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SUMMARY

The main objective of this dissertation is to investigate the interactive scour
development forall the components of bridge scofabutment, lateral contraction,
vertical contraction, and pier scourpder cleawater scour conditions for erodible,
spill-through abutments and rectangular pieBecause safety and economy are
important considerations for bridge desigredicting the extent and depth of scour is
critical to bridge foundation design to ensure structural stabiitgwever, loidges on
waterways are vulnerable to damage due to extreme hydrologic events that cause
severe floods. In the USA, more than 60% of bridge damages are due to hydraulic
parameters that cause scour of the river bed. Current design practice recommends
calculating the sum oéll the interacting components of scoto predict the total
maximum scour depth. However, the interaction and simultaneous development of
scour components results in considerably less scour than predicted. A physical model
based study, which covered afidividual and interactive scour conditions, was
conducted on a typical compound channel river esession with a main channel
having floodplains on both sides. The model bridge was a typicalaiweo bridge
design used by Georgia DOT for rural regiofise experiments comprised of all three
types of flow to include free, submerged orifice, and overtopping flows. The variable
parameters included approach flow intensity, unit discharge contraction ratio,
backwater depth ratio, pier placement, and locatibthe pierfor a given type and
alignment of the abutment (in addition to the flow types). Experiments consisted of
two phases as fixed bed and movable bed experiments. Fixed bed experiments were

conducted to measure initial flow and turbulence parametdare approach and test
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section. In movable bed experiments, time development of the location and magnitude
of the scour was tracked along with detaitedl elevatiorcontours of the equilibrium

scour condition. A detailed collection of data for time&lepment of scour, hydraulic
parameters, and turbulence resulted in qualitative and quantitative observations, which
assisted in the formulation of a realistic model for prediction of abutment and
contraction scour, pier and vertical contraction scour, iaberaction of all four
components. The formulated mytart methodology for total scour prediction to
account for scour interactions captures the results within 10% of measured results. The
application of the suggested model to field examples validdtedfindings. The
results will not only improve economical bridge design but will also result in reliable
hydraulic variables input to the model methodology. Another important finding of this
research is the prediction of the location of the scour holehaill help improve the
design safety, not only for the bridge structure itséliit also the design of
downstream structures. In summary, this study provides a comprehensive picture of
the interactive bridge scour process and suggests a practical megjyoopredict its

magnitude to produce moreammical design of safe bridges
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CHAPTER |

INTRODUCTION

1.1. Background

River engineers havieng beenstudyingissues related taver morphology a
complex phenomenon thaincludes various types of hydrologic, hydraulic,
environmentgl and geotechnical parameterBecause of these complex interactive
parametersa river systemin totality is not stable with respect to sediment transport
More specifically, a riverexperiencesa combnation of aggradation and degradation
processesHowever a fartof a river can bealleda fistable reaoh althougha rivertakes
time on the order of hundreds of yewyecome stablé\n everincreasing use of rivers
for navigation, irrigationandwater supply purposebave resulted in the construction of
river training workghataffect the sedimeritansportoehavior.Variousstructuresontrol
river flows that include dikes guide banks and spurs Structures built acrossvers
include dams, hedworks, and bridges, which affesedimentflux. Bridges are one of
the most importantypes of structuresthat affect andget affected by sedimenfiux,

particularlyduring heavy floods.

Important consideratioa for bridge desigrare safety and economyFrom an
engineering perspective, bridges are designed for a minimum possible offeonungh
which watercan passluringfloods This minimumopening causes a great degreéaf/

contraction resulting in a considerable increase in flow intensity. FRlowhe contracted



section may be free (F), submerged orifice (Sf)pvertopping(OT) flow as shown in
Figurel-1. An OT or SO flow at a bridge sectionanresultfrom unprecedented hegv
flows because of intense rainfalls of shorter duratemng to climatechange generating
more frequent flash flo@(Booij 2005. Bridge design can be economized by designing
bridgesfor an overtopping flow for a 10@ear flood but the foundation desigmhich is
more critical forstability, still requires a 50§ear flood event desigfiumbrell et al.
19998. Ground limitations and technical constraimt®y also result in an overtopping
flow bridge designSevere flooding irthe Atlanta metro area ithe state of Georgia in
2009resulted inl8 stream gagerecordng flood volumes in excess othe 500-year floal

magnitudehat causeavidespread damage to bridg€xotvaldand McCallum 201D

(c) Overtopping Flow(OT)

Figurel-1 Classes obridge flow



The contractionat a bridge sectioomay be gradual or suddeA contracted
openingis constructedhrough an embankmerhat terminates at the abutment. The
bridgestructure that includesn embankmentan abutmenta bridge deck, girdes; piers,
and bridge foundations vulnerablego damagdrom scouring. The damage may result in
partial failure or even collaps# a bridge Bridge scour isa phenomenon of removal of
sediment, because dfigh floods, within the viciny of obstructions that include
abutments or pier8ridge scour inaldes removal of sediment frorthe riverbedwithin
the bridge cross secticend downstream athe bridge Examples of bridge scour are

shown inFigure1-2.

Figurel-2 Typesof bridge scour

Scour analysis holds a pivotal importance for desigreirgafe and economical

bridge foundation. Hencenithe hydraulic design of bridgesaccurate scour depth
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estimationis critical, asan overestimationresults in an uneconomical foundation design
and anunderestimation may result in exposurdrefoundaton to flow, which threatens
the structural stabilityof a bridge (Kothyari and Kumar 2012 Bridge failure in most
cases idecause oscouring around bridge foundatio(fRossell and Ting 2033About
84% of bridges in the United States are over waterwlagaders 199@ In the United
Statesmore than one thousand bridgeslapsedn a sparof 30 years an®0% ofthese
bridges were associated ithh hydraulic failure, including pier and abutment scour
(Shirole and Holt 1991 In 1994, inthe state of Georgia alone, more than 500 bridges

(locally and state omed) were damaged by sco(4rneson et al. 2012

1.2. Research Motivation

Significantwork devoted tahe field ofbridgescourhas examinethe cause and
effect relationshipbetweencontraction phenomenand sediment transport. However,
formulaion of a modelwith accurateestimatesof the depth of scouis difficult. The
main reasons for this inaccuracy includemplexity of the flow mechanism, less
availability of accurate field scour data at the time of extreme flood gvand
| abor at or yrelancegpresimplenreatangsil@r chansehtherthanmore realistic
compound channel experiments.

An analysis of existing models indicatdsat most methods overestimdoeal
scour depthDeficiency of field data availability is one of the most important factors
which force researchers to adopt a conservative appredhbr by opting for an

envelopes cour prediction model or adding a



design at the cost of econon#y.safe and costffective design requires the collectioh
data from botHaboratoryexperiments and fieldvents(Lu et al. 2008

Over the years, the researchers have been propowidgls for different type of
bridge scour to include abutment, lateral contraction, vertical contraction, and pier scour.
To this end, aignificant advancemenh pier scour predictiofas beerobservedsince
1990(Ettema et al. 20)0However,abutment and contraction scour and their interaction
still need further investigatioas they ase from complex but simultaneous physical
processes arising from turbulence and flow contrac{®turm et al. 2011 Recent
climate change phenomenomay forcesubmergence of bridges resulting in an orifice
flow or overtopping othe bridge deckn weir flow. Submergencaddsthe contribution
of vertical contractionscour, whichmakes the interactive scour even more complex.
Concurrent processes of abutment, lateral contraction, vertical contraction, and pier scour
and their interaction makes it difficult to predict maximum scour depthery few
studies are available for the interactiontyges of scou(Sturm and Janjua 199&turm
2006 ObenrNyarko and Ettema 2018turm et al. 201,1Hong 2013Hong et al. 201p

Hydraulic EngineeringCircular18 (HEG18) developed by the Federal Highway

Administration (FHWA)recommends sum of all four component®f scour (abutment
scour, lateral contraction scour, vertical contraction scaud pier scour) forthe
estimation of total scour ane point (Arneson et al. 2092 Use ofthe HEC-18 value
yields an overestimate ahe scour depthresulting inan uneconomicabridge design
while the nontavailability of field measurements at the pealadfood eventmay result
in underestimation of scour deptthat threates the stability of thestructure(Lee and

Sturm 2009 Sturm et al. 2011 In addition, scour depth predicted by mathematical



modek may exceedthe onemeasured in the fiel(Ettema et al. 2006 This discrepancy
is a source of motivatiofor this research, which seeks to devetomore realistic and
accurate scour depth estimation modelby analyzing the interaction ofall four

components of scour undegriousflow conditions.

1.3. Research Objectives

Hong studied interactionof contraction and abutment scotor spill-through
abutmentsunder all three flow conditions (Free, Submerged Orifcel Overtoping
flow), for long setback abutments (LSAbanklineabutments (BLA)and short setback
abutmentgSSA) and presented a&et of scourpredictionequations fol.SA and BLA
(Hong 2013. The experimentsvere conductedn the 14ft wide flume atthe Georgia
Institute of Tecmology. An extensionof this researcthas been conducted this study
with the main objectiveo further explore the interactiasf pier scour withthe already
established interaction of laterabntraction and alinent scour in the floodplain
Contribution of vertical contraction scoumteractingwith pier, abutmentand lateral
contraction scouhasalso ben analyzed Figure 1-3 explains the schematic layoaf

interaction oforidge scour components.
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Figurel-3 Schematidayout of interaction of bridge scoaomponents

The objectives of the studye:

a. Study the interaction of pier scour witkertical contration and abutmet
lateral contractioscourin the floodplain

b. Quantify the vertical contraction scour contributimnother components of
scout

c. Develop a method of predicting the toiatieractivescour.

d. Plugthe gaps in experiments conducted by H¢2@13) for verification of
resultsand tohelp improve the data set aitslrange ofpplicability.

e. Refine criterionfor long and short setback abutments.

f. Study the timedevelopment ofan interactive scour and prediction of

equilibrium scour location.



