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Abstract(English)

The major damage to bridges at riweossings occurs duny floods. Damage is causeg
various reasongpne of the main onebeing riverbed scour at bridge foundatiqipsers and
abutments The damage can range from minor erosion to complete failure of the bridge structure
or its road approach. Complete faduesults in severe disruption to local traffic flows.

The localizedscour phenomenoand specifically scour at bridge pidras been the subject
of extensivanvestigations by many researchers &aditliterature exists on the topim spite of
this big research effort, comprehensive design approaches are still missing due to a general
inability of predictive equations to fit data from different authtmghisthesis arelatively large
amountof local scour data (51€éxperimentshasbeen collectedrom literature works on clear
water scour at cylindrical pieré great deal of work has been devoted to selecting experiments
that were not evidently flawed by sormeegularity thatcould be due to any problem occurred
during performance of the tests.

An appropriate dimensionless framework has been introduced to steer the following analysis
of literature scour valuedt was recognized that different authors made different choices
performing their experiments, therefore one of the most important actnolestaken here has
been making all the tests homogeneous. The treatment of flow velocity was evidently a crucial
factor, thus it was considered with highest attentlanthis context an analysisof threshold
conditionhasbeen conductetb find a suitabé criterionfor defining a threshold for sediment
movement andhe oneproposed byelville & Coleman(2000)was finally choseras the most
suitable one among the other availatigeriain literature.In this way the critical velocity for
sediment motiorof all the experiments was computed by a unique crite@anthe other hand,
all the measured upstream flow velocities were unified by converting all the declared values by
thedifferentauthos todepthaveragedrelocity at the channel axi3hanks to lhese strategieall
the experimentsouldbe useds a uniquehomogeneoudatabase.

The dimensionless scodepth theratio between the scour depth and the pier diameter) was
investigated in terms of its dependence @aw intensity sediment coarsenesand
nondimensionakime. A formula has beemroposed forprediction of the scour depth. Té
e%uation consistsf an exponential factor for considering the effect of sediroeatsenesand a
3" order polynomial for the effect of flow intensjtya multipicative constant accounts for
different timesThe proposed model is valid for a vast range of fils@nsities(0.480U 01.39)
and sediment coarsenessios (2 ODso O325). Finally, the predictive capability of the present
formula has been shown to better than those of existing literature approaches.

Author keywords: Bridge piers; Local scour; Scour predictidilow intensity Sediment
coarsenesslemporal evolution.



Abstract(ltalian)

Durante gli eventi alluvionaliponti fluviali possono esse significativamente danneggiati, o
anche distrutti, dai fenomeni di erosione localizzata alla base delle strutture in alveo (pile e
spalle) con evidenti conseguenze negative sul sistema viabilisticprocessi erosivi
rappresentano una delle cause dggior rilievo di vulnerabilita dei ponti.

| processi erosive localizzati sono stati oggetto di una vasta ricerca negli ultimi decenni
sfortunatamente, nonostante i notevoli sforzi profusi nello stggiistrumenti per la previsione
della profondita discavo ancora non consentono di condurre stime affidabili, stante la non
capacita delle formule proposte di rappresentare correttamente i dati dei vari autori. In questa tesi
sono stati considerati parecchi dati di letteratura (provenienti da 516 pria®uditorio)relativi
all erosione alle pile circolari in condi zion
ha riguardato unbéattenta selezione delle prov
probl emati che ogdnedaa ssatandour aadameati elideresnpnge irregolari.

Per | 6anal i si dei dati speri mental. st oat
adimensionale. Riconoscendo che i diversi autori hanno svolto i propri esperimenti a partire da
scelte differentiuno sforzo significativo é stato fatto per rendere i dati confrontabili tra loro. Un
aspetto cruciale & stato identificato nella maniera di trattare la velocita del flusso. E stata fatta in
primo |l uogo undanal i si d e | le anovisnéniojmeasegdite Iddllee ¢ o n
guale si & deciso di considerare il criterio proposto da Melville & Coleman (2000) applicandolo a
tutti gli esperimenti. In secondo luogo, la velocita del flusso & stata sempre espressa in termini di
val or e r el dctanalee mediatb fullavestieale deffettuando le opportune conversioni

dalla velocita media sulla sezione quando necessario. In questa maniera & stato possibile
omogeneizzare i dati in maniera significativa.

E stata analizzata la dipendenza della prafandlii scavo (adimensionalizzata sulla
dimensione della pila) rispetto alla velocita del flusso, alla dimensione dei sedimenti e al tempo,

arrivando a proporre una formula interpol ar
esponenziale per la dimensiotee | sedi ment i, da un polinomio d
velocita del flusso, e da una costante moltiplicativa che tiene conto del tempo. La formula

propost a, che si ~ dimostrata avere und@affida

attualmente disponibili, & valida in un range i condizioni relativamente afpio4 8 O:»J O 1.:
O 50O 3.25

Author keywords: Pila di ponte Erosione localizzateaPr e vi si one;Intepslitaldd er o s i
trasportg Sedimentj Evoluzione temporale
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Introduction

Scour is a natat phenomenon caused the erosiveaction of the flowing water on the bed
and banks ofiver and channeldt is the removal o$edimeng around or near structures located
in flowing water.Erosion inducesowering of the riverbed levelvith a tendencyd expose the
foundations of a bridge&Such scour aroungier and pilesupported structures and abutments can
result in structural collapse and loss of life and propéditte. construction of bridges niver and
channels canausecontraction in the waterwaat the bridgeross sectiomnd as a consequence
gives rise to significant scour at tHatation As the scoucontinuously progresses at the site, it
undermines th&undations of the structure leading to possible failure.

Many bridges failed arounthe world because of extrenseour around piers. Failure of
bridges due to scour at thdoundations,considering botrabutments and piers, isc@mmon
occurrencelFor example, atudy of the US Federal Highway Administrationli73 concluded
that of 38 bridge failures, 25% involved pier damage and 72% involved abutment damage

Prediction of local scour holed hydraulic structures plays an importaote in their design
and especially in designing bridge structurexcessive local scour cgmogressiely makethe
foundation of the structurereaker andead to failureof the whole structureScourinduced
structural failure tends to occur suddenly and without prior warning. Thus, this type of bridge
failure threatens serious damage in terms of both aomncost and human life and may
severely disrupt tfic flows. Because complete protection agaissbur is too expensive,
generally, the maximum scoutepth and thdocation of the holehave to bepredicted to
minimize the risk of failurdy having a siiable design for facing its series consequences

The localizedscour phenomenon has been the subject of extemsiestigations andast
literature exists on the topid@he main aim of this thesis is to investigate and analyze the
experimental data thatre available in literature on the scalapth evolution at circular piers.
Based onfull time series(whenever availablepnd isolated scour depth points obtained in
experimentsy several authorand by making them collapse in dimensionless form, arteff
has been made to find a predictive equation for scour depth in uniform sedimentsleader
watersteady flow.

In chapter 1some general explanation about fundamental subjet#santto local scour
phenomena can be foundhis chapter includes samessential information abouédiments
transport mechanissnthreshold ofincipient grain motiongdifferent types of scoudocal scour
mechanism due to acceleration of flow and resulting vorti¢ée chapter finally states the
general objectives of theork.

Theliteratureexperimentsfrom differentauthorsthatare used irthis thesisarepresentedn
chapter 2The brief review mostly accounts fexperimental procedusaised, whose knowledge
is important understand limitations in experiment unifaratowards a comprehensive analysis

In chapter 3first the key aspects for experiments characterization are identifigénéral
comparison of different criteripgrovided byvarious authors fothe purpose ofntroducing a
suitablethreshold of sedin@ movement is presentethis attempt was done based on the fact
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that, according tathe critical analysisyelocity may be one of the most problematic factors for
unifying different experiments as one database. Thus it is necessary to define a ureqgoe crit

for computing thevelocity for inception ofsediment meementfor all of the experiments that

are going tdbe usel in the analysisA criterion wasfinally selectedand applied to all the tests
under investigation.Afterwards, a strategy which was ken for unifying the velocity
measurement among different experiment is explained. The velocity measurement method
differs from one experiment to the other one and may be in term of average bulk velocity or
depthaveragedrelocity. Thereforgfor having anintegrated databasevilasnecessary to select a
suitable velocity measurement method from existing anelconvert velocities which ltbbeen
measured witha different method.Third, , the imposed restrictions arttie motivation of
considering thenfor selecting appropriate tesare discussed-ourth, The paththatwas taken

for derivinga predictive equatin for scour depth is providethe process aflata clustering and
curve fitting basean the effective parameters explained.Finally, the predictve cambility of

the proposed formules assesseth comparison with that cfome of the existingnesin the
literature.

A summary ofmajoroutcomes andonclusiors completes the work

A summary of thedatathat have been used in this study can be fouméppendix1. In
Appendix 2, more details are provided about the regression procadweards the final
predictive equation.
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Chaplt er

GENERAL DESCRIPTION & OBJECTIVES
1.1.Sediment transport in open channels

1.1.1. Introduction

Waters flowing in natural streams anders have the ability to scouhannel beds, to carry
particles(heavier than water) and to deposit materials, hence changihgdh®pographyThis
phenomenons of great economical importangpeciallyto predict the risks of scouring of
bridges.

The transported material is called the sediment load. Distinction is made between the bed
load and the suspended load. The bed load charageayiains rollingsliding or saltatioralong
the bed whilesuspendetbad refers to grains maintained in suspem&ip turbulence.

1.1.2. Incipient motion of sediments
1.1.2.1. Forcing action on sediment particle

For an open channel flow with a movable bed, the forces acting on each sediment particle are
(Figure 11):

the gravity forcew G+

the buoyancy forc&  mCH

the drag forcét | 6 ¢

the lift force#t M 6 ¢

the reaction forces of the surrounding grain,

= =4 =4 -4 -4

Where’ is the volume of the particl® is a characteristic particle cressctional eea,0
and 0 are the drag and lift coefficients, respectively, &hid a characteristic velocity next to
thechannel bedThe gravity force and the buoyancy force act both in the vertical direction while
the dragforce acts in the flow direin and the lift force in the diotion perpendicular to the
flow direction

Lift force

Buoyancy force Drag force

Gravity force

Figurel.1: Force acting on a sediment particle (irgeanular forces not shown)
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1.1.2.2. Threshold of sediment movement

Incipient moton is important in the study of sediment transport, channel degradation, and
stablechannel design. Due to the stochastic nature of sediment movement along an alluvial bed,
it is difficult to define precisely at what flow condition a sediment particle béljin to move.
Consequently, it depends more or less on an investigator'stidefiof incipient motion. They
useterms such asginitial motiono fiseveral grain moving,fiweak moe ment , 0 and AcTr
movementd In spite of these differences in definitiosignificant progress has been made on the
study of incipientmotion, both theoretically and experimentaliigure 1.2 shows the forces
acting on a spherical sediment patrticle at the bottom of an open cHammelost natural rivers,
the channel slopesre small enough that the component of gravitational fiortiee direction of
flow can be neglected compared with other forces acting on a spherical separtai¢. The
forces to be considered are the drag fo@dift force "Ohsubmerged weighb handresistance
force"O. A sediment particle is at a state of incipient motion when one of the following
conditions is satisfied:

—

e A ]

Figurel.2: Diagram of forces acting on a sediment particle in open channel flow (Yang, 1973

"O=w (1.1)
"0="0 (1.2)
0 =0 (1.3)
Where 0 = overturning moment due t® andO

0 = resisting moment due {® andw
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1.1.2.3. Dimensional analysis

The relevant parameters for the analysis edfiment transport threshold atee bel shear
stressf , the sediment density, the fluid densi , ghe grain diametéR, the gravity
acceleration g and the fluid viscosgty

Ot M RAIChQ 1 (1.4)

In dimensionless terms, it yields,

0 h-h Tt (1.5)

The ratio of the bed shear stress to fluid densitfomogeneous (in units) with a velocity
squared. Introducing the shear velocitydefined as:

o’ — (1.6)

In this way we can have an equation in the form of:

z z

Q - Mw T (1.7)

The first term is a form of Froude number. The second is the relative density (also called
specific gravity).The last term is a Reynolds number defined in terms of the grain size and shear
velocity. It is often denoted as Re* and called the shear Reynolds number or particle Reynolds
number.

1.1.2.4. Shiledsdiagram

Most incipient motion criteria are derived from eithesheear stress or a velocity approach.
One of the most prominent and widely used incipient motion criteria is the Shields diagram
(1936) based on sheastress.Shields framework is consistent with dimensional analysis in
section 1.1.2.3The mentioned quanmétescan be groupedhto two dimensionless quantities,
namely,

T

YQ Q—— - (1.8)
and

t - (1.9)
Where:

" & Q=densities of sediment and fluid, respectively

2= specific weight of water,
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g3=fluid kingmatic viscosity

g=gravity,

0.=shear velocity, and

1= stability parameer or shield parameter

'Y ‘(= Shear Reynolds number

Critical value of the stability parameter may be defined at the inception of bed motion: i.e.
=1 (1.10)

Bed load motn occurs for:

> 1 (1.11)

The relationship between these two parameters is then determined experimEigaitty 13
shows the experimental data which was obtained by &halring the experiment arkdgure
14 showsthe experimental results obtained by Shields and other investigat incipient
motion. Any point in region above the curve indicati® situationof particle movenent In
regionbelow the curve, the flow isnable to move thparticles.

¢’
g Grains in movement
o: . Ul e
0.1 v ® o bl
[ ]
'll. |
L]
> %ﬁ?k‘Lh%F* & ;
“é*‘f ®
(Grains remain stable
ool IR
1.E-1 1.E+0 1.E+1 1.E+2 1.E+3 1.E+4

Re*

Figurel.3: Experimental data bghields (1936)
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Figurel.4: Shields diagram for incipient motion (Vanoni, 1975)

Thus te critical shields parameter is:

_I_Z

(1.12)

And the critical grain Reynolds number is:

'rcr:}f2
R. = \/—30 (1.13)

pv

Where:p= p (1.14)

On the Shields diagram (Fid.4), the Shields parameter and the particle Reynolds number
areboth related to the shear velocity and the particle size. Some researchers proposed a modified
diagram: t* as a function ofa dimensionlesgarticle paramete}. In this way, he above
equation can be manipulated and alternatively written as

. QQ (1.15)
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WhereQ is thedimensionless sedimesize defind as:

Q Y)Y Q@ r (1.16)
The second equation is usually preferred to original one because the critical shear stress
appears only in one dimensionless parameter

1.1.3. Sedimenttransport mechanism
There are two types of sediment transport mechanisms. Draedsediment material that is
maintained in suspension and sediment material transportedllimg, sliding and saltation

motion along the bed.

1.1.3.1. Bed-load transport
When thebed shear stress exceeds a critical value, sediments are transported in the form of

bedload and suspended load. For #ead transport, the basic modes of particle motion are
rolling motion, sliding motion and saltation motigirigure 15)

N 3

Velocity
¥ distribution
~

|
[+] 'II
.,;“'II Bed-load layer
— | 5
) — Voo N e T I
UNr oy ryyryyyryyyyyryyyryyys

Figurel.5: Bedload motion: (a) Sketch of saltation motion (b) definition sketch oflbad layer

The sediment transport rate may be measured by weight (units: N/s), by mass (units: kg/s) or
by volume (unitstx /s). In practice the sediment transport rate is often expressed by meter width

and is measured either by mass or by volume. These are related by:

a "N (1.17)

Whered is the mass sediment florate per unit widthr) is the volumetric sediment discharge
per unit width and is the specific mass of sediment.
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1.1.3.2. Bed-load transport rate
The bedload transport rate per unit width may be defined as:

n 61 ® (1.18)

Where @ is the average sediment velocity in the 4mat layer Fig.15 (b)). Physically the
transport rate is related to the characteristics of thel-load layer its mean sediment
concentratiom , its thicknesss, which is equivalent to the average saltation height measured
normal to the bed, arttie average speed of sediment moving along the plane bed.

