiments were conducted using a water discharge rate of 7.25 I/s and a water depth of 8 cm.

Exp

Duration

Mesh

Coverage Area

o Code (h) Size(mm) (cm2) Material Net 6s Positio
1 U 3h 3 - - -

2 U 6h 6 - - -

3 10-R-40 6 10 40*40 Rigid e
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4 10R-30 10 30%30 Rigid
5 10R-20 10 20720 Rigid
6 10R-10 10 1010 Rigid
7 | 10R-40%60 10 40%60 Rigid
8 | 10R-40*80 10 40*80 Rigid
9 | 10R-20%60 10 20%60 Rigid -4—
10 5-R-40 5 40%40 Rigid . —
11 5-R-30 5 30*30 Rigid . —

6C




12 5-R-20 5 20*20 Rigid ‘ —
13 5-R-10 5 10%10 Rigid . -
) 40cm g :ZOCm:
14 | 5R-40%60 5 40*60 Rigid () S
) 60cm ’ :20cm g
15 5-R-40*80 5 40*80 Rigid ‘ e
16 5-R-20*60 5 20*60 Rigid - 40cm :.: 20cm | €=
17 10-F-40 10 40*40 Flexible ‘ G
18 10-F-30 10 30*30 Flexible ‘ D o
19 10-F-20 10 20%20 Flexible ‘ -

61




20 10-F-10 10 10*10 Flexible
21 10-F-25*60 10 25*60 Flexible 40cm ‘ZOCm e
_ 60cm ‘Zgﬂn
22 10-F-25*80 10 25*80 Flexible
23 7-F-40 10 20*60 Flexible . —
24 7-F-30 7 1600 Flexible
o —
25 7-F-20 7 900 Flexible
o -
26 7-F-10 7 400 Flexivle || @ —
40cm 20cm
27 7-F-40*60 7 100 Flexible . G
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A

\ 4
A

»

60cm 20cm
28 7-F-40*80 6 7 1500 Flexible

o
t

A

29 7-F-20+60 6 7 2000 Flexible 40cm (@ 200 |<Gumm—

Table 4.1.Experiments characteristics.

4.1. Unprotected Experiments

The subsequent section presents an explanation of the two unprotected experiments that
were conducted, differing in durations of 3 hours and 6 hours, respectively.

The two primary reasons for conducting the unprotected experiments are twofold. Firstly,
they serve as a reference for the comparison of the protected experiments, enabling a
comprehensive analysis. Secondly, these experiments have been compéareplriavit
unprotected experiments conducted on different flumes with a scour predictor by other authors.

By considering these unprotected experiments, valuable insights can be gained into the
effectiveness and significance of incorporating geosyiatbatpets as a protective measure in
subsequent experiments.

4.1.1. Unprotected tests:t®ur and 6hour Durations

Both experiments were conducted under conditions that were alike, as indicated in the
experimental campaign, except for tkhéference in duration. The -Bour test yielded
comprehensive data, including various 2D and 3D figures, while limitations prevented the
generation of similar visual presentations for tH®o8r test.

The initial experiment (3h), depicted in Figure 4.2¢@s conducted on November 9th, 2022.

The subsequent experiment (6h), shown in Figure 4.2(b) took place on November 15th, 2022:
It was chosen as the reference benchmark for the protected experiments due to its extended

duration. Similar proceduseand measurements were performed as in-theuBtest.

Multiple crosssections were taken along the channel, enabling the generation of some 2D
and 3D figures, as shown in Figure 4.3 and calculation of scour volumes.
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Figure 4.2.Unprotected tests: (a) Top view of the unprotected test 1; (b) Front view of the unprotected test 2.

40

followed by a 3D surface map.

Figure 4.3.2D counter map,
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4.1.2. Results, analysis, and comparison of unprotected tests

When analyzing and comparing the unprotected experiments, various perspectives can be
considered:

U Temporal perspective:

Temporal observations, as depicted in Figure 4.4, indicated similarities in the behavior of
both experiments during the initial three houts)s providing mutual validatigras they
reached approximately 89% and 88% of thealfirecorded scour depthithin an hour
respectively

This finding highlights the significance of the first hour in determining the most significant
changes in scour depth.