CHAPTER Il

LITERATURE REVIEW

2.1. General

In economicalbridge designchoosing theminimum possible openinthrough
which the flow is constrictedis one of the foremostiesigncriteria This constriction
causes a considerable rise in flow intensity, resulting in sedhin andnearthe bridge
section.The causes of bridge scour 8mv dynamics inthe bridgesectionthe formation
of vortices and flow structureand excess turbulence near the bed. Britgrir isthe
source of partial failure and collapse of bridgeextremefloods. Inthe United States
60% of bridgedamages ardue tohydraulicfailure, including pier and abutment scour
(JauYau et al. 2008 In this section a brief review of the literature ipresented

regardingdifferent components of scoassociated with aridgesection

2.2. Initiation of Particle Motion

A balancebetweenlift and drag forcs, with the gravitational forceresistingthe
particle motion and lift force trying to move the partigkethe criterion for establishing
the threshold of sediment motian terms of a critical shear stre$%r sediment motion
in cohesive sediments, addmal interparticle forces also affect ttierce balancgWang

and Sturm 2013 As shown inFigure 2-1, aitical shear stressan bedeterminedfrom

Shi el ds 6, t.pak, Hgpe § @5, which depends oa dimensionlessediment



diameter d. :((SG- 1)gd503/v2)1/3, inwhichlis critical shear

wei ght qis specdid weight of sedimends, is the median sediment grain size,

SG is specific gravity of the sediment ad kinematic viscosity of water.
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Figure2-1 Shields'diagram

In a contractedbridge section,where velocity and shear stress both exceed the
critical values of @ and T respectively, sediment motiois initiated resulting inan
increase of flow depth by removal sédiments fronthe bed. This removal of sediment
increaes the flow area, whichsubsequentlyreduces both shear stress and velocity.
Equilibrium is achieved through continuoumgrease in the flovarea, whichredues the

shear stress and velocity to théical values.Critical velocity for fully-rough turbulent

flow is given by Ke0)egands equation (Stur

V, =5.75/t..(SG- ) gd,, log(122R/k,) (2-1)

st

r



inwhichU;= Shi el ds 86 =ppecifia gnavity efthe sedimery,= gravitational
accelerationgdsp = median sediment siz& = hydraulic radius, ank = equivalent sand

grain roughness which depends on the median sedimentlgize,

2.3. Scour Processes and Types

Scouris classified into two basic types:

1 Scour types based on upstresadiment transport conditions

1 Scour types based on rivend hydraulic structurgeometry
2.3.1.Scour Types Based on Upstreaddediment Transport Conditions

Depending omupstream flow conditios) there are two types of scoalear water
scour CWS) andlive-bedscour {BS). For CWS water does naransportany sediment
in the approach sectiqupstream flow)andthe converse igrue forthe phenomenoof
LBS. The main differencein both typesis the magnitude ofcour depth anthe time
required to reach equilibriumClearwater scourtakes more timeo reachequilibrium
because althe sediment derives from the local scour hole until the velcaiy shear
stress havelecreased ttheir critical values. Live-bed scour, on the other hand, reaches
equilibrium when the sediment transport rate into the scour hole equals that out of the
scour hole (sediment continuity equation is satisfiB@pth of scour in CWS igjreater
by about 10%as comparéto LBS, asshown inFigure2-2. To determine occurrence of
LBS or CWS, the approhcvelocity is calculated andompared with critical velocity

associted with median particle sizéyo, with Vi4/V; O 1. 0 f o My/VOWSD foa n d

LBS.
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time-averaged equilibrium scour depth
equilibrium scour in clear-water scour
depth in hive-bed scour f

clear-water scour

Scour depth, =

live-bed scour

»

Time, ¢

Figure2-2 Clearwater andive-bedscour(Kiraga and Popek 2016

2.3.2.ScourTypesBased on Riveand Hydraulic StructureGeometry

If the local sediment carrying capacity is more than the sediment carribeé by
river waterthen the scour is likely to occuiowever, hydraulic structusesuch adridge
causes flonconstriction local flow separatiorandturbulence, whicltontribute to scour.
Three main types of scour based on rieerd bridgegeometryare general scour,

contraction scour, and local scour.

2.3.2.1.GeneralScour

A general scoumay occuranywhere in theiver, whichmay either be caused by
change in river geometry or by the presence of any hydraulic strsistuzk as bridges
This type of scoucanbe a longterm scouror a shordterm scour However,a general
scouris normally defined ly long-term ggomorphic changes in the rivéZoleman and

Melville 20017).
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1  Short-term General Scour: A shortterm generalscour is a result of smaller
durationevents like short successive fl@pdcour due to shifting of bed forms,
channel relocatiodue to braidingmerging of two strean scour at bends.

1  Long-term General Scour: A long-term general scour is sustained over
extendedime scalesof the order ofdlecade®r even longer. This type of scois
exhibitedby variousevents includingowering of the river bed;hannel widening
asa result of bank erosigndchange in river courseither due tanthropogenic

or natural changes
2.3.2.2.Contraction Scour

Contractionscourresults froma decreasén the cross section ared a river or
stream, whichleads toflow acceleratiorresulting inhigher velocities especially at a
bridge site. Lowering othe bed as a result otontractionscourmay be uniformor
varying along the widthof the contractedgection depending on the physical conditions
(Arneson et al. 2002 The contraction may either be lateral or verticalusing lateral

contraction scour or pressure flow sgaespectively

1 Lateral Contraction Scour: Flow through a contractionsuch as abridge,
particularly duringheavy flood eventgesults in an inease in velocity and shear
stress beyond the cikfl limit, which generates scour. This type of scour is
known adateralcontraction scour. Thigrocesss localized in natur@andextend
a considerable distanaartingfrom the upstream edge of thatutmentin the
downstream directiarLateral extent of the scour hole increases with increase in

degree ofjeometric and floveontraction.

12



1 PressureScour/ Vertical Contraction Scour: When water passethrough
the bridge section such thtte lower chord of the bridge isubmergedy the
flowing water surface,the flow is subject to vertical contraction. This
phenomenortreates additional vertical forgesduces turbulencgndincreases
velocity, which potentially increases scoknown as veical contraction scourf
water does not overtop the bridge but submerges the lower chdiné bfidge
deck,the conditioni s known as @s ub((®@Flavemiereaaf i f i c e
the lowovertops the bridge, it (OTsflomd.ef i ned
However,SO flowis more critical in nature as the water passing over the bridge
provides flow relief andeduces the pressure effantcase of OT flom(Hong

2013.

Most previouslaboratory experimentsaveusedfree flow conditions for scour
analysis(Ettema et al. 2006Sturm 2006 Ataie-Ashtiani et al. 2010Hager and Unger
201Q Kothyari and Kumar 2012 anca et al. 201,Ettema et al. 20131ong et al. 201p
In contrast to free flonpressure flownduces more scour in a channel for giegproach
flow conditions as the flow gets compressed under the briddech can only acquire
stability by attaining critical shear stress and velocity through scouring of bed sediment

(Junke et al. 2009
2.3.2.3.Local Scour

Local scouris defined as the erosion of sediment arolwchl objecs like
abutments, piersand dikes. As defined in HEC8, this type ofscour is localized in

nature. Asthe flow approaches the bridgection it convergesdue to obstructionby
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river training works resulting in acceleration and formation of vorticést@raction with

abutments, piers, spy@nd embankmentshich cau® local scourfArneson et al. 2012

1 Pier Scour: Pierscouris a type of local scour arourmidge piers which are
locatedaway from the banlof the main channel and abutmestich that the
influence ofbank erosion andbutment scour do not affect the flow conditions
and scour process. The scour phenomenon is an outcanm®ideshoe vortex at
the upstream enahda wake vortex at the downstream end of the pier which form
due to flow obstruction. Piescour follows a logarithmic progression with time
and equilibrium depth can only be achieved in weak approach flow conditions or
in nonuniform sedimentgMelville and Coleman 20Q0 Piers consisting of a
combination of columns, pile capnd pile group are known as complex piers.
Prediction of scour depth is difficuit complexpiers suchasa pile group The
scour hole and vortices form at different piles of a pile granginteract with
each othebecause they arén close proximity As a result, the scour depth that
develops at each pile is different than thatdosingle normal piefLanca et al.
2013.

1 Abutment Scour:  The geometric contraction by an embankment terminating
at an abutment causes flow acceleration and flow separation startinghieom
upstream edge of the abutment. Thasvf separation andontraction results i
flow field, which generates local scour around the abutment, known as abutment
scour.Local flow fieldsresult in the scourbothon the upstream and downstream
sides ofthe bridge abutmentsbut the maximum scour depth is eittunder the

bridge acrosfromthe face othe abutment adirectly downstream of the bridge
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2.4. Criterion for Equilibrium Scour

Clearwater scourdevelopment follows a logarithmic profile with tinaed most
investigators agree that it asymptotically reaches anequilibrium condition Thus,
researcherbBavesuggestedriterionfor equilibrium scour as a fraction of change in scour
depth below a specifieime limit. With minor variations this criterion remainsnearly
the same fordifferent researcherskor the experiments conducted fprer scour,
equilibriumconditionwas defined a& mm or less change in scour depttaid hour time
period(Dey and Raikar 20Q7Melville, for his experiments of pier scourecommended
a criterion for equilibrium scour asals < 005a in 24 hours(Melville and Chiew 199p
whereaals = change in scour depth aad- pier diameterEttema used the criteria aasls
< 1 mm in 4 hourgor the experiments of abutment and contraction s¢itiema 1980
Lanca for his pier scour experimentssed a strict criterion and tlexperimers were
stoppedwhen the change in scour depth was less than 2moy=r224 hours and the
experiment had continued at least over seven (laysca et al. 2013 This resulted in
experimental rusof about 2.5 times more duration than Melville and Chiew (1999) and
Ettema (1980)Lancaalso concludedhat the equilibrium sour givenby Melville and
Ettemarepresente®0% and 80% of the actual equilibrium scougspectively.lt was
concluded that, for experiments lasting for less than 7 days, for the pile groups, certain
implicit uncertainties are inherent in finding theugdprium scour depth

The criterion for equilibrium as used Melville and Chew (1999jor a changen
scour depthof less than5% of pier diameter in 24 houmsas furtherrefined as 5%
change in 24 hours for themallerof pier diameter or abutment lethg(Coleman et al.

2003. Grimaldi used a more strict approach by reducing the kvith an additional
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factor of1/3, makingit less than @5a/3 in 24 hourswherea = pier diametef{Grimaldi

2005. The factor of 5% is arbitrary, which if reduced further can significantly increase
the time of experimentatiof®imarro etal. 201). Hong (2013) used a criterion of change

in scour depth of less than 5% of the total scour in 24 hours for the study of interaction of
abutment and contraction scoBimarro et al. (2011)also showed that for certain
experiments, equilibriunime criteria show significant errors aquilibrium scour(dse).

It was furtherconcluded thathe expressios of Lanca at al. (2010) providegood
estimatesof equilibrium scour depth if the experimecontinuedfor 1-2 weeks. For
experiments conducted over shorter durations, extrapolafi@guilibrium scour (se

may giveinaccurateresults.A summary of theequilibrium criterion used by different

researchers is presentedliable 21.

Table2-1 Equilibrium criterion for different researchers

Researcher Equilibrium Criterion Type of Scour
Ettema (1980) &< 1 mmin 4 hours Abutment/
Contraction
0 i =
Melville and Chiew (1999) aE.dS< 5./0 ofain 24 hoursa Pier
pier diameter
aad< 5% of smallest ofa or Pier, Abutment/
Coleman et al. (2003) abutment lengtin 24 hours Contraction
Girmaldi (2005) a@l< 5%/3 in 24 hours Abutment/
Contraction
Dey (2007) &< 1 mmin 2 hours Pier
Lanca et al. (2013) &< 2 mm = 250in 24 hours | Pier
: Abutment/
[
Hong (2013) &< 5% in 24 hours Contraction

16



2.5. Time Duration of Experiments

Laboratory experiments aperformedfor differenttime durationsdepending on
the purpose of experimentatioranging from acquiring equilibrium as per specified
criteria, as discussed para2.4 above, to a shorter duration wigiktrapolatiorof time to
estimateequilibrium scourdepth.Dey continuedpier scourexperiments up to 80 hours,
which wasconsideredsufficient for attaining equilibrium scoybey and Raikar 2007
Umbrell conductedpressure flowexperimets for vertical contraction scoufor a
duration of 3.5 hours. Eperiments were stopped without reaching equilibriand
extrapolation of data was <carr (Uamdrelletalt as
1998. Junke conducted experimeids bridge pressure flow scotor a duration varying
between 3248 hours andlaimedequilibrium scou(Junke et al. 2009whichis contrary
to other researchdis r e Expdriments byOben and Ettema (201 1for pier and
abutment scour interactiprcontinued until the equilibrium criterion was achieved.
However some of the experiments contichuenly for 6 hours where the erodible
embankment failed and for 24 hours where thain channelhad alive-bed scour
condition(ObenrrNyarko and Ettema 20).1lt cansafelybe concluded thatfor accurate
estimation of equilibrium scour deptine experimenshouldcontinueuntil the specified
equilibrium criterion is achieved. For experiments conducted over shorter durations,

extrapolation taequilibrium scourdsg results inaninaccuray (Simarro et al. 2071

2.6. Time Development of Scour

Time development of scour is necessasysomeresearchersollows that time

requiredto reachequilibrium scourfor the clear waterscourcase is infinitewhich can
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only be reached asymptoticalfiielville and Chiew 1999Lopez et al. 2014 Another
reason to monitor the time developmenassociated witlood duration, whichmay not
produce an equilibrium scouesultingin a lesser scour depth. Thereforesearchers
have focused othetime developmentf scour to estimate scour depth at times less than
equilibrium (Mia and Nago 2003Lu et al. 2008 Hahn and Lyn 2010Arneson et al.
2012 Kothyari and Kumar 2012

Time rate of scour development has been approximatediimgrougesearchers
Melville and Chiew (1999)observed thafor pier scouress than 50%f the equilibrium
scour develops in 102 hoursafterinitiation of thescour procesandthatfor clear water
conditions 80% of the equilibrium scoutevelopsin 5-40% of the time to equilibrium.
Anotherinvestigationby Mia and Nago (2003) stated that in approximately 10% of the
time to equilibrium scour, depending on the approach flow velocityg(80 of the
equilibrium scour is reache@Mia and Nago 2003 In the experiments conducted by
Hahn and Lyn (20103ignificant changes in bed elevation jdstvnstream othe bridge
were observedvithin two to three hoursvhich followed a logarithmid¢rend (Hahn and

Lyn 2010.