1.1.3.3. Suspendedoad transport

The other type of sediment transport mechanism is suspéva@dransport. Although this
type of sediment transport mechanism is not too relewdhtthe topicof this study but it will
be briefly discussed in this sectitor the sake oEompleteness.

Sediment suspension can be described as the motion of segiantcles during which the
particles are surrounded by fluid. The grains are maintained within the mass of fluid by turbulent
agitation without (frequent) bed contact. Sediment suspension takes place when the flow
turbulence is strong enough to balative particle weightThe amount of particles transported
by suspension is called the suspended load.

The transport of suspended matter occurs by a combination of advective turbulent diffusion
and convection. Advective diffusion characterizes the randoaion and mixing of particles
throughthe water depth superimposed to the longitudinal flow motion. In a stream with particles
heavierthan water, the sediment concentration is larger next to the bottom and turbulent
diffusion induces an upward migration tife grains to region of lower concentrations. A time
averagedbalance between settling and diffusive flux deriviesnf the continuity equation for
sedimenimatter:

0O— 06 (1.19)

Where0 is the local sediment coratration at a distance y measured normal to the channel
bed,O isthe sediment diffusivity and is the particle settling velocity. Sediment motion by
convection occurs when the turbulent mixing lengthlasge compared to the sediment
distribution length scale. Convective transport may be desculsetie entrainment of sediments
by verylargescale vortices: e.g. at bed drops, in stilling basins and hydjaois(Fig 16).
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Figurel.6: Sugpendedsediment motion by convection and diffusion processes.

1.1.4. Bed formation

In most practical situations, the sediments behave as-aalm@sive material (e.g. sand and
gravel) and the fluid flow can distort the bed into various shapes. The bed forta fesul the
drag force exerted by the bed on the fluid flow as well as the sediment motion induced by the

flow onto the sediment grain§his interactive process is complex.

The basic bed forms which may be encounteredhareipples (usually of heighteds than
0.1 m), dunes, flat bed, standing waves and antidUiestypial bed forms are summarized in

Figurel.7 andTablel.1.
=~ ~
—
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A
»*
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g S
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Figurel.7: Bed form is movable boundary hydraulics: (a) typicad lorms and (b) bed form
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Bed form Flow Bed form motion Comments

(1) @) (3 @

Flat bed No Flow (or Fr<=<_1) NO No sediment motion

Rapples Fr <= D/s Three-dimensional forms; observed also with air
flows (e.g. sand ripples 1in a beach caused by wind)

Dunes Fr<1 D/s Three-dimensional forms; sand dunes can also be
caused by wind

Flat bed Fr=1 NO Observed also with wind flow

Standing waves Fr = 1 NO Critical flow conditions; bed standing waves i phase
with free-surface standing waves

Antidunes Fr=1 uis Supercritical flow with tumbling flow and hydraulic
jump upstream of antidune crests

Chute-pools Fr=1 uis Very active antidunes

Step-pools Fr=1 — Cascade of steps and pools: steps are often caused by
rock bed

References: Henderson (1966) and Graf (1971).
Notes: D/S = in downstream flow direction: fr = Froude number; U/S = in upstream flow direction.

Tablel.1: Basic bed forms in alluvial channels (clidisation by increasing flow velocities)

1.2.Scour

1.2.1. An introduction to scour

Scour is the result of the erosive action of flowing water, excavating and carrying away
material from the bed and the bank of streams and from around the piers and abutments of
bridges. Different materials scour at different rates. Loose soils are tending to scour more rapidly
than cohesive or cemented soils which are more gesistant. However ultimate scour in both
cases can be as deep as each other. Under constant flow eorstitar will increase with
respect to time and reach to a nearly constant maximum dgetta period of timeUnder flow
conditionstypical of actual bridge crossings, several floods may be needed to attain maximum
scour. Determining the magnitude ofosc is complicated by the cyclic nature of some scour
processes.

The equations for estimating scour depth time history or equilibrium scour depbased
on laboratory experiments with limited field verificatiddncertainty in predicting scour still
remains in all of the equationsahwere published in literaturBut the attempt of decreasing the
amount of uncertainty and remaining in the safe side for the estimation of scour depth during all
of the researches can be observed.

One of the most impontd factors for estimation of scour depth is whether it is elester or
live-bed scour. Cleawater scour occurs where there is no transport of bed material upstream of
crossing bridge and livbed scour occurs where there is transport of bed material tine
upstream reach into the crossimy.more detailed discussion is presented in the following
sections.
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1.2.2. Contribution to total scour
Total scour at a bridge crossing considers three primary components:

1 Longterm degradation of the river bed;
1 General sour at bridge: a. Contraction scour b. Other general scour
1 Local scour at the piers and abutments.

Total scourand its components are illustratedigure 18.

1.2.2.1. Aggradation and Degradation

Aggradation and degradation are letegm elevation changes due the natural or man
induced causes which can be affect the reach of the river on which the bridge is located.
Aggradation involves the deposition of material eroded from the channel or watershed upstream
of the bridge; whereas, degradation involves tveeling or scouring of the streambed due to a
lack insediment supply from upstream.

1.2.2.2. General Scour(contraction scour & other general scour)

General scour is a lowering of the streambed across the stream or waterway bed at bridge.
This lowering may be urofm across the bed or namiform, that is, the depth of scour may be
deeper in some part of the cross section. General scour may result from contraction of the flow,
which results in removal of material from the bed across all or most of the channel avidth
from other general scour conditions such as flow around a bend where the scour may be
concentrated near the outside of the bend. General scour is different froteriondegradation
in that general scour may be cyclic and/or related to the passanfiooid.

1.2.2.3. Local scour

Local scouy which is the target of this study specifically among other types of scour,
involves removal of material from around piers, abutments, spurs, and embankments. It is caused
by an acceleration of flow and resulting vorticeduced by obstruction to the flow. Local scour
can be either cleawater or livebed scour.Local scour may occur even where general and
constriction scour are npresent

1.2.2.4. Lateral stream migration

In addition to the types of scour mentioned above, nitwecurring lateral migration of the
main channel of a stream within a floodplain may affect the stability of piers in a floodplain,
erode abutments or the approach roadway, or change the total scour by changing the flow angle
of attack at piers and alménts. Factors that affect lateral stream movement also affect the
stability of a bridge foundation. These factors are the geomorphology of the stream, location of
the crossing on the stream, flood characteristics, and the characteristics of the bedkand ba
materials.
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Figurel1.8: Total scour and its components

1.3.Local scour

The following section provides more detailed discussion of the local scour atvpieh is
the main goal of this research.

1.3.1. Local scour mechanism

The basic mechanism causing local scour at piers or abutments is the formation of vortices
(known as the horseshoe vortex) at their base (Fib@yeThe horseshoe vortex resuitsm the
pileup of water on the upstream surface of therabsbn and subsequentceleration of the
flow around the nose of the pier or abutment.

Surface Roller _4

5

Horseshoe Vortex

Figure1.9: Schematic representation of scour at a cylindrical pier
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The aproach flowvelocity goes to zero at thepstream face of the cylinden the vertical
plane of symmey, and since the approach flow velocitlecreases &m the free surface
downward to zero at the bed, the stagnapoessure” 6 1¢, also decreases. This downward
pressure gidient drives the downflow(Figure 19). The downflow, in the vertical plane of
symmetry,has at any elevation a velocity distriton, with zero in contaavith the cylinder and
again some distance upstream ofTihe secalled horseshoe vortex develops as the result of
separation offlow at the upstream rim of the scour holEhe horseshoe vortex extends
downstream, past of thedsis of the pier, foa few pier diameters before losing its identity and
becoming part of generalrbulence. The horseshoe vortex also pushes the maximum downflow
velocity within the scour hole closer to the pi€he action of the vortexemoves bed matel
from around the base of the obstruction. The transport ragediment away from the base
region is greater than the transport rate into the regioncandequently, a scour hole develops.
As the depth of scour increases, the strength diidnsefioe vortex is reduced, thereby reducing
the transport rate from the base regi@ventually, for livebed local scour, equilibrium is
reestablished between bed material infland outflow and scouring ceases. For cleater
scour, scouring ceases when #iearstress caused by the horseshoe vortex equals the critical
shear stress of the sedimeatticles at the bottom of the scour hole

BOW WAVE

SRR )
7T >

R
P eI

Figurel1.10: Diagrammatic Flow Pattern at Cylindrical Pier

In addition to the horseshoe vortex around the base of a pier, there are vertical vortices
downstream of the pier called the wake \a&$ (Figure 1.10). Both the horseshoe and wake
vortices remove material from the pier base region. However, the intensity ofwoeimes
decreaserapidly as the distance downstream of the pier increases. Therefore, immediately
downstream of a long pier there is often deposition of material.

1.3.2. Clear-water and Live-bed scour

Local scour at a pier commences when the shear veldcady velocity u exceeds fraction
of the critical or threshold value for movement of gexliment.There are two conditions for
contraction and local scaudearwater and livebed scour. Cleawater scour occurs when there
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is no movement of the bed materialthe flow upstream of the crossing or the bed material
being transported in the upstream reach is transported in the suspension through the scour hole at
the pier or abutment at less than the capacity of the flowlear water condition velocity is

below the critical velocity and therés no sediment transport amd sediment supply into the

scour hole from upstrearAt the pier or abutment the acceleration of the flow vortices created

by these obstructions cause the bed material around them to nime#beld scour occurs when

there is transport of bed material around them to move.-dedelocal scour is cyclic in nature;

that is, the scour hole that develops during the rising stage of a flood refills during falling stage.

Typical clearwater scour suation (1) coarséed material streams, (2) flat gradient streams
during low flow, (3) local deposition of larger bed materials that are larger than the biggest
fraction being transported by the flow (rock riprap is a special case of this situaticanm@ted
streambeds where the only location that tractive forces are adequate to penetrate the armor layer
are at piers and/or abutments, and (5) vegetated channel or overbank areas.

During a flood event, bridge over streams with codeseé material are afh subjected to
clearwater scour at low discharge, Ied scour at the higher discharges and elesder scour
at low discharges on the falling stages. Clgater scour reaches its maximum over a longer
period of time than livébed scour (Figure 11). In fact, local cleawater scour may not reach a
maximum until after several floods and reach to its equilibrium asymptotically over a period of
days. Livebed scoudevelops rapidly and its depth fluctuategesponse to the passage of bed
features(Figure 1.11(a)). This is due to the variability of the bed matesatliment transport in
the approach flow when the bed configuration of the stream is d&menet al (1969)
suggested thdhe mean value of the livieed scour depth was about 10% lessitthemaximum
clearwater scour deptfFigure 111(b)).

EQUILIBRIUM SCOUR |
A DEPTH = Drax VOLID g ~
- _ e _.\ — -
F { _ E': /?\-In_fq\
A LIVE-BED = K [
& SCOUR o }oLEaR _|_LIVE-BED
5 CLEAR-WATER SCOUR o [WATER ~ "SCOUR |
O U | SCOUR
5! C{a) - wl I' : (b)

TIME Uy u,

Figure1.11: (a) Time development of clearater and livebed scour (b) scour depth as a function of shear velocity
(after Chabert & Engeldinger 1956)

Critical velocity equations ith the reference particle sizegual t0'Q can be used to
determine the velocity associated with the initiation of motion. They are used as an irfdicator
clearwater or livebed scour conditions. If the mean velocity (n the upstream reach egjual
to or less than the critical velocity () of the median diamete€) ) of the bed materiathen
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contraction and local scour will be cleaater scourlf the mean velocity is greater than the
critical velocity of the median bed material size, {bed scour will occur.

1.3.3. The parameters of lo@al scourat piers

Factors which affect the magnitude of local scour depth at pgrde stated as a general
function of fluid, flow, pier and sediment properties and time evolution.

fFlud: I n mechanics a fluid is debisnég By Tiat st @& ey

7 Flow: The flow of a fluid is determined by its mean depth h, enesigpei , and the
acceleratiordue togravity g which generasghe flow. The slopé , which produces through the
component of gravity the shear stre , U, to maintain the fl ow, [

shear velocity. B

Flow velocity also affects local scour depth. The greater the velocity, the deeper the scour will
be. There is a high probability that scour is affected Wetther the flow is subcritical or
supercritical. However, most research data are for subcritical flow (i.e., flow with a Froude
Number less than 1.0, Fr < 1).

9 Pier: The action of pier is determined by the effective blockage it presents to the flow. A
cylindrical pier is defined by its diameter b. Other shaped piers are specified relative to b in
terms of shape factors. Consideration also can be made by introducing some factors for the angle
of the approach flow to the pieAs pier width increases, thers an increase in scour depth.
There is a limit to the increase in scour depth as width increases.

Pier length has no appreciable effect on local scour depth as long as the pier is aligned with the
flow. When the pier is skewed to the flow, the pier lenggls a significant influence on scour
depth. For example, doubling the length of the pier increases scour depth from 30 to 60 percent
(depending on the angle of attack).

1 Sediment: A layer of uniform cohesionless bed material of specific thickieedsscibed by

the specific gravity and the sieve diameter of its particles. The degree of uniformity of particle
size distribution of a sediment is defined b
common and convenient measure of standard deviasedin studies of the distribution of

particle size of a sediment is the graphic standard deviation, which is derive by reading two
values on the cumulative particle size curve,

£, =—223 : - (1.20)

The inclusive graphic standard deviation of Folk (1968) gives a better measure of the uniformity
of a sediment as it embraces 90 percent of distribumttioh is used in some of the studies

,= —28 8— 8 (1.21)
8
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According to Ettema (1980),ed material in the sarglze range has little effect on local
scour depth. Likewise, largsize bed material that can be moved by the flow or by the vortices
ard turbulence createlly the pier or abutment will not affect the maximum scour, but only the
time it takes taattain it. Very largeparticles in the bed material, such as coarse gravels, cobbles
or boulders, may armor the scour hdine bed material (38 and clays) will have scour depths
as deep as satimbd streamsThis is true even if bonded together by cohesion. The effect of
cohesion is to influencthe time it takes to reach maximum scour. With sbed material the
time to reachmaximum depth of@ur is measured in hours and can result from a single flood
event.With cohesive bed materials it may take much longer to reach the maximum scour depth,
the result of many flood events.

Bed configuration of sanbded channels affects the magnitude of l@zalur. In streamwith
sandbed material, the shape of the bed (bed configurati@y)be ripples, dunes, plane badd
etc. The bedconfiguration depends on the size distribution of the dmttimaterial, hydraulic
characteristics, and fluid viscosityh& bed configuration may change from dunepléme bed
during an increase in flow for a single flood event. It may chdvagé with a decrease in flow.
The bed configuration may also change with a changwater temperature or suspended
sediment concerdtion of silts and clays. The type béd configuration and change in bed
configuration will affect flow velocity, sedimeitansport, and scour.