In the second experiment (6h), there was slightly greater sgooioserved from the 3rd
to the 6th hour, although the rate of increasing scour depth decreased over time.

Temporal scour depth: unprotected test 1 & test 2

10

9 N ’,?‘—

8 .

*®

7 PO 4
— 7Y
£ 6 o0
= ¢ U-3h
) S ¥ y
© 4 oo P

3 (ro‘“ * U-6h

*
2 *
*e
1
0
1 10 100 1000 10000 100000
Time (second)

Figure 4.4. Temporal representation of unprotected tests. Red circle shows the occurrence of the slight
difference ofscouring after the"8hour.

U Longitudinal perspective:

The longitudinal analysis confirmed increased scouring near the upstream and downstream
areas of the pier in thel&our test, which supports the previous findings mentioned in the earlier
section (from a temporal perspective). However, there waatively less sediment
accumulation compared to theh8ur test.

Figure 45 demonstrated, as the experiment progressed, the flow velocity, shear velocity,
and other factors gradually transported sediments downstream, leading to reduced
accumulatiorcompared to the-Bour test.
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Longitudinal profiles: unprotected test 1 & test 2

—o—U-6h

Z(cm)

-6.0
-8.0

-10.0
X(cm)

Figure 4.5. Longitudinal representation of the unprotected tests. The blue oval highlights the variation in
accumulated sediment between different unprotected cases, while the red circle indiadiféesy¢ihee in scour
depth between the upstream and downstream of the pier.

U Transversal perspective:

It is evident from Figure 4.6 that the second experiment exhibited more pronounced
transverse scouring, as anticipated due to the longer duratio

Sectional profiles at 1 cm Upstream of the Pier

2.0 U-3h
——U-6h

8.0

10.0
Y(cm)

Figure 4.6.Sectional representation of the unprotected tests.
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4.1.3. Validating a new scour predictor through two unprotected tests

The two completed unprotected tests have mutually validated each other and are being
compared to previous unprotected tests conducted by other researchers, as presented in the
reference(Franzetti et al., 2092 This comparisoraims to determine whether they exhibit
similar trends and findings.

In our specific case, the experimental parameters listed in Table 4.2 were the same for
both unprotected tests.

Experimental Parameters Value
v (m/s) 0.23
Ve (M/s) 0.24

VIVe 0.95
@ 0.27

b (cm) 6.3
a 2.57
F1 0.8931
F2 0.9049
F3 1.0006
F4 0.99975
aF1F2F3F4 2.077518746

Table 4.2.Parameters applied in this study for all the experiments.

By calculating the dimensionless scour and time based on the dimensional measurements
obtained during the experiments, the dimensionless representations for both tests were
constructed. Subsequently, the dimensionless representations of these two eip&eren
superimposed on the dimensionless representation of the previous 328 expdfnaentsti
et al., 202%, as shown in Figure 4.7.

Figure 4.7 indicates that the results of the two unprotected experiments align with the
findings of previous studies conducted by different authors over a period of seventy years. This
alignment serves to reinforce the coherence and consistenay study's findings within the
broader field of scour research. Furthermore, it provides validation for the newly introduced
scour predictor proposed ljFranzetti et al., 2092 which was extensively discussed in the
literature review chapter.
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Figure 4.7.Superposition of the dimensionless representation of the two unprotected tests on the dimensionless

representation of the previous 3@8erimentgFranzetti et al., 2092

4.2. Protected Experiments

To assess the effectiveness of @agpets countermeasure, four rigorous series of

protected experiments were condudbgcconsidering three factors in rotation:

U Coverage area
U Mesh size (opening)
U Material flexibility

4.2.1. RigidGeoCarpets
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Consisting of two series of nets, both series have the same coverage areas and material

flexibility, with the only difference being the mesh size.