2.7. Sediment Size Scaling Issues

In laboratory experiments, time and sedimeoarseness limitatignare major
factors which contribute to discrepancies between field measuremeniabamdtory
results (Lanca et al. 20)3 However the field measurements also suffer from
measurment accuraces because occessibility issues in extreme everttsjs denying

the true maximum scour field measuremgrte and Sturm 200%turm et al. 2011
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Most researcherpresent bridgescour formulas based on experimental studies
alonebecauseelating the3D interaction of the river flow with obstructisicaused bya
pier/foundation or an abutment using numerical modelss very difficult Field
measurementsiade with thdatest instrumetation exhibit more scattered datahereas
formulas based oraboratory experimestgenerally result in overprediction. This
difference is attributed to imprecise knowledge of field flow conditigndime
developmentandthe scaling issigin thelaboraory; howeverthe exact answer is yet to
be ascertained. If we only applye Froude Number criterion for similarity, choice of the
sedimentizein the laboratory distortshe pier width to sediment size ratio in the model
(a/dsg) which gives smaller values as compadeto the prototype. Despite extensive
researclon this subjecthe issuéhas not yebeenresolved In the laboratory experiments
on pierconductecat the Georgia Institute of Technoloyvas observethatat a/ds¢=25
(a/ds=25 gives max scoyra = pier diameter, field values could & predicted as
approximately 7% of the lab value_ee and Sturm 2009

In the field, sediment size is such thatdsy is very large, thughe effect on
normalized equilibrium scoudg/a) is not significant In the lab, normalized equilibrium
scour (lsda) tends to increase witha/dsp, up toa/ds=25, and therbecomesndependent
(Raudkivi 198¢. However Sheppard et al. (2004)ased on experiments in large flumes
havestated thahormalized equilibrium scoud{/a) tends to decrease atigher values of
aldsp. Thereforea/dsg is to be consideredas an additionalfactor that affects the
discrepancy between field and laboratory measurements.

Scaling sediment size dgg) according to geometric ratio based Ghield

criterion may introduceinter-particle forcesbecauseparticle size generally reduces to
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cohesive particle sizesTo overcome this discrepancthe flow intensity parameter
(V1/V,) is reproduced irthe modelfrom the prototypewhich can violate Froude number
similarity becausdarger critical velocityalues resulfrom a larger particle sizéhatis
requiredto overcome inteparticle cohesive forcem models.Another distortion that
occursbecause oparticle sizeselection constraint in the modsla/dso, which accounts
for large scale unsteadinesstio¢ horseshoe vortex upstreamtbé pier. It was suggested
that these two discrepancies can be accounted for by keeping the degree of Froude
number distortion small while compensating s, (Lee and Sturm 2009

In laboratory experiments, mainly uniform sediment is used Wtk 1.5 (Dey
and Raikar 2007Hahn and Lyn 2010 This gives the maximum scour effect for the
given sediment size and usefulto find out the effect of sediment size on scour depth.
Froude number similarity violawn by a verynarrow margin by reproducing the same
approach flow intensity variabl&/{/V) in the modelas in the fieldcan help overcome
the sediment size scalingsues if theselectedmaterial sizegivesthe same scour value
near the maximum clear water approach flow condifia/V, €1) as that of the fieldas

shown inFigure2-3 (Hong and Abid 2016
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Figure2-3 Sedimensize selectiomndapproach flowintensityeffectfor reproducing
equilibrium scouy wherey,, = averagewater depth at equilibriumy, = tail-water
depth,V; = approachvelocity, andV.; = critical velocity in approach sectiofHong
and Abid 201%

2.8. Turbulence and Scour Relationship

Scour at a bridge sectionis a complex process, whiakependson the three
dimensional turbulent forcesithin the scourhole and the properties of sedimenttire
river bed. Geometry of scour hole in cohesive soitfifierent from that in cohesieless
soils(Kothyari et al. 2011 Causedor development o$courareassociated witkomplex
turbulent flow fields defined bylargescale unsteadyturbulent configurations, which
includehorseshoe vortex, wake vorted surface rolleras shown irFigure2-4.

Researchers have mainly focused on the equilibrium scour (fptbkties et al.
2008 Guo et al. 2009Junke et al. 20Q%Ataie-Ashtiani et al. 2010Hager and Unger

201Q Hong 2013. Time developmentof scourwith regard to flow characteristics to
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include velocity/flow variation and turbulence behaviotthe horseshoe vortex hasot

been adequely addressed. Understanditiys phenomenoris important to know the
temporal variation and development tbe scour hole. Experimentsonductedby Dey

gave an insight to understand the flow and turbulence characteristics in the horseshoe
vortex and their effect on scour hole developn{®&#y and Raikar 20Q7It was shown

that he thorseshoe vortex athe pier nose onthe upstream sidextendsalong the
horizontal axis, whereas, thgake vortex downstreamf the pierextendsalong the
vertical axis.The reason for such geometry is partial blockage of the flothbpier and

a resultant dowrflow at the upstream pier fac®lost of the scouring is caused by the
horseshoe vortex, whideaves the wake vortex live-bed condition,thusreducing the

scour inthewake region.

—==’===.,,.-_-—,—=m-'

@ Horseshoe Vortex

Figure2-4 Horseshoe an@ake vortex around pie(&rneson et al. 2012

The study byEttema (2006)epresentsnfluence of two prameters on the scour
process: frequency of vortex shedding amegnitudeof vorticity in the wake region of a
pier. Three different length scales were highlighted as pier diameter, particle diameter,

and flow depth, which lead to a dynamic similitude tth@annot be satisfied
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simultaneously. Sediment particles entrained by the horseshoe vortex are moved and
lifted by the wake vortex, whicbarriesthemin a spiral path reaching as high as 80% of

the flow depth behind the piefhe result is that theynovethem out of the scour hole
(Ettema et al. 2006 Conclusions of the study were:

1  For the same approach flow conditiommrmalized equilibrium scour depth
(dsda) decreases as the pier diameter increases.

1  Shedding frequency anarticity of wake vortices\(; %/ga), also decreaseawith
increase in pier diameter. This decrease coincides with the decrease in
normalized equilibrium scour deptt{a).

1  Vorticity of wake flow behinda smaller pier size is more thahat of alarger
one. Thisindicatesthat for same approach flow, smaller pier size has more

capacityof removal ofsediment.

Ettema suggested an adjustment factdy) (for similitude in the turbulent
structures around the piers. This adjustment is required fothtlee length scales

associated with local scour depth: pier diameter, particle diameter, and flow depth and is
given by K, =0.95D,/a) °*°, where (D, =0.45) . However, further verification of

this adjustment factor was suggested.

Stum and Lee(2009) conducted a study for particle motion in the horseshoe
vortex formed by a pierlt was observed thatesondaryvortices are formedin the
horseshoe vortex, which fluctudtaphazardly, stretch around the pard then combine
in the primary vortex in a time scale d@a/V;. The lorseshoe vortex and the point of
flow separation move back and forth in #teeamwisealirection, whichaccounts for the

unsteady motion of sediment particles in fronttloé pier. The sediment motion was
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oscillating and it took a time d6a/V; to wash outof the scour holafter initiation of
motion. In contrastthe motion of coarser particles was differentlesy moved like bed
load sliding andhopping and toolatime of 30a/V; to wash out from the scour holeee
and Sturm 2009

Velocity measurements atla = -0.33 (where x = distance in flow direction,
originating from upstream edge of the pie®re taken and dual peaksthe frequency
distribution were observed for botetreamwiseand vertical velocities normalized by
approach flow velocity;. It was observedhiat forseshoe vortex accounts for negative
streamwisevelocity, whichconverts into a positivetreamwiserelocity as the separation
moves close to pier, thus giving dual peaks. Maximum scoaccurredwhen the
frequency of suspension of the sediment daeturbulence f() matchedwith the
frequency of transporting events)( Maximumscour depthds/a) occurredfor f. = fr
and a/dsp=25. With f_ > fr anda/ds¢>25, value of normalized scour decrehseth the
increasing values o&/dsp, as increasing value d/dsp means larger pier diameter

generallyin the fied, relative to the sediment size

2.9. Dimensional Analysis

Dimensional analysifor predicting scour deptiesults in various combinations of
non-dimensional groups having requesignificance. However, flow intensity parameter
is the one which has most extensively been yséelville and Coleman 20Q0 This
parameter is o$ignificantvaluewhereV,/V; < 1 indicates clear watescourconditions
andV1/V. > 1 indicatedive-bedscour conditiongSimarro et al. 2007 Becausea large

number of variablesffect the scour proas, it is very difficult to obtain an accate
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method of scour predictiorBefore an experimental study, it is necessary to carry out
dimensional analysis to identify and elucidate the effect of each vaaadleepresent
experimental data in unified termSturmet al (2011) conducted a detailed dimensional
analysisof abutmentand contactionscourin a compound channekhich is reproduced
here(Sturm et al. 2011 Nondimensional variabkfor the pier scourcomponent used by
Oben and Ettema (201X)avealso been added to account for the gieour contribution

to total scourFigure2-5 shows the variables used in the dimensional analysis.