1 Time: Scour is a dynamic process which seeks to establish a new equilibrium, between the
flow of the fluid and the resistance to motion of the bed particles, by the erosion of the flow
boundary; the local scour deepens progressively with time.

In summary, the dowflow impingement on the bed, along with the wide range of
turbulence structures present in thewfliteld, entrain and transport material from the scour hole.
The details and interaction of the flow field vary with ptearacteristics such as shapegle of
attack, and the stage of scour development between initiation and equilibrium, but thalessenti
consideration is that these flow features are responsible for scour.

1.3.4. Dimensionless analysisf local Scour depth

The large number of interacting parameters makes the analysis of local scour at bed sediment
around a bridge pier very difficult. This haerded the researchers to use of dimensional
analysis. However the dimensional analysis is only a technique for grouping of variables, and
yields in itself no informationThe relation between the depth of local scour at a bridgéier
and its dependent parameters can be written:

= B ¥z omn) gW g™ Off-fEr 0l » "} gmw- Cm P Og (1.22)
Where,
" &l GBA OEOU
* =fluid dynamic viscosity
"= meanapproach flow depth
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“(x acceleration of gravity

0= mean approach flow velocity

'Q = median size

., CAT I ACCOOEAAAOE A @ERA A E PAIOGEMIBIOOOEAOOET 1
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o PDEABAOE

d x EAIOEEA| iand

o OEI A

An expression for the depth of local scour at a cylindrical gfieiametetb can be written as
a combination of dimensionless paramgter

— "Q—h=hhh—h h—h (1.23)
Where we can substitute these terms by consider the following definitions:
w “— OAl AEAIAM @B EBEAAET Al 00
ConsideringReynolds numbe(Re) that s being used as a criterion to distinguish between
laminar and turbulent flow and is a measure of the ratio of the inertia force on an element of fluid
to the viscous force on an element and is equal to

YQ — (1.24)

Wherel is a characteristic lengtfihus, particle Reynolds number can be written as:

A, 1
YQ — (1.25)

Froude numbefFr) is also defining am measure of the ratio of the inertia force on an
element of fluid to the weight of the element and it is equal to:

O — (1.26)
As mentioned beforehe Sleld diagram defines & for a given d. A correspondingi.

can be found for the given flow depth, and thus the Froude number can be written, using the
given data as ufu
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Thus the equation (132 can be rewritten as:
— Q'Y 8-RRe i, R (1.2

The density ratio is assumed constant, and the Reynolds number influences are assumed
negligible for the highly turbulent flows envisagé&sh the other handhe effectof width of the
flow, & hin wide flows can be neglectedndalsoby consideringuniform sediment it is possible
to disregard the dependency,toThereforethe other form which can represent the scour depth
as the function of dimensiorde parameters is:

0 "Q'Waio RY (1.28)

~

Where:'Y —HO -HO —HEY —

The functional relationships between dimensionless variables have to beedbteom
experiments, but when the number of dimensionless numbers is large severe experimental
problems occurln this way the relationship between the four parametemtioned above can
be obtaiedby less effort and in a more economical manner.

1.3.5. Some «isting formula for evaluation of local scour

In literature, it is possible to find several empirical or sempirical formulas for the
determination of the scoufepth at equilibrium condition (final stage) or with respect to time
evolution. The differeces in theses formulas are mostly due tteeir various experimeat
conditions. Moreover, the validityange of existing formulas in literature is not similar for all of
them. This is the consequence of the differencgelaction ofthe under consideratiorangefor
dependenparameterof these studiesin addition, it is necessary to have constant values of
different effective parameters when the dependency of two parameters on each other is under
study In some casehé¢ mentioned required stdity condition is failedand put a negative
effect on the accuracy of the final proposed formdlais dispersion in resulting formula by
different authors shows thatour depth determination is not clearly defiged

Each formula is only valid for the limitecange of thea u t h siude® sand cannobe
extenadto otherconditiors such as different pier size, river widdindflow velocity outside of
the mentioned range by the author.

In literature there are many authors who have expraksedimensionless SaodepthO as
a function of multiplication of different factor in which each of them take into account the
dependency of specific paramet®ne of the most relevant combinations is as below:

O U Y& Y& 08 O (1.29)

Where 0 ) i) @ ¢ © define empirically through interpolation of theesults usually
independentlylt should be noted that, other factors rather than those mentioned here also can be
considered.
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1 Sheppard et al (2004)
O p pgu TY
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0
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1 Raikar and Dey (2005)
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=

Lancaet al. (2013)

0 Q& p Q 8
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1.4.0bjectives

The objectives of this research warkn be summarized as below:

Vv

Vv

<<

Collection ofclearwater scour data for cylindricaiers from reliable sources in
literature

Selection oflong-duration,suitable ad reliable data from previous research and
experimentdy imposing appropriate selection criteria,;

Homogenizationof the available data, particularly by an analysisthreshold
conditiors to choose a suitableriterion to be applied to all the experimeffis
defining the threshold for inception of bethterial motion

Investigation othe effect ohondimensional time, T (t.u/b3dediment coarseness
O (b/Q ), and upstream flow intensity, U (u/), onthescour depth
Regressiofbased calibration of a predictive formula;

Comparison ofhe final proposed equation wisieveralpreviousones available in
the literature
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Capter 2

AVAILAB LE DATA AND LITERATURE REVIEW
2.1.Introduction

Relatively large quantities of locatour data have been used for the purpose of the analysis.
The sources and quantities of these data are listedble 2.1 and 2.2Laboratory data are
derivedfrom experiments that were carefully performasad all the dependent parametease
givenby the authar

A total number of 56 experimentswere used in this studyThe data that hee been
employed can bdividedinto two general categories:

1. Full trend scour depthdata 324 experiments)which are the experimentgherethe full
scour depth evolution from the beginning of the experimeaontil the experimerststops with
respect to timewerereportedoy authors(Table2.1)

2. Isolated scour depthpoints (192 experiments) which are the datavhereonly final or
maximum scour depth is provided by the authors and the time history of the scour holes
evolution were not reported or measur@dble 2.2)

Main characteristics of data sources are given in th@xfimg section.

Full trend scour depth data
Ettema (1980) 105
Sheppard et al. (2002) 14
Oliveto and Hager (2002) 88
Lanca et al. (2013) 46
Chang et al. (2004) 10
Yanmaz and Altinbilek (1991) 18
Raikar and Dey (2005) 16
Chabert and Engeldinger (1952 12
Mignosa (1979/1980) 13
Franzetti (1989) 1
Azzaroli (1983) 1
Total number of series 324

Table2.1: Full trend data sources and number for each source.
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Isolated scour depth points
Sources number of data

Yanmaz, Altinbilek (1991) 15
Melvile and Chiew (1992) 27
Chiew (1995) 13

Chiew (1984) from NCHRP 4
Graf from Melville and Chiew (1999) 3
Melvile and Chiew (1999) 51
Melvile and Chiew (1999) from NCHRP 17
Dey et al (1995) 18

Ettema, RAUD 1

Ettema (1980) from NCHRP 2

Ettema, Kirkil and Muste (2006) 6
Sheppard and Miller (2006) 24

Raikar and Dey (2005) 4

Lee and Sturm (2009) 4

Ettema (1980) 3
Total number of points 192

Table2.2: Isolated points sources and number for each source.

2.2.Data Characteristics

In this section a brief summary about the experiments done by the various authors and the
aim andan achievement of their studypsovided to have a bettenderstandin@bout the data
that are going to be useal this study. For employing diffent experiment results from various
sources it is necessary to understand the assumptions which have been made. In this way, it is
possibleto use these experiments as a unique databadeattempt tomake all of them
homogenoussia analysis It should beremembered that, all the collected experiments are in
clearwaterconditionaccording to authors report.

2.2.1. Full trend scour depth data
2.2.1.1. Ettema (1980)

1 Introduction and objectives

The aim of this projectvas to investigate experimentally the developmenroaodl scour in
uniform and noruniform sediments as well as in beds formed of layers of uniform sedintents.

was hoped that each set of experiments would lead to recommendation for design of bridge piers.
Three main series of experiments were augmented.

In all the experiments cylindrical piers were used. The approach flow was steady for all
experiments.
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For the purpose of this study the experiments related to local scaunifofm sediment
around a piemwere used. The stage of particle motion, expresseterms of shear velocity
parameten’/6”, was set on that all the experiments were performed at clear water local scour.

The experimental study was conducted in two parts:

The first part investigated the tempodaivelopment of local scour for a range of bed particle
sizes and cymdrical pier diameter, at similar values of the shear velocity param@t@r with
different value of 0.95, 0.9, 0.75 or 0.5 at the center line of the approach flow. Two different
flumes were used in this study. The greater part of the stadyperformed in a 1.52 m wide re
circulating flume for which the approach flow depth was kept constant at 0.6 m. Additional
experiments were conducted in a 0.46 m wide flume with flow provided by an outlet pipe from
the ringmain system of the laboratoryittv constant approach flow equal to 0.2 m for these
experiments.

The second parts was concerned with the influence of the approach flow depihbh
Ettemanotatior), on the development of local scour at a cylindrical pier foundnifiorm
sediment.Shear velocity parameter wagld constant ab*/6°= 0.9, at the center line of the
approach flow to the pieThe experiments were cad out in the 1.52 m wide flume. Three
piers sizes and three uniform bed sediments were used to investigate the influences of flow
depth, as well as that of pier and particle sizes, on the development of local scour.

1 Hydraulic Models

Most of the experim@s on the temporal development of local scour were carried out in a
1.52 m wide, 1.22 m deep, glasiged flume of approximately 45 m lendthigure 2.1). The
flow through the flume was +erculated by two variable speed axial flow pumps driven by
thyristor controlled electric motors. In all experiments the flume slope was adjusted to ensure
that the depth of the flow was constant over the full length of the working section.

Tail box Structure

l4.6m ¥ 2.0m 1.00m 8.0m 200m

false floor
(permeable)

Working Section

27 h.p-
h.P- and
50 Al flow pumes

Figure2.1: Crosssection of he working section of 1.52 m wide, flow recirculating, flume by Ettema (1980)
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The working section of the flume commenced at 20 m from the upstream end of the flume. It
consisted of an & length false floor, upstream of 1.5 m wide and 3 m long sedimesggein
which the pier was placed.

The approach bed roughness was simulated with the fuseighened sheet metal covers
which were fixed to the false flooA selection of roughened sheets was made to cover the range
of sediment sizes used in the study.

An additional series of experiments was performed in a smaller-gjtdes flume 0.456n
wide, 0.44 m deep and approximately 19 m in length, served with water circulation system of the
laboratory. The water level in the flume was controlled by a tail Jdte.roughness of the
approach bed was simulated in a simif@nnerto that described for the approach bed in 1.52 m
wide flume(Figure 2.2).

Flow supply
from ring main

A
J

1

8 | 4.0 m | 0.60m | 0.40m | 15.0m .
s . 24
= Er b o
g i ‘ < E ’ roughened surface §
R g Sk L - ST F= =T
!ls W ]L S Tl W
/1L L PrIE ‘3??-iffﬁ///////////////////#[ﬂﬂ& (I |:| i
/5}/( l Sediment Recess > g’ false floor * ||[ :
o .\ S (permeable) ||| g}
- U

— % Return Channel Inlet reservoir

Tail box and flow to lab.
resServolr

Figure2.2: Crosssection of the working section of the 0.46 m wide flume by Ettema (1980)

1 The bed sediments

Sediment properties used in this experimard listed in Table (2.3) where Q is mean
particle size of uniform seghients,, and, are two measurements of standard deviation of
particle size distribution of each beddimentg, <1.5 may be considered as being \atty of a
uniform particle size. All of the eight bed sediment that used in this expesrhgfill this limit
so they can be considered as uniform sedimeri¥.js specific gravity,6” is critical shear
velocity and computedoy using shields function. S.F is particle shape factor whata
negligible influenceof 6*, @ is fall velocity of the mean particle size determined by Rouse
(1937) and U is the angle of static particle
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Bed Sediment Number

1 2 3 4 5 6 7 8

d50 (mm), 4 | 0.24 [0.38 | 0.80 |0.84 |1.90 |3.80 |5.37| 7.80

ug 1.18 |1.29 | 1,33 [1.17 [1.34 [1.07 |1.24 | 1.10
oy 1.20 |{1.30 | 1.39 |1.19 |1.33 |1.08 |1.24|1.12
s 2.65 |2.65 | 2.65 [2.65 [2.65 [2.65 | 2.65| 2.65

LI 1.30 [1.52|2.13 |2.18 |3.41 |5.87 | 6.93 | 8.41

(x 102 ms™ ') &
8.F. 1.0 1.0 1.0 1.0 1.0 0.82 10.76 | 0.70
wso (ms™ ') 0.03 |0.06 |0.14 |0.15 |0.27 |0.32 | 0.45 | 0.49
a 290 310 340 36° 37e 38° 38° 38°

Table2.3: Sediment properties used in Ette(@880)experiment

1 Piers and scourdepth

The sizes of the cylindrical piers used in the experiments are given irfZableelow:

Flume Width Fler Dlameter B
B {mmp ] { mm) [¥]
1524.0 28.5 53.5
50,48 id.a

101.6 15.0

150.0 10.2

HMo.g 6.4

457, 2 45,0 _Iﬂl_

Table2.4: Pier size used in Etteni&980)experiment

Several techniques were adopted to measure the difta local scour. Scour depths could
be read to withirtl mm. It is worthy to mention that the value of B/D is providasi10.6
instead of 10.16 for the last row of table (2.4) in the authors report.

1 Approach flows and flow measurement

The approach flovior each experiment was initially set so that the experiments were run for
similar values of the shear velocity ratiw,/6°, for all the sediment sizes. For each flow and
sedimentsize, the channel slopg’, wasadjusted so that the flow had a uniform depth over the
working sectionRequiredvalue of the slopeY were estimated from:

R (2.1)
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The magnitudesof Q and6” for corresponding value d® is provided by author in table

(2.5).

d65(mm) |c0rresp0nding d50(mm) |Shields uc*

0.225 0.24 0.013
0.432 0.38 0.0152
1.054 0.8 0.0213
0.862 0.84 0.0218
1.935 1.9 0.0341
3.829 3.8 0.0587
5.497 5.37 0.0693
1.013 7.8 0.0841

Table2.5: Ettema(1980)critical shear velocit definition

The mean approach flow velocity, u, of ttenterline velocity profile was determined from

equation:

0 6zZ Vg weQd o (2.2)

Similarly for critical approach flow velocity

60 O Vg OUEQY o (2.3)

It can be concluded formquation(2.2) and (2.3):

— —_0O

z z

— —0 ¢ —=8& (2.4)

The approach flow velocity profiles were measured with two4miapeller flow meters.

Resultsand procedure

Following observations were made for each experiment:

0

O«

The temporal development of the scdwie The frequency of scour depth
measurement decreased as the rate scouring decrease. The experiment was
stopped when no change occurred to the maximum depth of scour hole over a
minimum period of four hours.

The mechanisms of local scouA visual recod of the important feature
distinguishing the development of local scour around a cylindrical pier kept with
aid of photographs

Water temperature.
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0 Scour hole profileAt the completionof each experiment the profile of the scour
hole, in the plane of symetry of the pier and parallel to the flow direction was
recorded with 3 mm diameter pointer gauge.