4.2.1.1. Coarse mesh nets

In this series of experiments, seven coarsel mgts were employed, consisting of four
squareshaped nets with different coverage dimensions ranging from the entire width of the

channel (40 cm by 40 cm) to a smaller size of 10 cm by 10 cm, as exemplified in Figure 4.8.

Additionally, three exteded nets were used, with two of them covering the entire width
of the channel and one being a combination of two nets, as shown in Figure 4.8.

The 3D representation of these series of experiments can be found in Figure 4.9.

(©) (d)
Figure 4.8.Exemplified applied coarse nets on the channel bed around the pier: (a) top view of the 40 cm by 40
cm net; (b) corner view of the 10 cm by 10 cm net; (c) back view of the 40 cm by 60 cm net; (d) front view of
the 20 cm by 60 cm net.
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Figure 4.9.The sequence of maps presented 3D surface map.
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4.2.1.2. Results, analysis, and comparison of coarse mesh ndteamference test

In this section, the analysis of coarse rigid nets was performed by comparing them with
unprotectedeference test, focusing on the coverage area criterion.

The analysis is based on the results of specific graphical data andresinless framework,
which are as follows:

U Temporal perspective

The upstream edge of the pier is considered the most critical section of the channel bed, as
it is highly susceptible to deep scouring caused by the downward flow led to forraftion
horseshoe vortices.

By examining the temporal measurements obtained during the experiments (refer to Figure
4.10), it becomes apparent that all seven experiments exhibit a similar trend characterized by
an increasing scour depth.

Notably, the majority of the recorded scouring occurred within the initial hour of the
experiments, followed by a gradual increase until the end ofboei6duration. A significant
reduction of approximately 2.5 cm in scour depth is observed when comparingtbeted
experiments with unprotected reference case.

10 Temporal Scour Depth
9
8
¢ U-3h
7 ¢ U-6h
10-R-40
6
— 4 10-R-30
£
NS 10-R-20
[%)]
© A10-R-10
4
A 10-R-40*60
3 A 10-R-40*80
10-R-20*60
2
1
0
1 10 100, (secon d’l)ooo 10000 100000

Figure 4.10. Temporal representation of the scour depth. The black arrow is indicating the mean scour depth
difference btw the protected and unprotected tests.
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U Longitudinal perspective:

A longitudinal analysis reveals that all experiments share the same trend in terms of
longitudinal profiles (see Figure 4.11). The vicinity of the pier is identified as the most critical
region for scouring, both upstream and downstream. Followisgctitical area, a substantial
accumulation of sediment is observed, extending beyond the nets. Although the extension of
the nets does not result in a consistent trend, it helps to disperse the accumulation and mitigate
its concentration.

Howevae, in the case of the 10 cm by 10 cm net, the accumulation extends until the end of
the channel, resembling the unprotected scenario. The presence of coarse rigid nets reduces
scouring in the critical region near the pier compared to the unprotectedaondit

Longitudinal CS along the middle of the Channel
4.00
2.00
—&— U-6h
0.00 10-R-40
0 140
=i 10-R-30
o -2.00 10-R-20
N2
—a&—10-R-10
N 400
—a—10-R-40*60
-6.00 —i—10-R-40*80
10-R-20*60
-8.00
-10.00
X(cm)

Figure 4.11.Visual representation of the longitudinal profiles. The red circles are indicating the critical area of
scouring around the pier, up and downstream. the blue oval is indicating the accumulated eroded sediments in the
downstream of the pier.

U Transversal prspective:

Figure 4.12 demonstrates that all experiments exhibit identical trend in terms of transversal
profiles. Among the tested scenarios, the 20 cm by 20 cm net yielded the least amount of
scouring, while the 10 cm by 10 cm net resultethenhighest level of scouring.