(1) (2)
e R
Approach Bridge
4 Flood-plain 4 K. = Shape factor
L |La kfs= Floodplain roughness
:L—,y w G B; k, = Main channel roughnes
= W Lo,
Vo _—>||n|le $_.:sz: G2
e 1
Vint qmll Main-channel A Voo G | B
i \ L
! Lo
i Flood-plain
Plan
A hy Y tomax Yo Flood-plain
Y
Main-channel
Section AA

Figure2-5 Definition sketch for variables of dimensional analysis

de, Vi VP orviL Lo L Lo hy Y L Bk S
(2-2)
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where Yomax = flow depth at poitof maximumscour,Y; = approach flow depthdso =
median sediment siz&; = velocity of approach flowy. = approach critical velocity,
and> are density and viscosity of flurgspectivelyL, = abutment lengthi{s andK¢ are
shape and alignment factarsspectively hy = flow depth under bridge with respect to
undisturbed bedevel, You and Yy are approach flow depth imain channeland
floodplainrespectively B, and B; aremain channe&ndfloodplainwidth respectivelyk;
andkg, are roughness height of floodplain and metiannelrespectively A = bulk shear
strength of embankment, = bulk density of embankment materidl, = height of
embankment = time, L, = distance of pier from toe abutmenin transverse direction,
W = width of floodplainin contacted section arad= pier width' diameter

The dimensionless parametdnave been classifieith five groups named aS1,
G2, G3, G4 and GBsturm et al. 201)1 Detailsof all these groups ka been reproduced
asTable 2-2. Group G1 includesflow intensity, Froude numbegand Reynoldsiumber,
which influence the stage of sediment transport, effect of gravity on water surface profile
and effect of flow separation abed roughnessespectivelyGroupG2 includes relative
sedimentsize, whichis related to sediment scaling issuésoup G3 includes flow and
abutment geometryvhere Melville formula accounts fol,/Yn. Group G4 includes
abutment, flow and channel length scalBise geometricparameters taken together can
be translated into dischargeontraction ratio or gy/q; for both main channeland
floodplain The @utment stability parametén Group G5is A/ (He, Which acounts for

slope instability and is difficult to model in laboratory experiments
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Table2-2 Classification ofabutment scour parametéReproduced fronsturmet al.

2011)
Dimensionless
Parameter| Parameter
Parameter Influences Comments
Names Group
Groups
Us /U OF Vi/V, Flow Gl Stage of sedimen{ Flow intensity
V/(gY)°®, intensity, | Flow/Sediment| transport; effect of| indicates flow
“ViL/> Froude gravity on water | interaction with
number, surface profile; the sediment
Reynold effect of flow and can be use(
number separationand bed to classify
roughness clear-water vs
live-bed scour
La/dso Relative G2 Unclear but may | Generallynot
sediment Abutment/ | be related to mode included in
size Sediment Scal¢  scaling issues | abutment scour
formulas
Lo/ Y, W/, Floodplain G3 Measure abutmen| Abutment scour
Ks, Kc aspect ratio) Abutment/ | dimensions relative formulas
relative Flow to scale of flow classified by
contraction Geometry field, and shape Melville
length, andorientation of | according to
abutment abutment relative| value of L/Yx
shape and to flow field
skewness
factor
La/Bs, BB, Abutment, G4 Takentogether, Discharge
Bro/Bra, Yi/Ynu, | channeland  Abutment these parameters| contraction
Yalks, kKo flow length Flow can be translated| ratio (gp/Cf)
scales distribution | into discharges pel determined by
unit width of the these
flow in approach parameters
and test section
Al He Abutment G5 Sour that leads to|  Difficult to
stability Scour/ slope instability model in
parameter | Geotechnical laboratory
Failure
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2.10. Research ModelBased onExperimental Results

Over the lastfew decades, researchermve extensively investigatedthe
problem of scour prediction with different approachesncluding study of effect of
sediment and itproperties, turbulent behavidlpw intensity effectand Froude number
approachwhich resulted in differenémpiricalformulasand mathematical model$he
modelsfor lateral contractioyvertical contractn, pier, and abutmerstourarepresented

in the subsequent section.
2.10.1. Lateral Contraction Scour

A natural channel width reductionr @ hydraulic structure blocking the
channel causes flow acceleration resulting in contraction scour. Melville and Coleman
(2000) specifiedthat most of the scientists use a simple rectangular channel with a
contraction long enough to assume uniform flow both in approach and ¢edtsaction.
Laursenused the sediment continuityoncept by incorporating both béwhd and
suspendedbad for live-bed scour (LBS) conditioras givenby Equation 23 (Laursen

1960. This is referred as the theoretical long contraction scour as shdviguire 2-6.
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in which, Q. = approach flowrate in main channel)= total flow-rate through bridge
opening main channeh = Manni ngdés r e sk,sPt=arponentsdrome f f i c i
Laursenodés total sediment transport formul a
bedload, mixed load, or mostly suspended lo&dy= approacklow main channel

width, andB,» = contracéd sectionmain channelvidth.
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Figure 2-6 Definition sketchfor theoretical long contraction scol®: = QchanneF
main channel flowate at approach flow sectiorQ,= Q= total flowrate inmain
channelat contracted sectiol; = By = approach flowmain channelidth; B, = By

= contraceéd main channelidth; d,, = contraction scour deptly;= approachflow
depth andY, = contracted section equilibrium deptReproducedrom Sturmet al

(2011).

HEC-18 recommends thequation (23) for LBS conditions with the exception of
droppi ng t hratio.Mthe headrogs@isd change in velocity head is neglected
between section 1 and 2, which is assumed in most of the cases;.th&k-¥;. Laursen
(1963) applied theeonceptof theoretical long contraction scotor clear water scour
(CWS) conditions and assumed a critical shear stress value in the contracted section at

equilibriumas given byEquation 24 (Laursen 1968
Q Q

2 = _8 _18 (2_4)
= (% =

Ettema (2010) related the geometric contraction ratio to the flow contraction ratio and

rewrotethe equation aEquation 25:
(2-5)
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HEC-18 however, suggests modified approach byrelating the shear stress in the
contracted section to a critical valje=and suggests incorporatin
for solving for the critical shear strety usingMa n n i eqgafiom The modified

equation by HEE18 is in terms of antracted section variablesdis given byEquation

2-6 (Arneson et al. 2002

< 3/7
& ng o

2-6
2= & (SG- 1dy, 4 =0

Gill (1981) suggested a relationship for the maximum contraction scour based on
the long contraction theory and recommended a 58% increase in the scour depth to find a
local maximum scour deptas given by Equation 27. His experiments cover a wide
range ofrelative shear stres&{ JJJwhich included both CWS and LBS conditiof@ill
1981).
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Applicationof the continuity equation for sediment transport and flesulted inanalytic
formulation of Equation 28, which is applicableboth for CWS and LBS conditions,

(Lim and Cheng 1998

4,8 B, _u, & u, QY0 aBQa
8 5, B 058 %S @8
G2~ 2 1 C u*l-i(; 2+ CP2—+

It wasalsoconcludedanalytically,that solution for equation exist&ly for:

Y, 4B @
v & 8 (2-9)
1 CP2—+
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2.10.2. Vertical ContractionScour

Vertical contraction scour or pressidflfew scour isa comparatively new
scour research arekor bridgesthe phenomenorof vertical contractiorresults in an
increase irthe scour deptfLyn 200§. Amongst more than 600,000 dgeslisted in the
U.S. National Bridge Inventorya large number of bridgefll into pressure flow
conditions under heavy floods or extreme events, which results in vertical contraction
scour(Arneson and Abt 1998

Whenthe lower chord of the bridge is significantly in contact with water, there
are two likely conditionsa) when only upstream section of lower chafdthe bridges
in contact with watewhich creats orifice flow andb) when the complete lower chord is
submerged in water, which converts a free flow mtsubmergedrifice flow known as
pressure flow. Rrssure flow results in a cukmear flow under the bridge, which has a
non-hydrostatic pressure distributioso velocity and shear stress cannot be calculated
from free surface formulas. Pressure flow increases the shear wtiessresults in
verticalcontraction scoufArneson and Abt 1998

In flood eventsthe typeof flow change with the rise of water in a channel.
Initially a free flow caséurns into pressure flow as the water |lengds above the bottom
of the bridge deck. Pressure flow increasestlas degree of submergence increases.
When water starts overtoioyg the bridgeit actslike a broadccregedweir, and the flow is
then a combination of weir/overtpipg flow and submergedrifice flow (Umbrell et al.
1998. Maximum bridge scour depth under pressure flomnditions occurs near the
downstream end of the bridge deck because maxinmitical flow contraction, inthe

submerged case, is at the end sectiothebridge inthe streamwisedirection and the
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equilibrium conditioncorresponds tthe attainment of critical velocitgt minimum flow
area.Figure2-7 explains the variables for the vertical contraction scour modeidich
dse = equilibrium scour depth; = approach flow deptln,= water depth under the bridge
for undisturbed bed level/, = velocity under the bridge for undisturbed bed condition,

andV. = critical velocity for the approach section.
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Figure2-7 Schematialiagram of variable@ressurdlow)

In one of the initial investigatns for vertical contraction scoudbed gave a
limiting value of 2.3 to 10 times increaseeer scour due to pressure flow but the scour
componentsvere not delineate@®bed 199). Jones et al. (1993) gaegelationship, for
calculation of pressure flow scour at piarsich underestimated the field measurements

A revised formula assumed that pier scour (local scour component at pier) for pressure
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flow and free fow is same and that the total scour is a sum of pier and pressure scour
(Jones et al. 1993

Arneson and Abt (1998) conducted a series of pressure flow experirhignts.
experimental approach followe&roude number similarity The experimentswere
conducted foboth for CWS and LB$onditions without incorporating argrvertopping
flow cases Regression analysigsing theleastsquars technique was applied to the

variable parameters that resulted in the relationgivgn byEquation 210 (Arneson and

Abt 1998.
d ay, @ ad__+h 0 av, a
—=-0.93+0.23g1g+0.82g> > +o.0%b (2-10)
Y HETE TR

in which dse = equilibrium scour depthy; = approach flow depth,= waterdepthunder
the bridge for undisturbed bed leval, = velocity under thebridge for undisturbed bed
condition andV, = critical velocity for the approach sectidRearranging the equah in
terms of water depth under the bridge for undisturbed bed leyaketultedin Equation

2-11

o

Vb

(2-11)

|-QDO

Q
e = 5,08+ 127801 5+ 4440 8+ 01
Y, %8 &, 8

d an
(o c
In these experiments, the criticadlocity forinitiation of sediment motiowas calculated
usi ng eduatiorNeilb 1968 Arneson and Abt 1998The median grain siz€go, of
the material was not used as independent variable, but implicitly wasincludedin

calculating critical velocityfor sediment motionThe coefficient of determinatioof the

regression analysis was 0.@9neson and Abt 1998
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HEC-18 Methodology. In the submerged casea flow separation zone
contracts the flomvhere theeffective depth in the bridge openiicgn be attributed to
occurrence ofthe critical velocity in the equilibrium conddn (refer to Figure 2-7
above) HEC-18 uses the concept & separation zone at the downstream end of the
bridge and adpes the continuity equation g§arneson et al. 2012

ho + dse = Ybs +Yt (2'12)

in which Y; = height of flow separation below the bottom of bridge dégk- height of
bottom chord of bridge above thmdisturbed bed level,s = height of water column
above the deepest scour paantdds. = equilibrium scour depthFor the submerged case
without an overtopping componeltefer to Figure 2-7 above) it was assumedby
applying the continuitgquationthat at equilibrium:

Vi*Y, =Ve(hy - Y +d,)
whereLaur sendés critical velocity is

V. =K, * Yo *di® Ky=6.19 11.17(SI/EnglishUnits)

SubstitutingLaurser® squation imo Equation 2.1Zesultsin:

o

BI17
avVv,*y Q

ho+dSe:§1W8 +Y, (2-13
50 &

u

It is important to note that measurementtad separation zone thicknesg)(is difficult
in the laboratory and especially in the field. So applying dimensional analyss,

following equation was formulated:

Yo Aho-hydts  w g
YooosabM-N)E & 2-14
h B vE 8 & on)? (19
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where w= depth of weir flow Comparison between the predicted and the measured
values show that theaur depth prediction gives an overestimate.