It is assumed that the following relationship can be stated for the depth of local scour at a
pier:

- FFe 25)
The curve formed by the collapse of the data is defined by four stteighdegments which

approximate the different local scour development. The principal erosion phase is approximated
by two straght-line segments. Each segment is of the form:

— 0l —8-8- a® (2.6)
Where'Q and™Q are constants efined for each phase segments.

1 Deriving data

Most of the da from the Ettema (1980) reports was oledihy techniques of digization
and convertinghe grapls to spreadshestof data. In this manner the quantities related to scour
depth with respect to timean be defined. This procedure was done by Mdiaction. A

sample of the process of digitization is provided beleigure 2.3.

i I T S
10"

: Scour depth with time; D= 28.5mm,

1 £
Fig4.17(b)
D=28.5 mm d=1.9 mm u*/uc*=0.9

2.5
2
=} 1.5 XT MX‘ —t——y0=0.6m
= 1 - vo=0.2m
0.5 4 - )@‘;( yO=0.1m
M vO=0.05m
o] t
1 10 100 1,000 10,000

Figure2.3: Digitization of Ettema (1980) sample
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2.2.1.2. Sheppard, et al. (2002)
1 Introduction and objectives

This bridge scour research program at the University of Flovadalirected at increasing the
understanding of scour processesd anproving the accuracy of design scour depth prediction

through largescale experiments.

All of the experiments were conducted in large, fiilnough type flume. Three circular
cylinder diametes (0.915 m, 0.305 m and 0.114)nthree different sedimentrgn sizes
(Q equal t00.22 mm, 0.80 mm and 2.9 mm) and a range of water depths were investigated.

This study covers theearwater scour range of velocities (i.e., O O1 ) .

Normalized equilibrium local scour deptiasas described in terms of three dinsonless
parameters(b, u/6 , andb/Q where according to the author notation are:

"x water depth,

b= structure diameter/width,

u= the depth averaged Velocity,

0 = the depth averaged Critical Velocity,

‘Q =the median sediment grairatheter.

In this experiments indicated a trend in the data with increasing valbéQ of Thus, one of
the objectives of his research was to obtain local scour data for larger vati@s of

The rate at which locadcour occurs and the dependerof this rate on the sediment, flow
and structure parameters is another object of this experiment.

1 Hydraulic models

All of the tests were conducted in a large flwide, 6.4 m deepand 38.4m long flow
through type flumeSchematic drawings of the flles used in this research are shown in figure

2.4 and 2.5.

i
{
{
>
—J =~

J 1 LS e
s _;_i f; .L ff".:'v:‘:'»":

Figure24:. Schematic drawing of flume used for Shepp
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Figure2.5: Isometric drawing of the flume

The test section wdke width of the flume, 9.8 mihg and started 24.4 m downstream of the
entrance. The sediment in the test area was 1.83 m deep. Water for the flume was supplied from
hydroelectric power plant reservoir adjacent to building housing the flume. Water flowed from
the reservoir, through theufine, and discharged into riveowinstream of control structuréhe
flow discharge and dep#weraged velocity was controlled with a weir located at the
downstream end of the flume.

The instrumentation used in this research lwarivided into two categas: 1) That which
measures the flow parameters, and 2) That which measures scour depth. The flow parameters
monitored were flow dischargeelocity at specific locations, water depth, and temperature. The
scour hole dgh was monitored with internand (on some occasions) external video cameras
and with arrays of acoustic transponders.

M Bed sediment

Three different sediment grain s&agith Q =0.22 mm, 0.80 mm and 2.9 mahere used in
this experiment anthe value otheir standard deviatigni are1.51, 1.29 and 1.2despectively
In table 26the valueofQ and G correspond to each test ar

9 Pier and scour depth

Three cicular cylinderpiers with 0.915 m, 0.305 m and 0.114 m diametegre used.
Quantitative scour depth measurements were obtained by video cameras mounted on a platform
that traversed vertically and the length scales were attached to the inside of thersyhindew
of the cameras. Miniature video cameras were also mounted in streamline waterproof housing for
viewing scour hole from outside the structure.

Three arrays of acoustic transponders were attached to the cylinder just below the water
surface. Thissystem provided scour hole depth measurement at the 12 locations along three
radial lines throughout the experiments.
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Pier and scour depth measurement samgraf all tests are provided in table 2.6.
1 Approach flows and flow measurement

Flow velocities wereaneasured at two locations,i2 upstream and 1 m to the side of the
center of the test structure with electromagnetic flow meters. The vertical position of the meters
was set at 40 % of the water depth from the bed. The velocity at this loeatsononsidred
approximately equal to the depdlveraged velocity for the fully developed logarithmic velocity
profile.

A commercial water level instrument, which used a near bottom mounted pressure transducer
measured water depth at a location between the tasttis® and the weir. The water
temperature was measured just downstream of the strudtbeevalue of flow depth and
velocity for each test is provided in table 2.6.

Flow Sediment  |Structure
Test Depth | Velocity| Dsp o |Diameter;
(m) | (mfs) | (mm) (m)

1.19 0.29 022 |1.51] 0114
1.19 0.31 0.22 | 151 0305
1.27 0.40 0.80 |1.29( 0915
0.87 0.39 0.80 |1.29| 0915
1.27 0.39 0.80 |1.29| 0305
1.27 0.41 080 |1.29] 0.114
1.22 0.76 290 |L21| 0915
8 0.56 0.65 290 |L21| 0915
9 0.29 0.57 290 |[1.21| 0915
10 0.17 0.50 290 |L21| 0915
11 1.90 0.70 290 |L21] 0915
12 1.22 0.40 022 |L51( 0305
13 0.18 0.30 0.22 |1.51| 0.305
14 1.81 0.30 022 |L51{ 0915

IO B LD e

Table2.6: Flow, sediment and structure parameters samym

1 Procedure andresults
The procedure used in performing the local sediment scour experiments is outlined below.
U Pre-experiment
1. Compact and level the bed in the flume.

2. Fill the flume slowly and allow standirfgr approximately 12 hours or until all the air
trapped in the sediment has escaped. Drain the flume amimgact the bed.

3. Take preexperiment photographs.

4. Fill the flume slowly and allow trapped air to @ge (approximately six hours).
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5. Start and check all instrumentation
U During experiment

1. Measure the scour depth as a function of time with acoustic transponders and video
cameras.

2. Measure the velocity, water depth, and temperature. Observe watgr ataian
indicator of suspended sediment.

U Postexperiment
1. Take posexperiment photographs.
2. Observe and note bed condition throughout the flume (presence of bed forms, etc.)
3. Survey the scour hole with a point gauge.
4. Reduce and analyze the data

A significant amount of local sediment scour data and information were gathered during this
research program. A brief summary of the results is given in t&ilesfwo different scour
depths are given ithis table the measured values at the end ofetkgeriment and the estimated
equilibrium depth. Most of the experiments conducted as part of this work were long in duration
and thus the scour depths were near equilibrium at the end of the test. During some of the test
there was an increase in suspensediment in the water from the reservoir and this proved to
impact the equilibrium scour depth

Test Time to Max. Estimated

Test Duration| 90% Measured | Equilibrium

d,. (equil.) | Scour Depth | Scour Depth
(hr) (hr) (m) (m)
1 89 111 0.133 0.17
2 163 408 0.257 041
3 360 322 1.112 1.10
4 143 905 0.638 0.99
5 88 128 0416 0.51
6 41 29 0.185 0.23
7 188 151 1.270 1.41
8 330 186 1.058 1.14
9 448 347 0.896 0.96
10 616 831 0.659 0.72
11 350 720 1.004 1.24
12 256 71 0.377 0.39
13 216 66 0.296 0.31
14 580 913 0.787 0.97

Table2.7: The localscour results sumany
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Equilibrium depths were estimated by extrapolating a curve fit to the data. The function used
to fit the data was first esl by J. Sterling Jones and is:

Q Oop — wp — (2.7)

Ther esul ting Sheppardbés equation

— 00 Q-Q—"0— (2.8)

Ks= shape factor (1 for circular piles)
0 = Peak values of normalized Clearwater sa®pth= 2.5 in these equations.

For0 =2.5we are going to have:

N 8
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2.2.1.3. Oliveto and Hager (2002)

9 Introduction

This work presents new research on bridge pier and abutment scour based on a large data set
collected at ETH Zurich, Switzerland. In total six differeatliments were tested, of which three
were uniform. Also a large variety of scour elements were considered, from 1 to 60% of the
channel width, and flow depths ranging from 1 to about 40% of the channel width.

1 Hydraulic models

The experiments were condadtin two rectangular channels, one having a width.00 m,
the othemx=0.50 m. The 1 m channel had a total length of 11 m, with a working section of about
5 m, a glass wall on the left side, and a smooth steel wall on the righTbelsediment was
placed horizontally, and the free surfaceasured along the flow. The determining approach
flow depth"Qwas taken ati(-b)/2 upstream from the scour element face, \itas the pier
diameter All experiments wereun essentially under plane bed conditions. The sediment surface
was measured itih a secalled shoe gauge having a 4 mm by 2 mm wide horizontal plate at its
base, whereas the water surface was read with a conventional point gauge, typicallyi fo
mm, dependingmthe local surface turbulence.
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1 The bedsediment

Six different sedimets were used, three of which were uniform with grain sizes 0.55, 3.3,
and 4.8 mm, and three mixtures, with = 5. 3, 1. 2, a(r‘? d, 3=143, mga, and

and?2.15, respectively. The uniform sediment w@h =3.3 mm had a density 6f =142 tfa |,
whereas the remainder hdd=2.65 t/& . The plastic sediment oiigated from a circular
extruder, the rest was from Swiss rivershva typical ellipsoidal shape.

1 Pier and scour depth

The circular cylinders had diametdrs0.011, 0.022, 0.050, 0.064, 0.110, 0.257, 0.400, and
0.500 m. All elements were fabricated in Bparent plexglass to allow for visual determination
of scour depths to 1 mm during the progress of an experiment.

The temporal start of an experiment (t=0) was set at scour inception. Subsequent
measurements were taken at times t=1, 3, 6, 10, (15)2@madin up to several days and even
several weeks in selected runs.

The scour surface was measured at the maximum scour depth z along the element side, the
maximum lateral and upstream scour extensions, and the aggradation maximum downstream of
the elementFigure 2.6shows a definition sketch with typical points of interest measured for all
experiments.

Scour hole

Deposition area .

9 i, &
20NN

Figure2.6: Definition sketch and measurement points for:
aggradation depths; (+) scour or aggradation area
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1 Approach flow and flow measurement

The channel had a closéabp water system, with a pump at the upstream channel side, of
maximum discharge Q = 0.130 j i with an accuracy of about 1%. A submerged sill at the end
of the working section inhibited sediment movement out of the working section.

The flow depths meased at a certain time t always included the section 1 m downstream
from the flow straightener, the section upstream from the pier and at a downstream section
located between 3.3 and 3.8 Aow depths ranging from 1 to about 40% of the channel width.

In table 28, densimetric particle Froude numbeéd 6j "QQ T with "Q ”
" ¥ "Q, threshold FroudenumberO, and approach Reynolds numbér 1 OF , with
u=upstream velocity and =kinematic viscosityis provided The value for approach flow
velocity is given as crossectional velocityaverage bulk velocijyand in terms of Froude and
Reynolds numbers itne table

1 Results

In total 200 scour experiments were conducted over almost 2 y@ansmary of test
condition is provided in the table 2.9 and incluthe mean grain sizeQ , its standard
deviatiors, andrelative density "7}, test duration in daygier widthb, the ranges
of average approach flow depth h

“
Q

24 1.48;3.34 | 0.71¢1.30 | 19¢290

10 1.382.79 | 0.5400.99 | 82¢506

13 2.0053.52 | 0.55¢0.96 | 38¢298

19 1.47¢3.68 | 0.55¢1.31 | 75¢536

11 1.71¢2.39 | 0.44c0.69 | 50¢257

4 2.24¢3.86 | 0.5%¢1.14 | 108393

Table2.8: VAW pier data testconditions

51



t experiment (days) b (m) h (m)
24 3.3 1 0.42 0.11-46.88 0.02-0.26 | 0.02-0.30
10 4.8 1.25 2.65 0.46-1.87 0.06-0.50 [ 0.05-0.20
13 0.55 1.37 2.65 0.14-21.06 0.06-0.26 | 0.05- 0.30
19 5.3 1.43 2.65 0.02-4.74 0.06-0.26 | 0.05-0.20
11 1.2 1.8 2.65 0.88-2.95 0.06-0.40 | 0.05-0.20
4 3.1 2.15 2.65 0.13-14.30 0.11-0.50 | 0.05-0.20

2.2.1.4. Lanca, et al. (2013)

9 Introduction

long-duration cleawater scour data were collected at single cylindricarsgiwith the
objective of investigating the effect sedment coarsenes®/Q (b = pier diameterQ
median grain size) on the equilibrium scour depth and improving the scourtideptivolution
modeling by making use of the exponential function suggested in the literBtyeriments
were carriéd out for the flowintensity close to the threshold condition of initiation of sediment
motion, imposing wide changes of sediment coarseness and flow shallowfir@ds= approach

flow depth)

Table2.9: VAW Pier Data summary oftestconditions

1 Hydraulic models

Two flumes were used in the experimentaldgt One, located at the University of Beira
Interior, is 28.00 m long, 2.00 m wide and 1.00 m deep. Discharge was measured by an
electromagnetic flow meter with an accuracy of 0.5% of full scale. The central reach of the

flume, starting at 14.00 m frometentrance, includes a 3-@8long, 2.00m-wide, and 0.6én-

deep recess box in the channel bed.

The second flume, located at the University of Porto, is 33.15 m long, 1.00 m wide, and 1.0
redess bax s 3.20tm lohgs 1.0 0

m wide and 0.35 m deep. The area located around the pier was covered with a thin metallic plate
to avoid uncontrolled scour at the beginning of each experiment. The flumes were filled
gradually, imposing a high water depthdalow flow velocity. The discharge corresponding to

the chosen approach flow velocity was then adjusted to pass through the flumes. The flow depth
was regulated by adjusting the downstream tailgates. Once the discharge and flow depth were
established, thenetallic plates were removed and thepenments startedlhe characteristic of

m deep;

t 6s

centr al

each experiment is provided in tal2l®.

i The bedsediment

reach

A uniform quartz sand’(=2650Q K ; Q =0.86 mm;,
the recess boxes of the two channels.
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1 Pier and scour depth

Single vertical cylindrical piers were simulated by PVC pipéh b=50, 75, 110,160, 200,
250,315,350,400mm, placed aD1.0 m from the upstreabboundary of the bed recess bdxe
maximum pier diameter was 200 mm, so as to minimize contraction effects

The depth of scour hole was measured, to an accuracy of+l mm, with adapted point gauges,
approximately ever 5 minutes during the first hour. Afterwards, the interval between
measurements increased and, after the first day, only a few measurements were carried out each
day. When the scour rate w2As)inl24osrsanchaaleastap pr o X
days had passed, the experiments were stopped. The sand bed approach reach located upstream
of the piers stayed undisturbed through the entire duration of the experiments; thisrfiong
stability ensured that the scour depth was not supplemented togaupsed degradation.