Furthermore, the middle part of the channel, where the pier is located, is the area most
susceptible to scouring and is considered hazardous and vulnerable. In contrast, the sides of the
channel experienced compavaly lower levels of scouring.
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Sectional profiles at 1 cm Upstream of the Pier
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Figure 4.12.Visual representation of the transversal profilese blue circles are representing the side of the
channel and the middle part of the channel is representing by the red circle.

U Location of Maximum Scouring in the Upstream and Downstream of the Pier:

Analyzing the longitudinal profile (refer to Figure 4.11) reveals that, in all cases of coarse
rigid nets, the maximum scour depth is observed near the pier, both upstredowastteam,
indicated by two red circles.

The subsequent comparative analyzes will rely on a dimensionless framework that
involves four parameters. The first parameter is the ratio of scour depth to the pier diameter
(ds/b), which will be used t@onduct a dimensionless comparative analysis of the maximum
scour depths in both the upstream and downstream. The second parameter is the ratio of scour
volume to the pier diameter raised to the power of three (scour voR)mehich will be
employed to prform a dimensionless comparative analysis of various scour volumes,
including total, positive, negative, downstream, and upstream volumes. Moreover, the geo
carpets will be expressed in a dimensionless way, for the sake of being comparable with other
exper i ment al campaigns, conseque nto-pieydiametdi e t h i
ratio (W/b) for distinguishing the squascshaped nets and the fourth
lengthtonet 6 wi dth ratio (L/ W) f or dimessionlessni nat i
framework described above will be maintained the same throughout the subsequent series of
experiments as well. Table 4.3 depicts the ratio of different net sizes.

The net-topiwirdtsh di ameter ratio
Squareshaped nets 10*10 20*20 30*30 40*40
Wib 1.59 3.17 4.76 6.35
The net dosneltednsgtwhi dt h rati o
Extended nets 40*60 40*80 25*60 20*60 25*80
L/w 15 2 2.4 3 3.2

Table 4.3.Ratio of different net sizes.
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1 Upstream Maximum Scour Depth:

Figure 4.13 demonstrates that the 20 cm by 20 cm net (W/b=3.17) exhibits the best
performance in terms of reducing scouring near the upstream edge of the pier, while the 10 cm
by 10 cm (W/b=1.59) and 40 cm by 80 cm (L/W=2) nets represent the \ases.c

It is worth noting that the extension of the nets does not yield improvements in reducing
upstream scouring.

1 Downstream Maximum Scour Depth:

Figure 4.14 illustrates that as the coverage around the pier increases, there is a
correspnding decrease in scouring downstream near the pier. This reduction in scouring
continues up to a certain point, beyond which the 40 cm by 80 cm (L/W=2) net exhibits a
higher level of scouring compared to the other net sizes.

However, extendinghe nets downstream does not contribute to a further reduction in
scouring near the pier. The 40 cm by 40 (W/b=6.35) cm net performs the best in terms of
minimizing downstream scouring, while the 10 cm by 10 cm (W/b=1.59) and 40 cm by 80 cm
(L/W=2) nets repesent the worst cases.

10 mm Rigids
1.6
1.4
1.2
1.0
o]
& 0.8
©
0.6
0.4
0.2
0.0
Run Name
mU6h ®m10-R-10 =10-R-20 =10-R-30 10-R-40 =10-R--40*60 m=m10-R-40*80 m=10-R-20*60

Figure 4.13.Histogram representation of the dimensionless upstream maximum scour depth.
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10 mm Rigids
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Figure 4.14.Histogram representation of the dimensionless downstream maximum scour depth.

U Scour Volumes Categorized into 5 Types:
1 Total Scour Volume (Lost Sediments):

Figure 4.15 illustrates that increased coverage and extension of nets lead to ar@uuctio
lost sediments. However, it should be noted that the unprotected test, which serves as the worst
case, exhibits a significant difference with three times more sediment loss compared to the
other cases where gearpets were employed as scouring couméasures.