Umbrell et al. (1998appliedthe continuity equation, assuming that flow over the
bridge deck has the same velocity as thathefapproachflow, and thatthe velocity
under the bridges critical (Umbrell et al. 1998 The application otheabovementioned
assumption to the continuity equation yields

VY,B=VwB+V.(h, +d.)B OR

ho +ds :\%(Yf W)

C
However the fitting of experimental results showed thestfit relation to beEquation2-

15.

0.603

ﬂgﬁ (2-15)
U

d, +h0 ev, a
=1.10 A
wE N
Equation 215 containsY; on both sides of equatiomhich shows that theres a
spurious correlationBy involving the basic hydraulic conceptsy which for non
overtoppi ng we xzerg teaveseapptroach flow ddpon one side othe
equation only.The comparison ofbestfit curve for overtpping and norovertopping

flows shovwed R? value as 0.77 and 0.81 respectively, which cordatithat correléion is

not significant in thisase.

Lyn (2008)analyzedpressurdlow scour and pointed out unsatisfagtdeatures
of the HEC-18 equation, which shows that the original equation of Arneson (1997) has a
spurious correlationThe range & parameters where this equation is to be applied has

alsonot been given by HEQ8 (Lyn 2008. The value olV,/V; in the Arneson equation
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is difficult to assesbecausé/, is associateavith the bridge section, where the velocity
distribution may be very different from the upstream section depending/lan Lyn
used a statistical technique of power land applied limit to the flow conditions, by
limiting it to clear water cases without pier only, keepmgV. <0.9. Thesuggested

equation was:

-y A =

where the values ok andA; are 0.105 and 0.5 respectively for the Arneson data. Lyn
further examined the data including the pier experiments and sugges&ueoe
curvewith values ofA; andA; as0.21 and 0.6respectivelyScatter in the data has been
attributed to local @r scour rather than pressure scour as the effe¢y/df was small
(Lyn 2008.

Experiments conducted Byahnand Lyn (2010)nvestigatedvertical contraction
scour for the clear wateaseswith uniform sand,(4=1.15 and twoapproachvelocities
V1 = 22.8 and 25.@m/secover the range of experiments havingh, =7, wherelL, =
length of bridge in flow diretion (Hahn and Lyn 2010 The parametehy/dsp was
approximated t@6, which theyargue to be sufficierfor the sediment scaling effects not
being important The same istated byMelville and Sutherland (1988) for bridge pier
scour and Colemaet al. (2003) for pier or abutment length to sediment size ratiode
larger than 2p For both the velaty sets, max scour occurredx@{Lp,>1 (wherexy is the
distance in downstream direction from the upstream edge of the hridgeever area
under the bridge also produced significant scour fral,=0. Other important

observationsverethatupstreamocal slopes were observed much lesser thapaticle
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angle of reposeandalthough the equilibrium was not achieved iagbexperiment, still
it clearly shovedthat models oArneson(1997)and Umbrellet al. (1998)underestimate

ultimate scour prediction.
2.10.3. Pier Scour

There area number of widelyused formulas for the effective assessment of
scour depth around bridge pieldCHRP project 282 (Sheppard et al. 201 himed to
as®ess theexisting pier scour equatiosr non-cohesive sediment. Findings of the report
show that the then exisy methods of the local scour prediction at bridge piers over
predict the local scour including those recommended by the-HEGheppard et al.
2011). The research proposéde combnationof two models(Melville 1997, Sheppard
and Miller Jr 200% as the bestperforming equation which is referred dke
Sheppard/Melville or S/M equation.

The latest version of HEC8 recommendgwo equations for the prediction of
pier scour, whichare well recognized and adesignatedasthe CSU (Colorado State
University) equation anthe Sheppard/Melville equationtThe CSUmodel is given by

Equation 217:

0.35

d, eY, g ,
Z:2K1K2K3K4gglﬂ Foss (2-17)
whereK; = pier shape factorK, = pier skewness factoks = factorfor bedcondition,K4

= bedarmoring factorandF = approachFroude number ¥1/(gY,)°>. CSU equation was
initially developed for cylindrical piers and has been improved over the time. The
equation in its currenform is being recommended by FHWA (Federal Highway

Administration) for the estimation of pier scour around simple pfarsadditianal factor
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(Ky) for wide piers in shallow flowsvas suggested fo€cSU equation(Johnson and

Torrico 1994. The Sheppard and Melville equation is givesEquation 218:

d—ie:2.5flf2f3 for 04¢<10
a V.,
é ~ OV ~
o & 318 Hr-Uw y v
se — £ @y Ve o eV, c Q) M1 1p
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a é ip _ 18 @ ip _ 1 8\1 c c
é ;c - (o Ve =
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die:2.2f1 for o> \te
a V.V,
No "‘0'4ﬂ
f, :tanfg%\(%g u
&2+ 0
g & avmf
f, =11- 12én£7183 y
T é ¢cVe i’,
e da @ 4
e & 8 u
f, =g CTso~ u
3 _Q é c31.2 éa* 60139
€o. g +106g 8§ Y
& Clso= 6(%5% H
Vip =9V, (2-18)
V1p2:0'6 ng
_}':}lel for le12 lezﬂ
Vip =1 ‘ i
fleZ or V1p2 >V1p1{]

wherea-= effective pier width which is the projected width of the pier times the shape

factor, Vi, = velocity of thelive-bed peak scourViy and Vi, = Velocities used in

comp ut live-lgedpie a k

vel ocityo.

Large cylindrical piers arsubjectto an additionaparameter ffecting pier scour

in the form ofthe sediment coarseness rataddso. To analyze this factoexperiments

conducted at the Georgia Institud€ Technologyuseduniform bed materials withiy <

1.5. The approachflow section waslefinedat a distance ofO-pier widths upstreamof

the pier inthe streamwisedirection where the pier approach velocity was measured
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(exactly upstream of the pitrcation) Point velocities were measured from near the bed
to the point 60% of depth above the bed and were fitted to a logarithmic velocity
distribution to obtain the shear velocityy-. Critical velocity was calculated from
Keul egands e gdgein rooghness asFdsh andsShieldsd diagram was
usedfor the criticalshear velocitfLee and Sturm 20Q9Results showedhat for smaller
values ofa/dsg, scour holevasrestricted in sizéut increase until a/ds=25, which is a
confirmation of Melville (1997) As the ratioa/dsg increasd, therewas a decrease in
d</a. A regression applied to the data for Froude numbed.& resulted in the

relationship as shown frigure2-8 and mathematical form is presentedegsiation 219:

4.0 T
Chattahooclee-FB
O  Chattahoochee-RM
Flint-FR
} Flint-RM
Ocrulgee-FB
30 F A Ocmnlgee-RM
Bext-fit curve
~ + RMSE
Ettema ( 1980)
Sheppard (2003)
= Ting et al.(2001)
™~ 0 Field Dol USGS)
'\‘ 7
2 S
*
*
- L4
1.0 v g e i A g
0.0 A . "
) ! 3 7 'l
1d 10 10 10 10

!7/([5,_,
Figure 2-8 Effect of scour depthwith sediment size(Reproduced from(Lee and
Sturm 2009) whereds = scourdepth at equilibriumdso = median sediment size, and
b = pier width.

d aad
—¢ =5lopge—Q for 6Ca/d.,¢25
A 9(@}% 8 50

50~ (2-19)
d, _ 18 .
e = —+13  for 25¢a/dy, ¢1*10°
a (0.02a/dy, - 0.2 +1

whereds = scour depth at equilibriunasg = median sediment size, aad pier width.

39



Previously, i wasconcluded that normalized equilibrium scour degia does
not depend otthe sediment coarseness ratar a/dsp > 50 (Ettema 1980Melville and
Chiew 1999. However the results irFigure 2-9 and those of Sheppard et al. (2004)
showthatfdsda0 decreases witb/dso > 50. This required additional information to verify
any of the conclusions as fdigher values of sediment sjzlarger pier diameter is
required for largea/dso.

Lanca et al. (2013garried out a study o68WS around piersand found thathe
parametes/dsp influences the normalized equilibrium scour deptllga decreases with
increase ina/dsp as indicated irFigure 2-9 (Lanca et al. 2013 This corroborates the
findings of Sheppardet al. (2004) and Lee and Sturm (200@hich associatedhe
relation of horseshoe unsteadinessdifferent pier sizes and sediment coarseness. The

equationgivenby regression analysis:

e 2308 TAY & a

L 1==73p2g 3§ for e0ca/d,c500
i D h (2-20)

a T d éY 60.].2 T

7 —e=12%l9 for al/dy,2 500 2

I a cas y
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Figure 2-9 Normalized scour depth relationship to normalized pier dimeter
(Reproduced fronfLanca et al. 2013)whereD, = pier diameterDso = sediment size
for 50% finer sedimentse = equilibrium scour depthndd = flow depth.
The results obtained in the studfyLancaet al (2013)were appliedo the dateof
Simarro et al. (2011) and Girmaldi (2005) and were found within 25%efine of

agreementin another investigatiori,ee and Sturm (2ID) statedthatdsda 1.3 fora/dsg

> 400Q This finding isconsistentvith theequaton proposed by Lanca et al (2013)
2.10.4. Abutment Scour

NCHRP 2427 (Sturm et al. 2011 gives a comprehensive summary of the
abutment scour prediction modelswasobserved thamost ofthe models have focused
on the idealized studies in laboratory flum&hesemodelswere graded asnreliable
which generally lead to an over prediction of scour as compareltbrheasurementt
emphasized that none of theodels describéideally, the abutment scour, as the process
is difficult to model due to flow field complexit§sturm et al. 2011 The most important

factors to be taken into accounwere pointed agyeotechnichfailure of abutnent,
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consideration of compound channel geometgluding floodplain and main channel
rather than aimple rectangular channelndaddressing the riprap protection issue for
the overtopping flow cases in order to prevent the completeaknient failure.
NCHRP 2420 project(Ettema et al. 20)Gand NCHRP 2427 project(Sturm et al. 2011
have addressed thee@echnical failure consideration the respectiveesearch orthe
study of abutment scour in compound channiisverthelessthe earlier modelsstill
provide a googlatformto investigate the abmentscour and interactive scoprocess.
Figure2-10 defines the variables to be used in the abutment scour predmtionlasto

be presented in thigection

iy ——,

(1) (2)
Ny A
Approach Bridge
A Flood-plain 4
L ]
HE VO B
- - f
! W v
: | Ve e
— E ‘
lex qmlE Main-channel I Vm2! Om2 Bm
L N )
: I
i Flood-plain
Plan

]l

i Yz Yio Flood-plain

Main-channel
Section AA

Figure2-10 Definition sketchfor abutment scour for a compound channel
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For abutments, therie a varietyof foundation designsnisheet pile foundations,
the abument type is generally solid and nrerodible, while for buried abutment stubs
supported on piles, the embankment itselérodible. Therefore, it is very important to
consider the geotechnical failure of an embankment/ abufideng 2013.