1 Approach flow and flow measurement

Areasonably high rel &a0i ©@ e4 ® 0hfw < 468)gvastalwgy® . 050
guaranteed. The average flow intensityo , v ar i ed i n ao6hCe 1r.a0n4y, e Wwoi.t%3
being calculated using the predictor of Neil (196f)e aspect ratidi/h was guaranteed to be
greater than 5.Qp avoid significant wall effects on the flow fieldll of the velocities are given
in terms of average bulk velocity. The corresponding velocity for each test is represented in table
2.10

E-_

1 2 55 110 0.28 170 180.1
2 2 80 160 0.29 168 226.2
3 2 100 200 0.29 170 263.1
4 2 125 250 0.3 168 282.1
5 2 158 315 0.29 223 348.1
6 2 175 350 0.33 306 337.3
7 2 200 400 0.31 288 409.2
8 2 50 50 0.27 168 115.6
9 2 75 75 0.28 168 163.9
10 2 110 110 0.29 168 198.9
11 1 160 160 0.3 285 231.1
12 1 200 200 0.31 261 296.5
13 2 250 250 0.32 263 365

14 2 315 315 0.33 186 388.3
15 2 350 350 0.33 291 408.7
16 2 400 400 0.33 224 448.4
17 2 75 50 0.28 168 118.9
18 2 113 75 0.3 168 175.8
19 1 165 110 0.3 241 224.6
20 2 225 160 0.33 267 305.7
21 2 300 200 0.33 262 360.6
22 2 375 250 0.33 221 373.8
23 2 100 50 0.29 170 127.1
24 2 150 75 0.3 169 162.7
25 2 220 110 0.33 216 208.9
26 2 300 160 0.33 330 267.1
27 2 400 200 0.33 219 329.4
28 2 125 50 0.3 168 111

29 1 188 75 0.21 191 146.7
30 2 275 110 0.33 184 234.3
31 2 375 160 0.33 313 278.8
32 1 150 50 0.3 173 109.7
33 2 225 75 0.33 197 170.6
34 2 330 110 0.33 169 222.6
35 2 200 50 0.31 170 133.7
36 2 300 75 0.33 314 197.6
37 2 250 50 0.33 237 116.6
38 2 375 75 0.33 315 184.3

Table2.10: Characteristic controlling variable bancaet al.(2013% experiment
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1 Results

It was postulated here that finite equilibrium scour depth must €Xigble 2.10) It was
recognized that therpbability of occurrence of a sufficiently strong turbulent event capable of
entraining sediment grains from the scour hole will never be null though this probability
decreases as scour develops, tending asymptotically toAdemit was assumed that thigme
needed to achieve finite equilibrium scour may be rather large, conceptually infinite. For this
reason, scour depth records were fitted bygisegression as follow:

PN (R B R T
I+ p1pat I+ papat
1
. pi( 1——) (210
1 + pspst

Wherenptonn are constantsFor t =B it Qs Qasgumed .tForat
practical applications, the following uppleound predictor was suggested:

00 (2.11)

+ and+ aredefined as below:

® - ™ - pg& v
0 (2.12)
& - pg& v
~ph @ — PTT
1y 8 5
0 L8 — hpmm— vuvmmn (2.13)
ip ™ b O T —

Whereis pier diameterh is approach flow average dep®®, is equilibrium scour depth,
0 is flow shallowness factor and is sediment coarseness facfbotal numbers of 38 series
were obtained from this experiment. The full scour depth is represented for thesdyéhes
author

Simarrg G. et al. (2011) have published five lodgration experiment®n scouring at
cylindrical piers. The data from these experimemtse used fowalidation of the suggested
scour time evolution model. Threxperiments from GrimaldiC. (2005) wee also included in
the analysis (Tabl2.11).
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OR ea e o ife pie d50 aata 0

(hr] [m] [-] [m] [m] [m] [m/s] | [kg/m"3] [m]
GRIMALDI1 14,0 days 9.00 | 0.121 1.46 0.15 | 0.0750 | 0.00128 | 0.400 2550 0.80
GRIMALDI? 6,2 days 147.94 | 0.179 1.46 0.25 | 0.0900 | 0.00085 | 0.340 2550 2
GRIMALDI3 6,2 days 146.08 | 0.225 1.46 025 | 0.1200 | 0.00086 | 0.340 2550 2
SIMARRO 1 34,9 days 837.55 | 0.167 1.40 0.16 | 0.0750 | 0.00086 | 0.270 2650 0.82
SIMARRO 2 45,6 days 1094.50 | 0.196 1.40 0.16 | 0.0800 | 0.00085 | 0.300 2650 0.82
SIMARRO 3 29,7 days 71357 | 0.130 1.46 0.16 | 0.0800 | 0.00128 | 0.340 2650 0.82
SIMARRO 4 24,9 days 596.48 | 0.135 1.46 0.15 | 0.0750 | 0.00128 | 0.340 2650 0.82
SIMARRO 5 29,0 days 695.67 | 0.127 1.46 0.13 | 0.0630 | 0.00128 | 0.340 2650 0.82

Table2.11: Summary of Girmaldi (2005) and Simarbal (2011) experiment used for validation

2.2.1.5. Change et al.(2004)
9 Introduction

The main objective athis study was to investigate and analyze the experimental data on the
scourdepth evolution at circular piers. A method was proposed based on the mixing layer
concept for calculation of equilibrium scour depth in nonuniform sediment. Based on analysis of
scourrate data obtained in experiments, a model for simulating the-deptimevolution under
steady flow in nonuniform sediment is presented herein. In addition, a scheme for computing the
scourdepth evolution under unsteady flow is also proposed.

1 Hydraulic models

The experiments were conducted in ax3d6ng, 1 mwide, andl.1 mdeep flume with glass
sidewalls at the Hydrotech Reseahaktitute of National Taiwan University, Taipei, Taiwan. A
falsefloor was set in th8ume with a recess of 2.8 m long and th3leepwhere sediment was
placed.

1 The bed sediment

Uniform sedimenthavingsizes of 1.0 and 0.71 mm, and nonuniform sediments having the
same median sizes withof 2.0 and 3.0, respectively, were ufed experiments. All of these
sediments had a specific gravity265. The sediment size distribution curves were designed to
belog-normal for nonuniform sediment (Table 2.12).

S1 1.20 1.00
S2 1.20 1.00
S3 2.00 1.00
S4 3.00 1.00
S5 1.20 0.71
S6 1.20 0.71
S7 2.00 0.71
S8 2.00 0.71
S9 3.00 0.71
S10 3.00 0.71

Table2.12: Sediments characteristics
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1 Pier and scour depth

A hollow cylindrical pier madeof transparent plexiglass with a diameter of 0.1 m was
located athe center of the recess. The temporal variation of the bed spriaide around e
pier wasrecorded using two 8m long chargecoupled device cameras withr@m diameter
lenses, placed in tHeollow Plexiglas pier.

1 Approach flow and flow measurement

The velocity for each test was given in terms of average depth velGb#gewater €our
conditions were imposed in the experiments, in which no sediment was picked up upstream of
the scour holeThe sumnary of approach flowelocitiesand flow deptk are presented in table
2.13.

S1 0.390 0.2
S2 0.280 0.2
S3 0.280 0.2
S4 0.280 0.2
S5 0.355 0.3
S6 0.227 0.15
S7 0.355 0.3
S8 0.227 0.15
S9 0.355 0.3
S10 0.227 0.15

Table2.13: Approach flowcharacteristics

1 Results

Since the maximum scour depth mostly occurred at the pier fiose observations,
experiments in the present study were focusetie pier nose. The measured scour depths at the
pier noseplotted against time apesented ifigure 2.7.

Run
St
82
83
54
55
S6
87
1
59
510

OxomrapbrR+vao

Figure2.7: Evolution of dimensionless scour depth at pier nose under steady flow (€tan@005))
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2.2.1.6. Yanmaz and Altinbilek (1991)

9 Introduction

The objective of this study is to develop a semi empirical method to deteth@riene
variation of clear water local scour depth around sioglidrical and square bridge piers. The
method to be presented is basedthe application of the sediment continuity equation to the
scour holearound bridge piers.

1 Hydraulic models

Experimens to study the development of scour hole around bridge mutels were
conducted in a glass flume at the Hydromechanics Laboratory of Middle East Technical
University, Ankara, Turkey. The glass flume is ashiaped horizontal rectangular open channel
90 an deep, 67 cm wide with a concrete bottom. Side walls (except the test section for visual
observationspf the flume are made of steel (Figure 2.8).

i The bed sediment

Two different uniform bed materials (quartz sand) were used witlsgheific weights of
26.4°Qifa  and 26.3Q(fa , the mean particle sizes of 1.6¥m and 0.84 mm witli= 1.13
and 1.28, respectivelded materials were placed as actb thick layer in the flume bed with a
bed slope of 0.001.
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Figure2.8: Test flume, plan and profile
9 Pier and scour depth

Cylindrical piers with diameters 06.7 cm, 5.7 cm, and 4.7 cm were testéa.the
experimentsthe maximum scour depths around the bripgigesQ , were measured agairishe
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t, relative to the initial bed level using a vertical scale attached tantedor wall of hollow
Plexiglas pier with a stick having a small inclinexkror at its end.

1 Approach flow and flow measurement

The flow rate in the flume is adjusted by a vatwethe pipe. Then the corresponding head on
the shargcrested weir isneasuredThe upstream flow depth was varied between 4.5 cm to 16.5
cm.

During the experimentsthe upstream valve was slowly adjusted without causing any
disturbance tahe bed material uitthe desired discharge was given to the fluarel the
velocities are stated as average bulk veloctgly clear water conditions with a flatbed were
studied. No sedimemflow was allowed imb the scour hole from upstream.

1 Results

The time variation oflocal scour depth around bridge piers is investigaledal of 38
cylindrical pier tests wereone in this study.The maximum duration of an experimentas
about six hours during which the final equilibrium scour depths were not achieved although the
rate of scour did decelerate to smaller values for all experimkdntgas observed that the
maximumscour depths occurred at the midpoint of the upstream face of cylindndadquare
piers.
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Figure2.9: Scour data for cylindrical pier
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2.2.1.7. Raikar and Dey (2005)

9 Introduction

This study aims to investigate scour depth at circalad square piers in uniform and Ron
uniform gravels( f i ne and mediQum 4#4zes§s, rddajwatracOue at
limiting stability of gravels. The findings ahe experimentsvereused to describe the effects of
gravelsize and gradation on scour depth, including time variatictour depth.

1 Hydraulic models

Experiments were condted in a flume that has lengthjdth, and depth of 12, 6, and 0.7
m, respectively. Twaypes of pier models were e, namely circular and squareaving
different widthsb, where only circular pier were taken into consideration for the purpose of the
analysis.

i The bed sediment

Thestes and gradations of wunifor®m Qrladv.ed 5 nim)i
used in the experimentge furnished in th&able (2.10) The particlesize distribution is less
than 1.4 for uniform gravels

d50(mm) )

4.10 1.13
5.53 1.10
7.15 1.08
10.25 1.16
14.25 1.09

Figure2.10: Uniform sediments size and gradations
1 Pier and scour depth

Circular pier size with 32, 38, 60 and 77 cm were used in this experifteninstantaneous
scour depth at a pier was measured observing the position of the base of th®lecby sliding
a periscope up and down the piafter the run was stoppethe maximum equilibrium scour
depthQ was then carefullyneasured by a vernier point gage.

1 Approach flow and flow measurement

All experiments were run at constant upstream flow dept®.2Z8 m, maintaining a clear
water scour condition by adjusting the upstream flow condftom perod of 18 36 h until the
scour equilibriumwas reachedl’he method for measuring the upstream flow measurement is not
reported by the author.
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1 Results

16 series ofime variationof local scour deptlaroundcylindrical pierswere provided by the
author for the purpose of this study analysis and the remaining four test results were used as
isolated data (Total of 20 tests).

2.2.1.8. Chabert and Engeldinger(1956)

9 Introduction

In this study, additional experimentadsultof Chabert, J. and Engeldinger, R956) was
usedthatrelate to circular piers in a sandy bed

1 Hydraulic models

A rectangular channel with variable inclination was used in this study. The total length was
equal to 21 m and theidth of the channel remains constant in all of the tasist wasequal to
0.8 m.The slope of the channel was able to change between 0 to 10%. The schematic view of the
channel is illustrated in figure 2.11.

CANAL INCLINABLE

Plon d'ensemble de [instolletion . Vee en cevpe .

Figure2.11: Testflume fromChabert and Engeldinger (1956)

v

0 The bed sediment

Two different sediments were used with median €zeequal to 1.5 and 0.52 mm with
constant sediment standard deviation equal to 1.39 and withydemsal t02680 « % o
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0 Pier and scour depth

In these testghree different circular piers witiameer equal to 0.05, 0.075, 0.1 m were
used.The scour depth evolution was measured by point gauge around circular piers.

0 Approach flow and flow measurement

Flow depth varies between 0.1 m to 0.35The approach flow velocity was reported in
terms of average bulk velocity for all the experiments.

0 Results

Total number of 12 seriesasobtained from Chabert, J. and Engeldinger, P. (195&)le
2.14gives the values of the fundamental physical, geometrical and kinematic quantitieseof the
tests

ds Ic
t h . u
. measured . channel
test duration flow depth . Velocity i
scour Width

BT I U U WUR A 7.0 U

1 233.83 0.114 1.39 0.35 0.05 0.0015 0.325 2680

2 139.13 0.112 1.39 0.1 0.05 0.0015 0.375 2680 0.8
3 210.75 0.124 1.39 0.2 0.05 0.0015 0.350 2680 0.8
4 227.25 0.191 1.39 0.2 0.1 0.0015 0.350 2680 0.8
5 116.13 0.114 1.39 0.35 0.05 0.0015 0.375 2680 0.8
6 113.81 0.194 1.39 0.35 0.1 0.0015 0.375 2680 0.8
7 156.28 0.080 1.39 0.2 0.05 0.00052 | 0.245 2680 0.8
8 156.28 0.113 1.39 0.2 0.075 | 0.00052| 0.245 2680 0.8
9 72.73 0.110 1.39 0.2 0.05 0.00052 | 0.325 2680 0.8
10 119.25 0.103 1.39 0.35 0.05 0.00052 | 0.305 2680 0.8
11 73.85 0.136 1.39 0.2 0.1 0.00052 | 0.325 2680 0.8
12 143.11 0.103 1.39 0.2 0.05 0.00052 | 0.325 2680 0.8

Table2.14: Chabert, J. and Engeldinger, P. (1956) test charactesistimary

2.2.1.9. Mignosa (1980)

~

0 Introduction

In addition todata mentionegbove 13 series were employed from expent done by
Mignosa, P (1980).

0 Hydraulic models

A rectangular channel was used in this experiment. The channel lengthdiimdvere equal
to 5 mand0.495 m respectively and the slope of the channel was zero.
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0 The bed sediment

In this study syntheticsediment withonly onesize is used witl2 equato 2.5 mm 0 equal
to 139 anddensity equal to 1186 % o

0 Pier and scour depth

Two pier sizes equal to 0.0267 m and 0.048 m wseszl The scour depth around piers was
measured by point gauge.

0 Approach flow and flow measurement

In this study,a recirculatingsystem with the capability of flowlischargeup to 30 lit/s was
used. Aproach flow depth varies between 0.125 to 0.127 meter and all of the velocity quantities
are given as average bulk velocitythg author.