10 mm Rigids
20
18
16
14
12
10

Total scour Volume/ b

o N b~ O ©

Run Name

mU6h m10-R-10 ®m10-R-20 w10-R-30 10-R-40 m®10-R--40*60 m10-R-40*80 m10-R-20*60

Figure 4.15.Histogram representation of the dimensionless total scour volume.
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1 Positive Scour Volume (Scoured Sediments):

Figure 4.16 demonstrates that the he=mforming nets in terms of minimizing positive
scour volume (i.e., sediments scoured) are the 20 cm by 20 cm (W/b=3.17), 40 cm by 60 cm
(L/'W=1.5), and 20 cm by 60 cm (L/W=3) nets, while the 10 cm by 10 cm<W3a9) net
represents the worst case.

Thus, less coverage results in higher positive scour volumes, while increased coverage and
extension of nets lead to lower positive scouring up to a certain point. However, beyond that
point [e.g., 40 cm by 80 cm (L/W=2)], an increase in positiveusng is observed. The
unprotected test exhibits a substantial difference, with three times more sediment scouring than
the other cases employing gearpets.

1 Negative Scour Volume (Accumulated Sediments):

The unprotected test records a loweuvoé of sediment accumulation, as shown in figure
4.17, which is expected considering the significant sediment loss during the experiment.

Overall, it can be stated that greater coverage leads to higher accumulation. However, it is
worth mentioning that the moderate squasbaped gecarpets demonstrate lower
accumulation volumes.
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mU6h ®m10-R-10 ®=10-R-20 =10-R-30 10-R-40 ®10-R--40*60 m10-R-40*80 m10-R-20*60

0
Run Name

Figure 4.16.Histogram representation of the dimensionless positive scour volume.
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10 mm Rigids
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Figure 4.17.Histogram representation of the dimensionless negative scour volume.

M Downstream Scour Volume:

Figure 4.18 indicates that less coverage results in a higher positive scour volume, resulting
in a positive downstream volume. On the other hand, extending the nets leads to a negative
downstream volume due to increased accumulation. The unprotestechibits a substantial
downstream scour volume, six times higher than the protected cases, highlighting the
effectiveness of the protection measures.

1  Upstream Scour Volume:

Figure 4.19 reveals that greater coverage with seglaped nettleads to a lower positive
scour volume, resulting in a lower upstream volume. However, extending the nets results in a
worse performance, with an increase in upstream scour volume. The unprotected test exhibits
a significantly higher upstream scour voluntesice as much as the protected cases,
underscoring the effectiveness of the protection measures.
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10 mm Rigids
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Figure 4.18.Histogram representation of the dimensionless downstream scour volume.
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Figure 4.19.Histogram representation of the dimensionless upstream scour volume.

U Comparison between Upstream and Downstream Scour Volumes:

An analysis of upstream and downstream scour volumes does not reveal a clear trend (see
Figure 4.20).
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Nevertheless, it can be inferred that moderate coverage provides the best protection for the
upstream volume of the pier, while extenditite net downstream contributes to the
downstream volume of the pier.

In summary, the comparison between coarse mesh nets and unprotected testing
demonstrates that the implementation of various nets as scour protection measures has a
significant imm@ct on the coverage area and offers substantial improvements in terms of scour
depth reduction, sediment accumulation, and positive scour volumes.

10 mm Rigid Nets
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Figure 4.20.Histogram comparison of the dimensionless up and downstream scour volume.

4.2.1.3. Fine mesh nets

In this series of experiments, a total of seven fine rigid nets were utilized, with coverage
areas identical to those of the coarse rigitbn

Examples of these fine rigid nets are presented in Figure 4.21, while the corresponding 3D
schematics can be found in Figure 4.22.
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(c) (d)
Figure 4.21.Exemplified applied fine nets on the channel bed around the pier: (a) front view of the 40 cm by 80
cm net; (b) corner view of the 40 doy 40 cm net; (c) top view of the 20 cm by 20 cm net; (d) front view of the
20 cm by 60 cm net.
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