Amongst different formulas for abutment scour, the most applicable formula for
short, solidwall abutmentsrecommended bgturm et al. (2011js known as Melville
Formula This includes results from different researcbenvestigations(Gill 1972,
Wong 1982 Kwan 1984 Kandasamy 1985Kwan 1988 Kandasamy 1989Melville

1992 Dongol 1994 Melville 1997). The proposedormulais:

d, = K, K KK KK (2-21)

whereKy= abutment length factpK, = Flow intensityfactor for the approach flowKs=
sedimentsize factor, Ke = abutmentshape factor K4 = skewnessfactor and Kg =
geometry factgrwhich accounts for short setback, long setbbekklineabutments and
abutment in main channgturm et al. 2011

Kyi is given as

&2L, L./Y,¢1 @
) )
Ky =i 2(Y,L,)%° 1¢L,/Y, ¢ 25 (2-22)
110Y, L,/Y,>25 i,/
Kiis given by
&V - (V, -V, 0
_1—(\/ ) VNG <Ij
K, =1 V, u (2-23)
1.0 V)V, 2 13L,
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in which V, =mean f 1l ow v edrnoocp & ayk\Mja=t (V,tfdr enifoiim

sediments). For livded conditions V/V, >1), the value of K, remainsless tharfi 1, 0

but to be conservativieis generallykept as 1

Kqis givenas
e a . L 0 U
10.57loga.24—2 L,/d., <25
Kq =1 ? d50§ [ U (2-24)
11.0 L,/ds 2 25)

For the fine sediment€y is generally kept as unity and is only applicable when

the Ly/dsg <25.

Ks is given as

D:

K, L,/Y<10 a

1 . ~ \

o1 a . L, .0 .
K. =1K,+067(1- K,)g9.1 - 18 10¢ L, /Y, ¢ 25; (2-25)

1 c 1 - )

{10 L./Y,225

for which Ks is unity for a verticalwall abutment and the values for different types of the

abutments are givan Table2-3.

Table2-3 Abutmentshape facto(Ks)

Abutment Shape Ks
Vertical Square End 1
Wall Semtcircular End 0.75
45°Wing-wall 0.75
0.5:1.0 (H:V) 0.6
Spill-through| 1.0:1.0 (H:V) 0.5
1.5:1.0 (H:V) 0.45
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Kqis given as

§1.0 caseAp
i i
'I‘ B é oY ~5/3 g ’I‘
T.[1- —é- —fg LKy caseB |
K T La g G 'm— nf H T 5
=i U 2-26
© 11.0 caseC1 ( )
T, 56g A2 1
1aY; 0 gé1_0 1
~ap m Q) caseD;
188 5 |
iéﬁ(m - (i;a]f = y

in which By is thefloodplainwidth, Y..and Y; are the flow depths in th@ain channel

and on thdloodplain respectively;n.andn;ar e t he Manni ngate rough

main channeand on thdloodplain Figure2-11 shows the geometry of all the four types

of abutmentscase A to D in a compound channel

] L ]

= H <

= y | i 97 o

5 S

Case A | Case C |

$¥' = H ’ '¥— B i

e B, t Ly_,é & Jﬁ
Case B ’ Case D '

Figure2-11 Abutmentsettings in compound channéMelville and Coleman 2000

Froehlich derived an equation both for CWS and LBS based on dimensional and

regression analysi®f experiments by otherdroehlich used 164 CWS laboratory
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experimentdor the regression of hBWS model The CWS model is given byEquation

2-27:
d., oL2 Y, B
, -1.87
Y_ 078K K Qvl;l Flleéd—lg Sg +1 (2-27)
elru eYsou

whereKs andKy are abutment shape and alignment facloyss length of abutment; is

approach flow deptlf; is approach Froude numbegy is median sediment grain size and

Ug is the standard deviation of the sediment size distributotPAd di t i on of fA10
safety (Froehlich 198% This equation however overestimates the abmotnseour if

compared with the field measuremdlimndasamy 1999 HECG 18 suggest& r oe h |l i ch 6 s
LBS equationbecause LBS is a common field occurrence and bec#ugges smaller

scour values as compadrt the CWS equationF r o e h LLBiS egbabian igshe outcome

of 170 LBS experimentand is given as:

be = p 27K K,
Yl

Fo*h+1 (2-28)

XD D
<
oo Qo

The HIRE equationis based on field data obtained by the United States Army
Corps of Engineers for spur dikes the Mississippi River. The field data closely
resembles laboratory observatsomhere thedischarge intercepted by the spur dike is a

function of spur lengthiThe HIRE equation is applicable far/Y;>25 and is given as:

—K (2-29)

whereKs andKy are abutment shape and alignment factors respectively.
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The Maryland method applied a u r domghadrdraction theory for abutment
scour both for CWS and LBS conditiongind the suggestefbrmulas are given in

Equation 233 (Chang and Bvis 1998 Chang and Davis 19%9

e 3 3 O
_ g, Q N
dse_KSKq@qkpkf%ég - Y, OFS for CWS
(2-30)
_ q, 9
=K.K % k kV°857V—§ 20UFS for LBS
in which de = equilibrium scour depth, K= abutment shape factorkKy =

abutment/embankment alignment fact¥iz approach flow water depth,= pressure
flow coefficient, k= velocity adjustment factok;= spiral flow adjustment factog,=
flow rate per unit width in the contracted sectiggs flow rate per unit width in the
approach flow sectior\/. = critical velocity, Y,,= flow depth at bridge before scour, and
FS= factor of safety.
Abutment Scour in Compound ChannelsGarde et al. (1961kuggestedthe
geometric contractiomatiofmo f or an i deal i z(Gadde etalcl®gda ngul ar

Sturm andlanjua(199, 1994)suggested that the same geometric ratio cannot be applied

to compound channels as the dynamics of the flow interaction at the interface of
floodplain and themain channehbre different from an idealized rectangular flume. The
authors suggested that thedbebutment scour should depend on the flow redistribution
rather tharthe earlier practice aisinggeometric contraction ratio and abutment length.
The geometric contractioratio was suggested to be replaced vitik flow contraction

ratio M = QJ/Q wher Q, is the proportion of the flowdischarge in the approach flow

sectionequal to the contracted opening dpds the total approach flow discharge value
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(Sturm and Janjua 1993turm and Janjua 1994t wasassumed thalischarge per unit
width in thefloodplainis uniformly distributed and that the change in the flow depth in
the contracted section as compared to the approach section is neglidiblealue oM
was found to ba good estimatef theratio of discharge per unit width of tfieodplain

in approach flow and contracted sectpgy/gr. Sturm and Janjua conducted a set of

experiments in a flume with a compound channel and their suggegiation was:

eF e,V 4
LIRS LN S TR, @
Y, EMF, ¥ 69 Ve b

wheredse = maximum scour depth at the abutmét,approach flow Froude numbéi,
= critical Froude numberandY; = approach flowwater depth in the floodplain

Further study at the Georgia Institute of Tecmology through a series of
experiments for setback abutments drahkline abutments resulted in a model for
abutment scour in compound channé®&urm and Sadig 1996Sturm 2008 The

eqguation given by the model is:

e
*=C é&——- Cou (2-32

in which ds = equilibrium abutment scour dept;,= floodplain normal depthfor un
constricted water surface elevatia the downstream endC, representsthe scour
amplification factor andC, representshe equation intercedor no scouroccurrencey=
approachfloodplain flow rate per unit widthgi= floodplain critical flow rate per unit
width =Vc* Yso; Vo= critical velocityfor un-constricted flow depthy;,, andM = discharge
contraction ratiofor the approach sectiorFor the spilthough abutments, a shape

correct iKen wfasc tsaurggfest ed as:
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Xx- 0.67

Ks =152
x- 0.40

for 0.67<x<12 (2-33

in which x=q;,/(MV,.Y,), andKs=1.0for xO 1. 2Kswbfolt #O 0. 67.

This corroborates the findings of Melville and Colen{a000)thatfor longer abutments
the contraction effects overwhelm turbulence and the shape factor.

Abutment Scour for Erodible Abutments: Ettemaet al. (2010)investigated the
abutment scour for erodible abutmeatsladoptedhe approacisimilarto Sturm (2006)
and Chang and Davis (1999). Anvelopecurve for the abutment scour was suggested
for a dimensionlessabutment scour as a ratio of maxim scour to the theoretical
contraction scou(Ettema et al. 2000 For erodible abutmentghree scour conditions
have beelnvestigatedoy Ettema in theonduct ofexperimentgor a compound channel,
which are widely accepted and are categorized as scour condition A, 8,(&tieéma
et al. 2010Yorozuyaand Ettema 2015

Scour Condition A: In this scour condition, erosion occurs in the main

channel, for the reasagither thatthe bed materiaih the main channels more
erodible than thdloodplain or the abutment is e®ring more than % of the
floodplain width.

Scour Condition B: In this case the scour obnly takes place in the

floodplain, becaus¢he abument is far away from theain channelthus there is
no interaction between thmain channelnd thefloodplain flows in a bridge

contraction.
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Soour Condition C: In this scour conditionthe embankment breaches

fully, such that the flow passes from both sides of abutment and the abutment
column is exposed as if it is a pier.
The Ettema et al (2010)lustrationfor abutment scour conditions A, Ba@ C for

the compound channel has been reproducé&ture2-12.

Scour conditionA

Scour condition B
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Collapsed Pan
__of the Embankment
o |

Scour condition C

Figure 2-12 Abutmentscour conditions in a compound chann&cour Condition A-
bank failure and failure of the abutment faSeour Condition B failure of the abutment
face and Scour Condition Ebreaching of the approach embankméReproduced from
(Ettema et al. 200D
Ettema et al(2010) alsanvestigatedhe important aspect of geotechnical failure
of the embankmentHowever, if the geotechnical failure is nabnsideed then the
abutment scoursr el ated to the Laursendés theoretioc

clearwater as well as livded scour conditions with amplification factdksaursen 1960

Laursen 1968

Youx =aYe (2-34)

in which Yna is the flow depthcorresponding to the maximum scour depthjs the
mean flow depth of the theoretical contraction scour, @iglthe amplification factor.

Maximum scour depth for the abutment scour condition A and B are:
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-10 for Scour Condition A

A=Y, - Y =Y, gq mﬁﬁa%qng
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_ _ g7l Q0 20, Q \ .
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in which, d= scour depthYmax flow depthat the point oimaximum scour depth¥; =

main channelapproach depthYn= floodplain approach depthCra= coefficient of
turbulent influencdfor scour condition Aat the abutment)Crg= coefficient of turbulent
influence (for scour condition B at the abutment), = value of gma/qz for the scour
condition A mg = value ofgmay/gz for the scour condition Bgmax= dischargeper unit
width at the point of deepest soan themain channelgm= dischargeper unit width in
the approach section in tmeain channel g.p= dischargeper unit width inthe bridge
sectionin the main channel 7= shear stresfor the floodplainin approach flow sectign
7= critical shear stress for sediment movement; dischargeper unit widthfor the

floodplainin the approacksection andg:, = discharge per unit width for tH®odplainin

the bridge sectian

2.10.5. Abutment and Lateral Contraction Scour Interaction

(Compound Channels)

Bridges are mostly located in compound channels having flofloaaplairs in
flood conditions only. For shallow depth @bodplain flow, there is a great contias
between flow velocity inmain channeland floodplain which results inshifting of
longitudinal momentum frormain channeto floodplain Total flow in such casds less
than the sum of tweaestimatedflow components(main channeland floodplain). In

general, floodplain flow is underestimated and is somewhat compensated by
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overestimationof main channeflow. Wormleaton ans Hadjipanagave threedivided
channel methods$o calculate the discharge in compound channels, out of whih
diagonalinterfacemethod gives a better estimatipormleaton and Hadjipanos 1985