0 Results

The final results ashtheduration of each experiment are summarized in table 2.15.

t ds
test measured
duration scour

]
Velocity

1 216.00 0.0555 1.39 0.126 0.0267 | 0.0025 0.136
2 216.00 0.0795 k) 0.126 0.0480 | 0.0025 0.136
3 213.50 0.0545 1.39 0.125 0.0267 | 0.0025 0.141
4 71.00 0.0525 1.39 0.126 0.0267 | 0.0025 0.139
5 71.00 0.0720 1.39 0.126 0.0480 | 0.0025 0.139
6 190.50 0.0642 1.39 0.125 0.0267 | 0.0025 0.150
7 190.50 0.0855 1.39 0.125 0.0480 | 0.0025 0.150
8 166.50 0.0940 1.39 0.127 0.0480 | 0.0025 0.161
9 213.50 0.0638 1.39 0.125 0.0480 | 0.0025 0.141
10 95.50 0.0458 1.39 0.127 0.0480 | 0.0025 0.170
11 95.50 0.0980 1.39 0.127 0.0480 | 0.0025 0.170
12 237.50 0.0422 LB 0.127 0.0480 | 0.0025 0.183
13 237.50 0.0960 1.39 0.126 0.0480 | 0.0025 0.185

Table2.15: Mignosa, P. (1980) test characterigienmary

62



2.2.1.10Franzetti et al (1989)
One series fronrranzetti et al (1989)as obtained for using @nalyses
0 Hydraulic models
A rectangular chamel with 7 m length and 0.495 mieth wasused in this study.

0 The bed sediment

The bed sediment was made bynthetic material with specific weight equal to 11571 f/m
and d¢= 2.5 mm

0 Pier and scour depth

A smooth metallic circular pier was used with b=4.8 @ime reading of the maxinmu scour
depth at upstream of the pier and also the scour evolution was carried out byhugingmeter.

0 Approach flow and flow measurement

A recirculatingsystemwasused in this studyThe upstream fellow velocityasmeasured in
terms of average bulkelocity.

0 Results

The final result of this experiment is shown in figure 2.12
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Figure2122 Scour depth with respect to time trend taken |

2.2.1.11Azzaroli (1983)

Moreover onemore series from AzzaroliD. (1983) isused in this studycharacteristicof
the work wereobtained througlpersonacommunicationin table 2.16 th@arametersf this test
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are provided. The velocity is given in terms of average bulk velocitjie scour depth time
evolution is indicated in figure 2.13.
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Figure2.13: Scour depth with respect to time graph taken

t ds lc
real | measured pler I it channel
time scour depth width veloctty Width

Azzaroli, D. (1983)

Table2.16: Franzetti et al (1989) and Azzaroli, D. (1983) tests charactesistimary

2.2.2. Isolated scour depth points

In this study use has been made als@92fisolated pointghat were previouslgollected by
Paleari(2014) These dataefer to different experimerst by various authors. Th&able 2.2
providesa brief summary of the avable isolated pointsA precise check has been made to

verify the validity of collected datalhe full properties of these experiments are available in
Appendixl.
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CHAPTER

DATA ANALYSIS

3.1. Introduction

After the procedure adlatacollection from dfferent experiments by various authdnsit has
beendiscussedin the previous chapterherethe process of selecting suitable datad the
following analysisaredescribed

As mentioned before, for analyzing the database, according to the fact tlati#ttesare
collected from different experiments, it is crucial to unifynthigy considering similar criteria for
computingthe keyparameters.

One of the most important parameter that characterizes the evolution of scour diepth is
velocity, as it appars in two out of four effective dimensionless parameters (T andelocity
is typically made dimensionless by tbetical velocity for inception of sediment motiohhus
thefirst partof this chaptepresentsan analysi®riented tochoosingan appreriate criterion (to
be selected among those available in the literature) to estimataltiee of 6 hwhich is the
thresholdshear velocityor initiation of sediment motion.

As mentioned before, there are several methodexXpressinghe upstream flow velocity. It
can be measured in terms ofosssectionalbulk averageor as a deptlaveragedvelocity
according to the researclheghoice. Thus a formulatuned by Paleari (2014) was usedfor
converting average bulk velocity to central velocity for data analyis. formula was used to
unify the method of velocity measurement among all thiect®ld dataaccording to the idea
that, sincethe pier is located at the center of the flume in all of the experiments, the central
depthaveragedrelocity is a better indicator of velocity in this region compareaverage bulk
one

Moreover the procedre of selection of suitable data and criteria whachconsideredor
this taskarediscussedThen the final valid data and their characteristics are illustrated.

Furthermore, the dependenaf/the scour depth othe relevantnondimensional parameter
is evaluated and method for reaching a fingredictiveequations presented.

At the end, the final interpolation results are summarized and taken into comparison with
some of theavailable predictive equation in the literature. A brief conclusiomgisrihis chapter
to the end.
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3.2.Analysis of threshold conditions

3.2.1. Introduction

As mentioned beforeparticle at the riverbedvould startto movewhen the destabilizing
forcing moment become larger than the gilhg moment of the weight force. SHds (1936)
by introducing stability parametdr show that, if its value reaches to a specific vattighe
initiation of bed load transport occurs. Itatsoworthy to note that, for sediment particles in
water, the Shields diagram exhibits different trends corresponding to differeateturtiiow
regimes. Shields diagram is represented as a seraispafrsecexperimental poinfor defining
t*  with respect toY Qandt*. Thus there is no function for finding the valuedffor a given
sediment median sizepedfic water and sediment density. This problem lead to the fact that
there is no possibility for finding a unique valueddf

3.2.2. Introducing criteria under study

Various authas define different criteria for computing, 6 andt”. In this section the
proposedormula for these parameters is provided and a comparison for finding a suitable final
formula for computing stability paramesas given.

0 Chiew(1995)

By using the Manningstrickler equation for two dimensional flows to evata the critical
mean velocity6 from critical shear velocityy” and assume bed Roughness eda® , a
following equation is proposed:

- x®o— 7 (3.1)
Thus,
6 o' xpoe— 7 (3.2)

Chiew also assume following relationship for critical mean velo@itpy considering a
constant value of 0.056 fdf,

6= TBIu §Y p M (3.3)

Where"Y is gecific gravity of sediment, h is undisturbed approach flow depth in meter, and
‘Q is median grain size of sediment also in meter.

0 Melville and Coleman(2000)

Melville and Colemaiprovide different formula foo* for different range of2 as below:
6 T18ip p Ul p QF ™ad Q  pad (3.4)

6 mroid mrn@ pad Q pmda (3.5)
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Based oro® we have:
0 LV O'&EUBD o— (3.6)
0 Ettema (1980)

Ettema represents a table which correlate specific valte a&nd correspondin@ values
to 6° which areobtained by experiment:

d65(mm) |c0rresp0nding d50(mm) |Shields uc*

0.225 0.24 0.013
0.432 0.38 0.0152
1.054 0.8 0.0213
0.862 0.84 0.0218
1.935 1.9 0.0341
3.829 3.8 0.0587
5.497 5.37 0.0693
1.013 7.8 0.0841

Table3.1: Ettema(1980)critical shear velocity definition

Considering logarithmic velocity profiléhe mean critical approach flow velocity,, of the
centerline velocity profilecan be evaluateflom equation:

6 O uvguéQ o (3.7)

0 Brownlie (1981)(from report by Parker (2004))

Brownlie (1981) itted a curveto the experimentapoints of Shields and obtained the
following relationship:

™ e8YQ® migmn?d (3.8)
Where'Y Qis particle Reynolds number and daencalculated as:

yoe—28 (3.9)

Brownlie formula result a constant value Bf equal to 0.06 for high value of Reynolds
number.
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0 Parker et al. (2003)

Based on Neil (1968) and by curve fitting to experimental line of shiedase as the
technique used by Brownlie (1981)

F ™8t eYQd mignd ° (3.10)

The difference from Brownlie formula is that the limit of sufficiently largeY Q (fully
rough flow),t* becomes equal to@B.

0 Sheppard et al (2013)

h 8

o’ p D Q 8o ilx ¢ wpd TQ nit T v (3.11)

The value ob is givenwith respect to different ranges of Reynolds number:

6 cha'&i w8 Q 'Yachpv Mo @ TYQ mmna&YQ — ¢ v YO xmn(3.12)
6 ch&'d Ich g— YO xmn (3.13)
Where 'Y Qz— (3.14)

For therange ofY'Q X 18heppard assume that there is no dependency to Reynolds value
for the computation of criticalelocity 6 .

0 Oliveto and Hager (2002)

By subdividing the domain of interest into three portions, depending on the dimensionless
grain skze, 'O°, where is equal to:

o =2 & (3.15)

The value of critical velocitydr uniform granulometrandl  p& is defined infor different
regime as

Viscous regime

8

6 ,8®mM &hver ‘s— QD pm (3.16)

Transition regime:

6 , 8@ PMEF 8— VWP T puT (3.17)
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Fully turbulent regime:

6 , 8@ “Pphp v— MED pum (3.18)

0 Neil(1967) (reported by Simarro (2007))

This formulais obtained from experiment done Ngil (1967):
. R
6 ch8— BuBE (3.19)

This experiment is restricted to the following conditions:

1. Straight steady uniform-8mensional (widechannel) flow over a flat bed with fuly
developed velocyt profile (boundary layer thickness= depth);

2. Uniform material of regular shape exceeding 3 mm in gs&ia (for normal density of
2.65 gmb &);

3. Ratio flow depth/grairsize between 2 and 100
0 Grande (190) (reported by Simarro (2005))

According to theGrande the is equal to:
) ar ¢ Q- plp 08" B (3.20)

3.2.3. Comparisons of different criteria

In the figure 3.1 the different criteria for computing critical velocity with respect to median
size of the sedimenf@ are illustrated Parker(2003)and Brownlie(198L) do not provide any
relationship for computing . Chiew (1995)and Melvilleand Colemar§2000)are more similar
for all sediment rangeand on the other hand Oliveto and Ha@#02) formula have a close
estimationto Grande(1970)

The Ettemd1980) cannot be extended to higher valu&of due to the fact that the value of
critical shear velocity is presented in a table rather than as a function.

Neil (1967)formula evaluation is more conservative than the others and shows a relatively
lowervalue of critical velocity than the otheriteria

The Sheppard2013) equation is only plotted for the value of'Q between 5 and 70
according to the author. For the lower value ¥fQa trend change and increasedn can be
seenandfor high value of 'Y Qa sudden decrease occur which cause a big different of critical
velocity with respect to other formulas.
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10

Ettema (1980)
—Chiew (1995)
—=Melville (2000)

012 —Sheppard (2013)

Oliveto & Hager (2002)

Neil (1967)

Grande (1970)

0.1

dso(m)

Figure3.1: Comparisorof different criteria for computing,

In figure 3.2 also differenformulafor calculationof critical shear velocityd®, is provided.
Sameas previous graph the Shepp&2013)formula is just plotted for the mentioned rarafe
'Y ‘Qbetween 5 to 70.

Due to the fact that there is no fortadior computingd® for Parker(2003) Bowline (1981)
Oliveto and Hage(2002)and Neil(1967) they are not presented in this gragfor the Ettema
(1980)alsothe experimental data is plotted.

In this case ParkgR003)represents a lower bord compare to the other formulaShiew
(1995) Melville and Colemar{2000)and Brownlie(1981)result approximately equal for same
grain median size and also Ette(@880)and Sheppar(2013)in their valid range.

0.5

Ettema (1980)
== Chiew (1995)
Elw —Melville (2000)
005 =Brownline (1981)
=Parker (2003)

Sheppard (2003)

0.005
dso(m)

Figure3.2: Comparisorof different criteria for computing,
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Figure 3.3 and 3.4 showsodek proposedy different authors for computing critical shear
stress and also the scatter data pointswkatderived by shields experiment.
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Figure3.3: Comparisorof different criteria for deriving shear critical stress with respect to Shields experiments with
Re* as xaxis
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1 10 100 1000 10000
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Figure3.4: Comparisorof different criteriafor deriving shear critical stress wibr as x axis

The following notes can haferredfrom graphic comparison of these different criteria

~

0 Ettemdq1980)cannot be used as a general criteria for threshold of sediment motion cause
there is no general forntaurather than just a number of dispedsgafor 6° and as a
result fort*. However, these points are consistence with curves.
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0 Chiew(1995)indicate a constant value of 0.056 térand does not have any dependency
to grain size and it is not consistent with shields graph for ladvraidl valuesof 'Y Q
Thus this formula should not be used T6€Qapproximatelyiess thar200.
Sheppard2013)shows a fairly good trend with respect to Shields experimental data up
to shearReynolds number equal to approximately 880t the cuve is no longer valid

for greater values off Q On the other handhere is a sudden intense decrease in the

value of critical shear stress theapproximateange ofY ‘Qfrom 1 to 80 Sheppard also

showsanunderestimation of* with respect to shields experimental data.

0 Brownlie (1981) and Melville & Coleman(2000) have a similar trend with Sheppard
(2013)without any sudden decrease in critical shear stress value. For greatofalti@
they tend to have a similar approximatifor t° as Chiew(1995)

0 Parker (2003)shows also aimilar trend aBrownlie (1981) and Melville & Coleman

(200) trends but an approximately 50% underestimating the valu#”dh compare to

Melville & Coleman(2000)formula.

(@]

According to tle notes mention above, it is obvious that the most suitable criteria for finding
the value of sediment incipient motion canBrewnlie (1981)and Melville& Coleman(2000)
At mid-rangeMelville shows an upper bond of shields experiments data with resd@ciwnlie
and this is the reason in whid#ielville & Coleman criteria have been selected for further
analysis of the data.

Thus in order to make all the experiments which are going to be used in the analyses
uniform, Melville & Coleman (2000griterion was used for computing the threshold of sediment
motion for all thetests Therefore, a new value of flow intensity was calculated for each
experiment based dhis criterion andJ (u/w;) valueprovided by the authawasdiscarded.

3.3.Velocity Conversionformulas

As mentioned before in chapter 2, the analysis database consisisoossources and as a
consequence there may be different methods for presentisiggée parameter and it is
mandatory to transforitihese different methods to a unique one.

In the database they are some experiment results in which the velocity is provided in terms of
depthaveragd velocity and on the other hand, sorme&perimentsprovide theaverage bulk
velocity. Thanks to previous study by Pale@d14) a fomula wasproposedthat is able to
convert the average bulk velocity tiepthaveragedvelocity as followand with an acceptable
approximation (Figure 3.5)

— p@YPT € 8 OT@ Q (321

Whereo is thedepthaveragedvelocity at central axis of thehannel 6 is the average bulk
velocity, a is the width of the channel,is the bed roughness that assumed to be eqi@al t®
is hydraulic dianeter and is equal toR4{ where R is hydraulic radius of channd, b, c andd
are constant valgabtaired by interpolation:

a=0.582423b=0.001007¢c=0.01965, d=5.07218E05
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Measured vs calculated comparison
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Figure3.5: Comparison of measured and calculated values of velocity by means of conversion byrPaleari
(2014)

For taking advantage of this formula, it is necessary to have a fully turbulent flow according
to theauthor, unlesthe formula results are not reliable.

As merioned before, de to the fact that the pier is located at the center of the flume in all of
the experimerst the centratlepth-averagedrelocity is a better indicator elocity in this region
compareto average bulk velocity. Thus, all the velocitiesttgere given as averagéulk
velocity by the aut hwer $ullyumudentiwbreconverted kodepttd s r e g i
average velocity at central axis of the channel

3.4.Data selection

3.4.1. Introduction

For the purpose of selecting suitable expents among the existing database various aiteri
were taken into consideration that they are going to be discussed in this Sedutigeneral goal
for imposingtheseconditionsis to disregard the experiments that were dorgpecial conditions
that ca affect the final interpolation for having a scour depth time evolution model.

As previously discussed, it is necessary to have constant values of different effective
parameters when the dependency of two parameters on each other is unddn sfatblase
there would be some experiments that their results are not reliable bectailksein satisfying
this stability condition during the @eriments.Therefore, these experiments should be neglected
to increase thecuuracyof the analyses.
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3.4.2. Selectbn Criteria

The criteria used for the selection of the suitable isolated pamdsseries aréescribed
below.

1 H=(h/b) >2

As mentioned before, in this analysis the dependency on flow shallowness (H) was
disregardedin orderto satisfy the need to simuéed condition in which the estimation of scour
depth only depergdon the pier size (b) rather than the flow depth th)s limitation was
imposed. In thisvay the condition would be restricted to narrow piers case as shofigure
36.

d/b
EN
di-l
dob
d,a(hb)™
rdoh
»y/b
“wide" piers,  intermediate " “narrow” piers,
length

Figure3.6: Local scour depth variations with respect to flow shallowness

T 44 (wh)

In order to avoidhe wall effectthe ratio of width of the flow with respect to flow depth is
considered to be greater thanLateral walls may increase the complexityflolv movements
around the pieand change the trend of scour depth evolution.

Thus together with choice 6f ¢ and H > 2 it can be concluded that the ratio between pier
width and width of flow (c&) would restricted to be greater than 0.25. In thisy whe
contraction effects fonarrow flows will be controlled From the continuity principle, a decrease
in flow area results in an increaseaverage velocity and bed shear st@sd as a consagnce,
more bed material igoing to removdrom riverbed. Thus in narrow chanribke local scour will
increasein compareto wide channel due toontraction effect and this condition should be
avoided.

1 G<1. 4

Standard deviation of sediment particle simdributionis considered to be less than 1.4 to
have an approximately uniform sediment distributi&or nonuniform sediments, armouring
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occurs on the channel bed. Armour layer formation within the scour hole reduces the local scour
depth.

q W 8 OO

For clear water scour, the sediment median size of the acceptable experiments is considered
to be greater than 0.5 mm to avoid the effects of ripples.formation of ripples with fine sands
limits the scour depth observed in laboratory experimender cleamwater conditions, because
of subthresholdconditionthatwould be formed by ripple

1 T=tu/b

Time plays an important role in scour and under elegter conditions scour evolves very
slowly and scour depth tend to reach to its equilibrium condition after dlmgtion. For
interpreting theeffect of dependent paramet@n each other, it was decided to investightse
dependencieat constant dimensionless timdd$e investigateddimensionless duratigrof the
experimentareconsidered to bequal top tandp 1. Dimensionless time equal fptandp Tt
are arbitrary choices. These dimensionless timesacceptablylarge enougho neglect the
effects of initial conditiors (for example the effect of starting procedofean experimentand as
a result the measured values of scour depth tend to have less dispeosnpare to the
measurements in initial stage of an experim€&hése criteria areummarizedelow:

For series:
T pm forT=p 1
T pTt forT=p 1

For isolated points:
S pn T v pm forT=p 1
735 pnn T p8 ¢ pm for T=p 1

Measurements of scour depth at initial phases due to high rate of evolution of scour holes
may have high level of uncertainty and by increasing time duration these errors will become less
and it s possible to do the interpolation process with more reliability. This is the reason behind
the choice of suitable interval for isolated points which is greater faquBl top 1 and shorter
for p 1. In this waywe havesame amount of erras a cosequence of extrapolatian both
cases

1 Trend Regularity check

The regularity of each valid experime(t1l and 13 seriesfor T equalp T and p Tt
respectively satisfying the mentionedcriteria was then checled by taking advantage of
experimental dinction provided by Franzetti et al (198Zhis function was obtained by applying
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least square method to the experimental values of a series of tests and it is an exponential
function of dimensionless time as follow:

Q Q p Q8 W (3.22)
Where'Q is the scoudepth 'Q is ultimate orequilibrium scour deptand U i s di mens
time.

By fitting this curve toresult of each test, using measured scour depths points with
dimensionless time gater thanp mtand usingQ as calibrating parameter and extending the
obtaining curve to points with lower value of dimensionless time, the regularity of each test was
checkedby comparing each test trend with fitted cuimea visual mannerAn exampleof
regular trends shown in Figure 3. As a result, five tests froMlignosa(1980)experimentand
one test fronEttema(1980)were disregarded due to noegularity of their trendsompared to
the fitted curve. These trends are showhguore 38.
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Figure3.7 : An example of test with regular trend

Non-regularity in the trend of a test may be a result of error in measurements during the
experiment, instability of parameters that should be constant during an experimentssuch a
velocity or conducting and experiment in lsed condition and having an oscillation along the
scour depth evolution trend with respect to time and etc.
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The number of experimental resultisat remais after imposing the mentioned criteidad
data selection procedure for dimensionless time, T, equalttand p Ttare representedn the
following chars (Figure 3.9).

Total
Total number of
number of test
test
516

o 194 isolated
e 324 Series
324 Series 194 isolated points

H>2 L>2
0<1.4 dg>0.5mm

5.10%<T<5.10°
7.35.10*<T<1.42.10°

111 tests 38 test
143 tests

Trend
Trend regularity
regularity

106 test
137 test

Figure3.9: Selection procedure for dimensionless time, T, equaliqa) and10® (b)

3.4.3. Flow regime verification

For having an integrated database, it is necessary to compute central v@epity
averagedrelocity) for tests thathe value of velocity is given in teswf average bulk velocity.
As mentioned in section 3.3or this conversion and using the existing formbhla Paleari
(2014) it is mandatory tdnave a fully turbulent regime.

Friction factor was estimated for each of the tests bglfookWhite formula (Colebrook
1939) as follow:

cra ¢ o— ——= (3.23)

WhereQ is the equivalent sand roughndssght that an assumeo be equal tQ andO is

the hydraulic diameterEquation(3.23) is a nodinea equationand it is necessary to do a
nonlinear analysigor solving it. This taskwas carried out by Excel solver and the value of
friction factor for each test was computed.

For distinguishing whether the test are in fully turbulent condition or igarsitional
condition, he Reynolds valisawere compared t&®eynolds value of cadee*=70 according to
conversion equatioauthor Theverificationprocedure of the valid testsseownin figure 3.9
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Figure3.10: flow regime verification procedure

According to the above chart, the final tests number which is suitable for analysis purposes is
equal to 86 testlor T=p mmand B tests forT=p 1 which are indicated by greamwlor in figure
3.11. These tests consist of the tests that their value is already given in telepthafveraged
velocity or, they are tests with given value of average bulk velocity but they were conducted in
fully turbulent condition and it is possible tora@rt their velocity taepth-averagedelocity.

Regime
Verification (a)
Regime (b)
Verification

Figure3.11: The outcomes of regime verificatiof@) ForT=p Tt(b) For T=10°

By inserting all of the initial validests (42 test9 for T=p 1mand (144 tests)for T=p TTiN
Moody diagram (Figure 3.12 and 3.1B)can be sen due to the fact thahesetess are in the
lower part of thediagram, their friction factors are not significantly different in compare to fully
turbulent case. Therefore it is concluded that, all of these valid esysbe considered in
analysis ad the conversion can be impds®r unifying their velocitiealthough some of them
are not fully turbulent.
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Figure3.12: presentation of valid tests f&=10° on moody diagram
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Figure3.13: presentation of valid tests f&=10°on moody diagram
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3.5.Presentation of valid data

3.5.1. Dispersion of valid data

For final analysis it was decided to use only data that satisfy the regifieation (86 tests
for T=1C and 78 tests for T=fPdue to the fact that a sufficient number of tests remain after
imposing allthe selection criterialn thefollowing graphs YJO , H,'O, and T are plotted with
respect to each other for better understanthiedinal valid data. These graphs are presented for
both dataset used(for analysis at dimensionless time equgbtaxandp ). The total number of
valid daa include isolated points and series is equal @oaBd 78 for T¢ mand T=p T
respectivelyas mentioned before

Most of the tests under consideration h&ve (the ratio between width of the pier, b, and
sediment median siz€) ) less han 100.For T=p mtabout 75% of data hav®@ less than 50
and for T 1tsame conditiomxist Figure 3.4).
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Figure3.14: Presentationfovalid data forDsq with respect to U

All of the test respect the criteria imposed for the ratio of the depth to pier width (H>2).The

maximum value of H for both case ésq u a | to 21.53 and is deri

experimen{Figure 3.15)
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Figure3.15: Presentation of valid data for H with respect to U

The value ofO hwhich is the ratio between scour depth and pier diameter, is within the range
of 0.333 and 2.537 for To=mand between 0.79 and 2.537 forpl 7 (Figure3.16).
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Figure3.16. Presentation of valid dafa with respetto T

Thenondimensional timef all the accepted testgspecthe previouslymentionedselection
criteria. All of the accepted tests have T less thg@h ¢ T p 1T except one test from Ettema
(1980) with T greatethanp Tt
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Figure3.17: Presentation of valid data U with respectto T

] [ ] ] _—p low
am n + Ettema Kirkil Muste X ” & Chiew (1999)
. (2006) 10 u Ettema Kirkil
Ch WY | Muste (2006)
agd et ] nn ang, W.,Y., et al, - ™ $ % x . :
100 @ dERpiy B { ' o | (2004) .,:_1-00 X‘f‘j(‘ . % Raikar, R. V., and
IO e ok Dey, S., (2005)
0.

1206407

+ Graf from Melville

Sheppard & Miller
(2006)

Ettema (1980)

Oliveto & Hager
(2002)

Raikar, V. R., Dey,
S. (2005)

All the above plots show that the selected control parameters (Hgol3nD T) are not

correlated with each other. This fact is the fundamental requirement of dimensional analysis. In

dimensional analysis it is necessary to define a requested parametenesoa fof independent

parameters.

By con§idering Melville & Coleman (2000) formulation for computing critical shear
velocity, 6“hin both T=p mand T=p mabout 75% of accepted series are havdhgd” less than
one and secure @ewater condition.
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Figure3.18: Cumulative distribution function af*/u.* for valid data

As it is indicated in figure 3.18, they are some experiments that their computed ratio
of 6°j 6°, usihg Melville & Coleman (2000) equation, are greater than Asenentioned before,
the computed valis®of 6° depends strongly on the evaluation criterion which is going to be used
for computation and there i® exact solution for computing arshold for sediment motion.
On the other hand, according to the authors of the testsatjtb® greater than one, all of the
mentioned tests are conducted in cieater condition. Moreoveas it is going to be illustrated
in next section, lathese tests are still located within the region provided by Shields experiments
for the threshold of movement. Also the trend regularity check of these experiments approves
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clearwater condition inthesetess. Thus it is possible to also employ thesgeriments in
analyses.

A cumulative distribution of nondimensional tinead scour deptlare also presented in
following figures (3.19 and 3.20.
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Figure3.19: Cumulative distribution function of dimensionless time for valid data
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Figure3.20: Cumulative distribution function dd (d¢4/b) for valid data

3.5.2. Valid data in Shieldsdiagram

In the figure (3.21), valid data can be found together with experimental daShidlgs
(1936). The red points represent $liseexperimental results and yellow and blue points are valid
data for analysis at Jp=mtand T=p Ttrespectivly. It can be seen that all of these data are below
or within theShields region, thus a cleawater condition is predicted for these experitseiihe
black curve represents Melvil& Coleman(2000) criteria for sediment incipient motion.
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Figure3.21: Presentation of validadaat T=10° andT=10° in Shield Diagram

3.6. Dependency verification

According to section 1.3.the form which can represent the scour depth as the function of
dimensionless parameters is:

0 QOO RY (3.24)

Where:'Y —HO -HO — NEY —

Thus, the dimensionless Scour def@hhmay be definad as a function of multipliation of
controlparameters:

0O "Q'Y8Q0 8QTY8Q'0 (3.25

The functional relationshgpbetween dimensionless variables hdwebe obtained from
experimeral resultsand by meansf interpolation. In this sectiorihe effort has been made to
verify the existence of possible dependency between dimensionless pardimepeocedureof
finding a suitable equation for each of the dimensionless variableberiscussedn detailin
the rext section on the base of tinéial ideawhich isobtairedin this section.

Thanks to the choisamade in section 3.4.0r selection of valid databy considering H>2
there is no need to take into account the effed®d® and it is possible to neglect this function
from the scour depthpredictive formula. Moreover, due to the fact that, the scour depth was
decided to be evaluated in onklyd constannondimensionatimes equal to 10 and 16, the
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"Q Y function will be substituted by anultiplicative constantThis value is representing the
result of Q "Y at dimensionless time equal to°10 10.

For calibratinga function forQ"Y and’Q 'O  at two different dimensionless time equal to
T=p mard T=p T, it is necessary taontrol the possible dependency of these parameter to each
other anccheck the trend of these parameter with respect to dimensionless scouOd@pth,

For this purposevalues ofO and U of the valid tests weregtled with respect t® at
dimensionless ting T, equal top 1 and p 1t separately. The valgeof O at these
nondimensional times were obtained fil{ing a logarithmic unction to scour depth evolution
curve and interpolatgthe correspnding value of scour deptar the entirefull trendvalid tests.

As mentioned beforghe amount of dispersion of dataa regular trendsihigher ininitial phase

of scour depth evolutioand also there is a highemopability of experimental erran this phase
Therefore for finding the valus of scour depth at requested dimensionlessdifpert orp 1),

only points with higher value of dimensionless time and a few numbers of points with lower
value were employed for interpolatingthin a full trend. An &ample of finding the value of
scour depth at T equal po1tfor Franzetti (1989) test is shovwmfigure (3.21).
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Figure3.22: Exampleof interpolation for finding scour depthlld at requested nondimsional time (T)

Forthe accepted isolated pointwhich satisfied the previously definedndimensional time
criteria, the value 0O at the end of the experiment is assumed to be equal to its valup at T=
or T=p 1 with a reasonable appraowation. As an example the accepted isolated points for
T=p mis provided in figure (3.23). The upper and lovibemunds of the accepted interval are
equaltov p mtandv p Trespectively for this case.

86



* L

1
I
15 .
| -
L [ *
- &
3 : 1 ',‘u N - »
—_— . 1 U]
= =T . wone Lower
= 12 e, * e, ‘ Upper
[ =1 Tatee | 4
. . A . 10E+06
: I + Data
r |®
: *
0.5 —*
: I
o S
CLO0E+(0 100+ £ 0 v F.D0E=DE &.00E+0B S.00E+06 B.00E+ (b
Tituy )

Figure3.23: presentation of accepted range and valid tests for assuming that the final scour depth is equal to scour
depth at T20° for isolated points data

For plotting O with respect tdJ andO and checkinghe dependency of these a@athe
valid data wee divided into groupsvith similar size For plotting’O with respect t@ , the
valid data were divided into intervals of U as represented in figure 3.24. For pl@timgth
respect taJ also fourintervalswere defned forO thatthese groups are having same size in
logarithmic scaléFigure 3.25).
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Figure3.24: D, with respect tdsx, divided intogroups of U(a) T=10° (b) T=10°

It is possible to investigate amcreasing logarithmic trend f@ with respect tdO up to an
approximate valuef 30 for bothgraphswith different value of nondimensional tim@-igure
3.24). Then a reverse situation occurs and the valu® oflecrease byncreasingO . It is
worthy to mention thafor both cases the trend seems to be similar and even the maximum value
of O occurs in approximately same value®f .