In manylaboratory experiments, the abutments are placed in rectangular channels,
which experience different conditions than what exist in the field conditof natural
streams and prismatthannelsThe experiments show that the length of abutment is a
strong variable contributingp the scour around the abutmeHbwever, it has also been
observed that scour & function of redisthution of flow between thenain channeénd
floodplain, so for the same abutment length, scour depth can be different for different
approach flowconditions and redistribution in the contracted sect®&mrm 2006 Hong
2013. With the decrease iiow depth infloodplainthe secondargurrents and tloulent
stresses contribute more apparent shear stre€Sturm 200 The scour conditiongor
banklineand setback abutments alsodifferent, wherebanklineabutments are prone to
live-bedscourandsetback abutments are more likely to face clear water sooditions

Hong conducted experimentd the Georgia Institute of Technolqdgr free (F),
submerged orific§SO) and overtopping(OT) flow conditionswith ratio of length of
abutment to thdloodplain as 0.53. 0.71, 0.88 arshnkline abutments(Hong 2013.
Results of all three flow conditionwith dimensionless parametetsrived from the long
contraction theorywere comparedand formulas for prediin of abutment scour depth
were developedHong 2013 Hong et al. 201pfor long setback abutments (LSA), short
setback abutmen{$SA) andbanklineabutments (BLA)

The keyparameter for scour predictionftinis approach watheratio of discharge

per unit width inthe approach and bridge sect®(g./cx), where the bridge section
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discharge per unit width for the OT flow cases wassidered for the flow passing under

the bridge only as the overtopping flow does not contribute to the scour. This method for
SO and OT flows helpetb combire the vertical and lateral contraction scalata into

one prediction formulaFor shortsetbackabutmentsthe phenomenon is more complex

as the scour hole is initially developed in fleodplain but it then moves andeaches
equilibrium in themain channelso the formulas for longetbackabutments andankline

abutmentsverederivedseparatelyas follows:

6/7

Y, Y, eKp 90 eV
[2meX = 0.96—1% e&u g"ﬁuev—”w for LSA (2-36)
Yo Yo eU 0 8910Vt

Y Y eR g0.21 @V w6/7

—mzmax — () gp_m e—bu eeqee—m2 e for BLA (2-37)
Ymo Y é u ééqmll:é mclL,,l_,j

where,0  width-averagd bottom turbulent kinetic energyTKE) in the scour hole
along the downstream toe dfie abutment,Yy; and Yyu= approach flow depthn
floodplain and main channel respectively Y;, and Yn, = undisturbed flow depthin
floodplain and main channelrespectively Yimax and Yopmax = flow depth atpoint of
maximum scoutin floodplain and main channelrespectively g and g, are approach
and bridge section unit discharge valfmsthefloodplain g andg., are approach and
bridge section unit discharge values for thain channelVy; andV,y= approactsection
velocity in floodplainandmain channelrespectively, an¥;. and V= approach section
critical velocityin floodplainandmain channelrespectively

An important finding by Hong2013 is that for higherdischargecontraction

ratios (g2/qu), the effect of 0,/0. is smalleras compare to lower values ofdischarge
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contraction ratios/q;). This implies thatas we increase thldschargecontractionratio,
dependence of scour development changes fhentocal turbulent structure as expressed
by TKE to flow contraction ratiqqg./qi). Thus for LSA, the dependence on TKE is more
as compared to SSA/BLAs shownpreviouslyin Equation 236 and Equation 37.

Figure2-13 gives a graphical representation of the same phenomenon

40.0

LSA. 2 F

10.0

ool
1.0 15 2.0 2.5

d./d,

Figure2-13 Effectof 0 /6. onflow and geometric contractigiReproduced from
(Hong et al. 2019

Other important findings of the reseate given as

1 Length and location of the scour hole is dependent on the separation and
recirculation region for free (F), submerged orifice (SO) avertopping(OT)
flow cases.

1 For short setback abutment, severe flow contraction resulted in location of
scour hole neahe abutment in the main channel, which resulted in influencing

the failure of abutment itself.
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1 Normalized equilibrium time is a weak function @k/q:*V1/V.) but depends
more on the type of flow and abutment setbdiskance

1 For the formula given aboyethe proposed procedure for prediction of
equilibrium scouwas:

1. Determine approach independent hydraulic variables, using WSPRO or
HEC-RAS to compute water surface profiles through bridge.

2. Calculate approach flow intensify1/V.) from results of the pxeous
step and the sediment properties related to initiation of motion.

3. Determine unit discharge contraction rafep/q;) directly from HES

RAS or equation below:

M = Qur‘robstructed: le+Qf0 o Ym o I
Qtotal Qm2 + Qf 2 qmz qf 2

4. For OT flow case, the broad crested weir equation can be used to
calculate thevertoppingdischarge and the result can be usesteép 3.

5. Ratio of maximum abutment scour to theoretical contraction gegur
can be estimated as a constant or as a function of comnfurteulent

kinetic energy from a 3D model or frofn,/q,) obtained from step 3.

2.10.6. Pier and Abutment Scour Interaction

Piers and abutmerst experiencesimilar mechanisms responsible for the scour
processbut at different scaled-low separationturbulence a horseshoe vortexand a
wake vortex ar@resent in both cases, but the recirculation zone and the shear zone for an
abutment are more prominent for an abutment. In addition, if the abutment is long
enough, flow constriction results in acceleration andhérigyelocities responsible for the

scour processThe interaction of the two processes is a complex phenomenon and is
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difficult to model. Although there have beenumerousstudies ofisolated pier and
abutment scour, the interactiohthe two scour procsssrequire further investigatios

very few studies are availabfer the abutment and piecour interactionFor example,
Croad established a relationshipr pier scouraffectedby abutmenscourasds pie=0.90s

max (0s max IS maximum abutment scou(Croad 1989 Hong (2005)found that pier
presence in the vicinity ain abutment affects the location of deepssturpoint (Hong

2005.

Oben and Ettema (20Ltarried out an interactive scour study of abutment and
pier scouy both for spill-through and wingvall abutmentsand wall pier. The flow
conditions were kat constantind only free flow experiments were conductaach that
generallylive-bed scourcondition prevailedin the main channebnd clear watescour
condition in thefloodplain (ObenNyarko and Ettema 20)L1Experiments were run until
the equilibrium criterion was achieveixperimentdor the fixed floodplain andlve-bed
condition in the main channelere runfor 24 hours.For the experiments wherae
abutment failed in the floodplain the duration of experiment was about 6 hidwes.

following effects were observed:

Pier Effect on Abutment Scour.  In the experimentsa pier did not have
substantial effect on abutmestour althoughsome cases showedinor increasg or
decrease in equilibrium scour depthBecausethe experiments weréve-bed , this

marginal difference was attributed to bed forf@®enNyarkoand Ettema 20)1

For spill-through abutments on fixedfloodplain: The elative distancé/Ys <
5 was established as close proximity of the pier to the abutwetire L,=distance

between pier and abutment tard Yy; =water depth irthe approachloodplain Scour
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region was defined asthe area covered by the scour hole in lateral and longitudinal
directiors. For 2 <4,/Y;: < 4, the scour region increased sizeas compare to the size of
scour region in absence of the pi&t Ly/Y;; =3.20 the scauregiondoubledas compare
to absence of pier.

For spill-through abutment on erodible floodplain Pierin close proximityto
the abutmenteinforcedit and confined the rijap nearthe toe ofthe abutment, thereby
reducing the scouring. As/Ys increased, the effect diminished.

For wing wall abutment on erodible floodplain As there was naiprapto be
accumulated, the scour depth increased¥® This increase in the scour depth was

associateavith bed forms owing tolive-bedscour conditions

Abutment Effect on Pier Scour.  An abutmenthad significant effect on the
pier scour, whichvaried with the pier location and type of abutment.

Pier near spill-through abutment on fixed floodplain: Maximum pier scour at
the pier aligned withthe flowing waterand locatecaway fom the influenceof abutment
was 15%of abutment scourwhich increased considerabdg the pier movedhto the

influence of abutmergcour hole

Pier near wing-wall abutment on erodible floodplain The pier was plaakin
the main channe|l but thefloodplain was erodible, so erosion the floodplain relieved
the flow by an increase in the flow area through scouring which resuhereduced
velocitiesand thusmallereffect on the pier scour.

Pier near spill-through abutment on eodible floodplain: Two different
scenarios developed wherethre first condition,the pier at the toe of the abutment was

protected by the riprap of the abutment, thus showing very little or no scour. In the other
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condition, the pier at sufficient distace away from the toe of the abutment showed
considerably more scour than a pier out of the influent¢kexdbutment. It was observed
that for spillthrough abutmentsthe effect of embankment erosion reduced abutment
scour and thus the influence of abutrnen pier also reduced.

Conclusions of the studyere:

1  For spilkthrough abutmentsvith the pier located in the near vicinity of
abutment [(/Y», O 3 . tBe)abutment scour effectsgynificant and pier scour is
governed by abutment scour.

1  Pier presence does not prodacibstantial effect on abutmesdour

1  For short distansbetween pier and abutment, a larger scour hole is developed,
which encircles both abutment and pier.

1 Time development of scour shows deepest scour point movement from
upstream corner of abutment to downstream coffte. per, if closely located
to the abutmentmoves the maximum scour point ndae centerline axis of the

abutment.

2.11. Ciriterion for Long an d Short Setback Abutments

In a compound channel the length of abutment is a significant variable to assess
the flow interaction between tH®odplain and themain channellf the abutment is set
well back into thefloodplain the flow redistribution in tb contracted section will not
result in any interaction of th#oodplain and themain channelflow. However,an
abutment, which is long enough to force an interaction between the floodplain and the

main channelinvolves flow redistribution between tHi@odplainand themain channel
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The flow passing over the bank between fleodplain and themain channelhas
complexflow mechanics and thusas different effecten the scour proces3herefore,
classification of the abutment is very important. Abutteeare categorized as long,
intermediateand short setback abutmemibere the deepest point of the scour hole is in
the floodplain for the long setback abutments and in thain channeffor the short
setback abutmentd/elville (1992) assumed #t small abutments result in an abutment
scoursimilar tothat of the piers. He gave a classification of long, intermedaatd short
setback abutments with a wide range covering the intermedeb@ck abutments
(Melville 1992. Theclassification is as follows:

0 g0 1 Long setback abutments (Similar to pier)

1 @Y:Q 25 Intermediate setback abutments (2-39)

La/Y1> 25 Short setback abutments
wherel, = length of abutment and, = approach flow depth.

As given by Chang and Davis (1998)BSCOUR assumes thitoodplain flow
mixeswith themain channeand edistribute uniformly for the shorsetbackabutments
(Chang and Davis 19%8The criterion for the classification of the abutments is:

Setback B0OYsst ance OShortSetback

50Y,0 Set back DWst ainereedate BetbZck-39)

0.79%0O Set back Di st amhangSetback
where Y., = hydraulic depth in thenain channeland W = floodplain width in the
contracted sectiorzor the long setback abutments, no interaction betweeitothaplain
andmain channebccurs so the discharge per unit width is same as that of the ratio of

width in approach and contracted sectfdhis does not apply to OT flow caseBpr the
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short setbaclabutmentsthe velocity under the bridge assumedo be uniform forthe
entire crosssection, whichis used to calculate the@ischargeper unit width. For the

intermediate setback abutment an interpolation of the velocity is used

02 = Vshort* Yeo for short setback abutments
02 = 01 * (Wo/Wy) for the long setback abutmis
Vshort = Q/A at asetbacldistance 0bY,

Viong = Q/Asub at a setback distance @75V

Vintermediate= Vshort! [(Vshort= Vieng)*((s€tback5Yce)/ (0.75N-5Y;))]
whereVshor = velocity under the bridge for the short setback abutm¥htg,= velocity
under the bridge for the long setback abutmewtgmediaie= Velocity under the bridge
for the intermediate setback abutmemgs= discharge per unit width in the contracted
section,q; = discharge per unit width in the approach secWgn= width in the approach
section, and\, = width in the bridge section.