Figure 3.25 presents the values of U and their correspoi@lifgr entire valid dea. It can
be seen that there is an increasing tngméb U equal to one and then the valu®ollecrease by
increasing U to values greater than one. The mentioned trend be@ssesiceablefor lower
values of Dso which are illustrated by blue points imgdire 3.25. Generally there & less
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remarkabledependencpetweenO and Ucompare td . The dispersion of the valid data and
the irregularity of the defined classification increase in case of T égpaft, compareto the

case with Tequaltop 1. This phenomenon is due to higher value of scour depth rate in lower
times according to logarithmic scour depth evolution wétspect tdime and as a consequence
higher probability of experimental error in early stages.

(a) (b)
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Figure3.25: D, with respect tdJ divided into groups obs, (a) T=10° (b) T=10°

3.7.Interpolation with valid data

3.7.1. Introduction

After obtaininga general view for defining a suitable function for each of the dependent
nondimensionaparameter, the processadgtermininga final function for nondimensional scour
depth was done byclusteringthe final valid data The clustering procedure was done in a
stepwise manner by considerii@® equal to multiplication ofQ"Yh'Q'O  and "QU) as
below:

0O "Q'Y8Q0 8QTY (3.26)

The effect of Q 'O was neglecteds mentioned befordt is clear thathe effect of pier size
is takeninto accountn function™Q(tu/b) and'Q (b/Q ).

3.7.2. Initial attempt

Initial attempt for finding a suitable functidar "Q O  was made by consideriranly valid
data with U 616 ) between 0.8 and 1.Zhus more unifiedlatawould remainfor regression.
After imposing the mentioned filtering for data selection, 67 and 74 data remain for regression at
T equal top Ttandp mtrespectively.

1 "'yVS. i

As a first choice for interpolation of functioh O , by considering the logarithmic
dependency as mentioned in previous section, an exponential function was emytbytc
following format:
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Q0 80 8A @& (3.27)

Wherea, b, ¢ andd are constants and are derived by least square method. The equation that
produced the best least squares fit to the data was used to tisafmal equation for

nondimensional scour dept® (.

As it is represented in figure 3.26 and alreadgntioned in previous section, the trend of
data seems to be similar and there is just an upward shift of data by moving from the case with T

equal top ttop 1. Thus it was decided to use two functions with same shagevith only
differentin thar vertical position.

3

2

-% . + T=10E+06

a m = T=10E+05

1 16 100 1000
Dso(b/ds0)
Figure3.26: Valid data inDsDso space for both T:0® and T=10°

The first attempt yieldd thefollowing equation fofQ ‘O

MO M pmn 1P edp A ITbckO ° For T=p Tt (3.28)
MO M pn of Y °AIbcHn B ForT=p m (3.29)

As it can be seen, the only difference in equation 3.28 and 3.29 is the value of canstant
which is a constant that define the vertical position of the curve. Thus it has a lower value at T
equal top 1. The sum of the squares of the errors made in the result of every calculated points
are equal to 5.66 and 5.48 for T equaptat andp 1t and it shows that the fitted curve shape
induce approximately same error in both cd3wus it can be concluded that the constanén
represent the value & “Y at the corresponding T as below:

Q4 p1mt TPOY (3.30)
Q4 p1m o TX (3.31)
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And general formula fofQ 'O is:
Q0 0 *RAIbcg0 B (3.32)

Figure 3.27 shows the difference between the calcufatéar different value ofO and the
correspondingneasuredaluesobtainedby experiment in the literatufer bothcases.
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Figure 3.27: First attempt for £(Dso) at T=16 (up) and T=18(down) (0.8<U<1.2)

ﬂ "'vVS. U
In the next step after finding a suitable functionQ O , a function was chosen fétting
a reasonable curve fi@ Y .

Before choosing an interpolation function and doing the regression, the measuredfO
was divided by the calculated value ©f (i.,e."Q'O 8Q"Y which was obtained from the
previous step. This operation would cluster the valid data and helps the process of interpolation.

The first choice for interpolation of ¢hfunction "Q Y was a &' orderpolynomialwith the
following format:

QY BY a8 &Y Q (3.33)
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Wherea, b, candd are constant® beobtaired by curve fitting. Similar to previoustep, the
value of these constant are define in a way that the obtaining equation has the best least square
fit. The resulting equation &s below:

MY pp®EY ocqHWHY opRKY wPT (3.34)

Same equations were chosen fothocaseswith T equal top mandp mobtaininglow and
approximately equal amount of ersgsum of thesquare errors equal to 2.75 and 2. Hyure
3.28 represent the calculated valuesGof 'Q'0 8Q"Y for different value of U and their
corresponding measured values obtained by experiment.
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Figure3.28: First attempt fof; (U) at T=10° (up) and T=10° (down)

1 Measured Vs. Calculated

The final calculated results in the first attempt tha obtained by multiplication
of "Q"Y,"Q'0 and'Q7Y, as previously explained in equation (3.26), are plotted with respect
to their measured values imgure (3.29) The red and blue lines represent 15 % error of
calculated value ith respect to its measured orfféhe green line shosithe condition in which
the calculated value is exactly equal to measured valuthareforethe error is equal to zero
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Figure3.29: Calcuated Vs. measured values of & T=10 (left) and T=18 (right) for the first attempt

The obtained equatiaareonly valid for the condition with Wreater than 0.8 and less than
1.2. The predicted equation may improve by repeating the mentionedasigmdustering the
valid data and having more compact population of points.

3.7.3. Further attempts

Further attempts were made to improve the final predictive equation as below:

1. Another attempt withhe same nondimensionaklocity restriction (0.8<U<1.2yas
madefor obtaining more reliable functions foQ O h"Q"Y and more precise
value for)Q4 pm and'Q4 p 1. Same format of equations were used for
interpolation of Q'O and "Q7Y as previous attemptSame method of data
clustering waslsoused. The only difference was in interpolatiorifwith respect
to'O . The "Q 7Y function, which obtained in the initial attempt, was employed as
normalizing function in the first stefor finding "Q'O  and therefore the curve
fitting was dondor valid points in U with respect @ /"Q "Y plot.

2. Then the nondimensional velocity restriction was disregarded and the total number of
valid data increased to 78 and 86 for interpolatan T equal top tmand
p Ttrespectivelyln this attempt also same format of equations were used as previous
casesDue toan increase in the number of valid ditainterpolation, the amount of
errors also become greateritasaspredicted

The oltained formulas and the measured vs. calculated diagram in each of the above attempts
are provided in appendix 2.

3.7.4. Final attempt

The final attempt was mads#ter the second step mentioned in section 3y.Gonsidering
the entire valid data and without imging any restriction for the value of nondimensional
velocity, U. This attempt yields to the final predictive equation for nondimensional scour depth
and is an improvement of the previous attempt.
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1 vVs.

In th";s part"_also same form of tlequations as previous attempts were used for regression of
valid data at botmondimensional time casg; 1t andp 1. For clustering of the valid data, the
measured values d® were divided by their corresponding values "Q "Y which were
obtaired from previous attemptThe final attempt vyielsl in to the following equation
for"Q 0

MO M pn c®mpuLvo ®AFGpvO B ForT=p Tt (3.35)
QMO M pn p@pt1® S AFPVO B ForTp m (3.36)

Thus as mentioned before the constantan be represent the value @ Y at the
corresponding T as below:

Q4 pmm LU (3.37)

Q4 pmt p@DTOQ (3.38)
And general formula fofrQ O  is:

"Q'0 o ®&Ag@gpvo B (3.39)

The sum of the squares of the errors made in the result of every calculated points are equal to
3.683 and 2.767 for T equal 1 andp 1 and it showsa better regression in compare to
previous attempts. The final plots are presemédayure 3.30.
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Figure3.30: f, (Dso) obtained from final attempt at T:€° (up) and T=10° (down)
93



ﬂ n'v\/S.LJ

In final attempt forfinding a suitable function f6Q Y same procedure of clustering was
done. Two different formof equatim were chosen to see which one yadlabetter regression:

1. According toprevious study by Franzett al. (1994)an equation with the following
form was selected:

~
g

Y O 00 Y (3.40)

Wherea, b, c and d are constants and obtain by valid interpolateord least square
method.
2. a 3%order polynomial as previous attempts:

QY BY a8 &Y Q (3.41)

The finalregressiomesultswith each mentionedquationform areas below:
QY p& o pmP8TIL p OY (3.42)
QY VBT PR WY 08 oY pP o (3.43)
Theobtain curves for each nondimensional case are prouideglre 3.31.
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Figure3.31: Final attempt for obtaininfg (U) with two different equation forms far=10° (up) and T20° (down)
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The first form yield to total squares of the errors equal ta6ahd 597 for the case with
T equal top andp Tirespectively. On the otheside, the second form (3 order
polynomial) yields to errors (4.272 and 3.967) which are ¢esspare to resulting errors
using first form equation for regression. Moreover 81 order polynomial equation shows a
better modeling for the region with greater than 1,3vhere valid data illustrate a decrease
in value ofO by increasing UBesides, the latter form provides a more desirable regression
in region with smaller U.

In Figure 3.32 the proposed formula are shown along with two other formblek are
available in literature, one provided by Franzetti e{Z394) and another by Sheppard et al.
(2004).

1.8

16
/ —Franzetti et al. (1994)
1.4

1.2 \
§ 1 —Proposed formula in form
v
2 _ _ind
Z o8 a—b(c—-U)

oe Proposed 3rd order

0.4 polynomial

0.2

—>Sheppard et al. (2004)
0
0.2 0.4 0.6 0.8 1 1.2 14 16

U(u/uc)

Figure3.32 Comparison of proposed formulas with previous results in literature

Thus the second equation which is"adder polynomial was chosen as firel equation
for'Q7Y. It is essential to mention that, the provided formula is only valid in the range of
available data for regression, i.e. for values of U betwe48 and 1.39. Below this region the
proposedequation shows an increase in valuélofwhich is not logical according to available
experimental results in literature.

1 Measured Vs. Calculated

The calculated value of Ds for the final attempt would be obtained by multiplication
of "Q"Y,"Q'0 and'Q"Y as previously eplained. Once again the measured valuessaféde
plotted versus their corresponding calculated values. The red and blue lines represent 15 % error
of calculated value with respect to its measured one by experiment. The green lisahghow
condition in vhich the error is equal to zero (Figure 3.33).
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Figure3.33: Calculated Vs. measured valuedfat T=10° (up) and T=18(down) for the final attempt

The comparison of measur@ahd calculated values sh®ma reasonable approximation for

prediction ofO in both cases (T eml top mandp m). The above graphs indicate that about

65% of thecalculated values d® hawe less than 15% error in both cases. This vaheeld
increase up to 8%, if the acceptablerror rises from 15%0 25%
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3.7.5. Summary of final results
The final result®btained from the last interpolation atterapt summarized below

O "Q'Y8QO0 8Q7Y (3.44)
Where:

Q4 pmm HEULVUL (345
Q4 pmm p@TO (3.46)
Q0 o ®&Ag@gpvo B 2 0O 325 (347
QY VB T PR OY @8 @Y pP o¢ 0.48 U 1.39 (3.48)

It is worthy to mention thatvalid range for each formula is according to the interval of
available data and should be respected; otherwise unreliable valuggadl® be obtained.

Finding a suitable function fo2 4 needs more known values of this function at different
dimensionless times and alshoosng a reasonabldunction that has the ability to model its
trend correctly. In this stage it is not logical to do the regression due to lack of available values
for"Q 4 in different T (only ap mtandp ).

3.8.Model comparison with previous studies

According to section 1.3.thereare several formulas for computing equilibrium local scour
depth or its time evolution in literature. In this section the satdialimensionless scour depth,
D for valid data were comped by means of models provided by Melville & Chiew (1999),
Lanca et al. (2013Sheppard et al (2@) and Oliveto and Hager (2002)hus it is possible to
find out the ability of the proposed formula for computingnith acceptable precisiocompae
to previous models.

3.8.1. Melville & Chiew (1999)

In this model different factors were provided for each of the dependent paarfoeter
estimation of scour depth as below:

Flow intensity:

0 YforU<landb pforUu>1 (3.49)

Flow depth-pier width:

0 24H forH 0.7 (3.50)
v ¢808 for0g O 5 (351)
0 I®0 forH 5
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Particle size:

0 ™ X | @ 60 forO 25 (352
0 1 forO 25 (353
Time factor:

0 — AgDbmBro—ai— ° (3.54)

For computingime factor K; it is necessary to compute the valuegafhich is the time to
develop equilibrium scour depth. According to the authocah be calculated bgneans of
following relation

O QOwi T ¢ Y ™ 0 ¢ (355)

0 QOWi oW Y ™ 08 0 ¢ (3.56)

Thus te value of scour depth cae computed by:

Q v a & (3.57)

* lower 15%

Ds{Calculated)

= upper 15%
0%

= T=10E+06

Ds{Calculated)

« T=10E+05

Figure3.34: Calculated Vs. measured valussDs at T= 16 (up) and T=18(down) using Melville & Chiew (1999)
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This model is apable to evaluate the value of fior T=1C° with relatively low amount of
error with respect to its measured value (Figure 3.24). 43% of points in figure 3.24, which are
mostly related to test with U greater than one, are out of the acceptable rangeirdidty this
model does not show enough accuracy for evaluationsaft Dower values of dimensionless
time. In case with T equal to 3ahe formula overestimates the measured scour depths, with
67% of points having relative error greater than 15% eif ttorresponding measured values of
Ds.

3.8.2. Lancaet al. (2013)

Lanca also provides the following relation for computing equilibrium scour depth:

x®0 & 038 MEPM O um

3.58
pg0?8 MED umm (3:58)

For evaluating the value of scour depth at time T, following equation can be used:
— p QoA"Y (359
Where aand aare defined as

@ pgO ° (360
w ™o °8 (361)

In this model it is assumetiat the flow intensity, u/w is near to one so as to maximize the
scour depth. As a consequence no factor was defined for flow inte@sitthe other hand, the
proposed relationship is only valid fasts with 3y greater than 60.

According to above restrictionthe mentioned equation provided bgnca et al. (2013)is
only valid@for 18 tests out of 86 available test for the case Taf015 tests out o8 for the
case T=1

The measured values of scour depth at dimensionless time equdlandl0§ have been
plotted versus their correspondicglculated values bysing Lanca et.al (2018) $ormula in
figure (3.35).It can be seen th&8% of points for T=10and 33% for T=1Dare not in the
acceptable error margih.t i s obvious that, Lanca et . al (2¢C
of relaive error for computing the scour depth in cases with low values of flow intensity as a
result ofdisregardinghe effect of flow intensity ifts prediction
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Figure3.35: Calculated Vs. measured valuedfat T= 16 (up) and T=18(down) using Lanca, et al. (2013)

3.8.3. Sheppardet al. (2014)

The Sheppard anMiller (2006) and Melville (1997) equations were slighthodified to
form a new equatian

— ¢®8Q'08Q7Y8Q0 for 0.40U<1 (362)
— Qc& — &0 — for 2OU O (3.63)
— ¢®Q0 for U>— (3.64)
Where:

Qo OATCE (3.65)
QY p p&ITY (3.66)
Q0 ———— (3.67)
) 0o (3.68)
6 e BO (3.69)
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