HEC-18 clasifies abutment setback according to thmensionless variabM/Y;;
(whereW = width offloodplainin the bridge section and, is approach flow depth in the
floodplain). The criterionW/¥;1;>5 classifies the setback distance to be sufficient enough
suchthat the deepest point of the scour hole remiairthe floodplainand converdg for
short setback abutments(Arneson et al. 2092 Hong (2013) suggested a further

modification in the criterion aé//Y;1 > 6 for LSA andW/Y;; < 6 for SSA.

2.12. HEC-18 Criterion for Interactive Scour Calculation

Hydraulic Engineering Circulat8 gives a criterion of addition of all the

interacting componentsf scour by first plotting the long term aggradation or degradation
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(aggradation is neglectetdeing on the conservative side), then plotting and adding the
contraction scour from below the degradation of the bed level, and then adding the
subsequent piear abutment scouArneson et al. 2092 The criterion for the assessment

of the size of the scour hole is 2 times the depth of the scour hole on each side of the pier
or abutmentlt further states that if the abutment and pier scour holes are overlapping
then magnitud of the scour canincrease. Therefore, it suggest® tdesign the bridge

span bridge openingand pier spansuch that theoverlapping of the scour holas

avoided

2.13. Field Studies

Availability of field data for the extreme flood events is one ofrtiwest critical
aspects in scour studjess the scour is generally measured after the flood has passed,
which gives the remnant scour value rather than the actual (&tuem et al. 2011
However,in certain cass of bridge scour, where thénstrumentswere placed for real
time data collection, the field measurements are available and a few studies have been
conducted to angte thesescourcases

The field studies explored for this research were identsieththat they include
more than one scour component interagtia@al time field data of velocity and scour
measuremengnd detailed geometric datBhe summary of the field studies is presented
in Table 24 which shows the scour type and interaction, chiasin@pe, type of flow (F,
SO, OT flow), type of data collected, and time of data collection (during flood or after
flood). Almost all the studies give the scour measurement after the flood event has

occurred which may not be a true representation of ¢heabscour at th@eak of the
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flood event Almostall the studiesummarized imable 24 are free flow caseshere he
discharge hagenerally been measured based on the stiigehargecurve and the
velocities have then been calculated from HEAS, but no method has been specified

for determininghe tailwaterlevel, whichsignificantly affectsthe scour development.
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Table2-4 Summary ofiield scourstudies

Scour | Channe = Hydraulic
References Type I OWl gsoil data Measurements
P[A[cC| Shape Type V] Q | Soil
(Zhang et al. 2003 | x| x | x | Cmpd. E X Interpolated
(Hon%oaf](;l Sturm X X | Cmpd. F M X After flooding
(Larsen et al. 2011 | x X | Cmpd. F M| M X During flooding
(Ting etal. 2011 | x Main F M X After flooding
(Hongggg Sturm X X | Cmpd. | OT M After flooding
(Lombard and o
Hodgkins 2008 X Cmpd. U E| X Not specified
(Lu et al. 2003 X X | Cmpd. F M| M X During flooding
(Shatanawi et al. o
X Cmpd. U E Not specified
2008
(Conaway 200y X | x| Cmpd. F M X During flooding
(Benedict et al. 2006| | x Cmpd. ) E X After flooding
(Conaway 2006 | x| x | x | Cmpd. F M| x During flooding
(Wagner et al. 2006| x| x | x | Cmpd. F M| M X During flooding
(Glven et al. 2005 | x X | Cmpd. F M X After flooding
(Muelle;ggg Wagne| X| x| x| Cmp. F M| M X After flooding
(Sturm et al. 2004 | x X | Cmpd. F M After flooding
(Sturm 2004 X Cmpd. F M X After flooding
(I?'Ir(i:\?iirodz(())gg nd X | x| Cmpd. F M X After flooding
(Coleman and .
Melville 200) X X | Cmpd. F M X After flooding
(Holnbeck and o
Parrett 199y X| x| x| Cmpd. E| X Not specified
(Niehus 199% X| x| x| Cmpd. F M X After flooding
(HOIq%%%( etal X| x| x| Cmpd. | OT E X After flooding
(Jarre;tgzgd Boyle X| X | x | Cmpd. F E During flooding

P: Pier scour; A: Abutment scour; C: Contraction scour; Cmpd: Compound
channel; Main:Main channel only; F: Free flow; SO: Submergedice flow; OT:
Overtopping flow; M: Measured; E: Estimated; U: Unknown
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An example of the interactive scour development which resulted in the failure is
the Houfeng Bridge in Taiwan in 20q8long et al. 2011l The bridge is located at a
highly populated area with a wideodplain on one side and is a slightly meandering
channel. Causes identified for the excessive erosion were bed degradation after 1999
earthquake, exposure of the partially suspenpipdline on the upstream side of the
bridge because of successtyphoons, whichresulted in jet flow at the bridge location,
and excessive scour because of jet flow itself. The failure was result of an integrated
effect of local scour, jet scour, bend scour, contraction scour, and long term degradation.

Big Sioux River Brigje at Flandreaun South Dakota with multiple spans has a
complex geometry which is located at a sharp bend in a compound cflzemseh et al.

2011). As the bridge is located at a sharp bend so the flow is concentrated away from the
bend which generates a higher concentration of flow gpaaticular pierlocations
resultingin higher scour valuetor 1993 floods As the flow distribution between the
main channe&nd thefloodplain varies with increase or decrease in the discharge so the
behavior of the flow at the higher dischaxgeiesfrom the lower discharge valudus,

the dynamic flow distribution depends on the discharge in a compound chafigkér

scour value on the outer side of the river bend shihat the bend affectpier and
abutment scour.

Current scour prediction methodgere evaluated by Lombard and Hodgkins
(2008) for 50 selected bridge sites in Maine with the use of field measurements and HEC
RAS simulatios for the flow depths and velocities measurements based on the design
discharge for the bridge lifd.ombard and Hodgkins 20p8Zhang et al. (2013) also

carried out the evaluation of current scour prediction models in Louisiana for which
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seven bridge sites were selec{gtiang et al. 2003 LADOT bridge scour database was
used for the field scour valueBEM (Digital Evaluation Modelland HECRAS were
used for estimation of discharge through satellite imagerg hydraulic variables
respectively.

Lombard and Hodgkins (2008) and Zhang et al. (2013) concluded that model
estimates were one to two orders of thagnitude higher than the field measurements.
Larsen et al. (2011) and Rossel and Ting (2013) found out thadiommsional models
are incapable of giving accurate estimates for complex field geometries. Another inherent
factor for discrepancies of thestudies in field and model results is the measurement of
field scour after thélood event than the real tinpeak flood valueConaway2007), for
his study of 17 bridge sites lllaska, overcaméhe discrepancyof real time field data
collection by taking measurementsvery 6 hoursand came up witlthe results within
reasonableolerance limitgConaway 200) The difference in the results was attributed
to the bed armoring factor and changes in flow distributfagner et al (2006)
concludedin his researcltthat the laboratory research has failed to capture the field
conditions an emphasized the need of reproducing the real time geometry and flow

conditions from the fieldWagner et al. 2006

2.14. Physical Model Studies

In the recent studies efforts have been made to close the gaps between the
laboratory experiments and field studies by reproducing field events through physical

modek in laboratory. Important considerations for the physical model study are
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geometric similarity, identification of the right dimensionless parameter, and sediment
size scaling issue (discussed in pafg.

Hong (2005)conducted a scour study tite Fifth Street Bridgeat Ocmulgee
River in Macon, Georgiaat a scale of 1:45 for 18%lood event.The flood event was
replicated withpiers in placeas well aswithout pies, so as to isolate the effect of
contraction and pier sco6turm et al. 2004Hong 2005 Hong and Abid 2016 The
results suggest that rapid pier scour develognmeakes a flowredistribution, which
affects the scour procesSeparation opier scourcomponentvas approximated by the
concurrent surface methdqtlanders and Mueller 1993Figure 2-14 shows that scour

measurementst pier locationsverereproduced with good accuracy.

Bent #2 ;

Bent #4 Bent #3

‘70 i 1 Il . ! L 11
0 20 40 60 80 100 120 140
Lateral Station, m
= =Initial ——Run1 -e-After 1998 flooding

Figure2-14 Comparison ofield data and model studgr 1998 Ocmulgee river flood
(Hong2009
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TowaligaRiver flood for Storm Alberto (1994Wwas replicated at the hydraulics
engineeringlaboratory of he Georgia Institute ofechnology at the scale of 1:6(3
shown in Figure 2-15. The flood event was submerged orifice flow with erodible
embankment in a compound channel. With the rating curve both submerged orifice and
overtopping flow cases were run for different abent conditions(Hong and Sturm
2009 Hong and Sturm 203}0Figure 2-16 shows thathe model replicated the measured
flood event values witleasonableccuracyHong and Sturm concluded that &inent
scour is a combination of lateral and vertical flow contraction in addition to the local
scour and computed the total scour as a multiple of the contraction component of the
scour for all three types of flow including free, submerged orifice andapf@ng flows.

The additive method of total scour prediction in case of interactive sesults in over

prediction.
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Figure2-15 Laboratorymodel of Towaligariver bridge(Hong and Sturm, 2010)
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Figure2-16 Comparison obridge crosssection for field measurement and model
study ofTowaligariver flood (Hong and Sturm 2009
Sturm (2004) analyzed the field datalqdril 1997 flood ofHighway 22Bridge of

Pomme de Terre River in Switountyin Minnesota. The bridgeadbanklineabutments
with two piers placed in the main channai a spacing of 40 ft. The slope tiie
embankment was 2:1 with riprap protecti(@turm 2004 Flood discharge was 5150
ft’/sec The bridge had to be closed temporarily for repair after the flood. For the field
geometry after scour, WSPR@N measurements were taken to verify the discharge,
velocity and elevationFigure 2-17 and Table 2-5 show the scour athe bridge and the
summary ofbridge scour parameter€lear water scour model suggested by Sturm
(2004) gives a fair estimation of the scour values based on the field measurements and
the WSPRO model, where tloddmensionless scour valuds{Y:,) was predicted as 2.64

which was well within the standard error of the suggested model.
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Figure2-17 Highway22 bridge cross secti@nd scour elevation over Pomiahe
Terreriver for 1997flood (Sturm 2004

Table2-5 Field measurement®r Pomme de Terraver flood dataat Highway 22 for

1997flood
Q (ft3/ seC)| Vmi/Vmc M Om2/Om1 Ymzmax (ft) Ymemax/ Yo
1.22.85
5150 (WSPRO) 0.336 2.976 19.84 1.755

For the same flood of April 1997 of Pomme de Terre River in Minngab&bout
10 kilometersdownstreanmof the Highway22 bridge near Hollowayanother bridge at
Highway 12 with wingwall abutments suffered heavy damage and scour exteluaa
to the abutment footingsFlow was measured to be 57%3/sec and the minimum
elevation after the scour was 963figure 2-18and Table 2-6 show the scour athe
bridge and the summary of vasias.Sturm (2004) analyzed the field data with the help

of WSPRO model. The velocity measurements showed the threshold b¥eHeed
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scour withVy/V, € 1. The predicted value resulted in an elevation of maximum scour
about 10 ft lower than the ground mseeements. For a conservative approach the
estimate remains on the higher side but the discrepancy was attributed to sediment
information limitation and that presence of both sand and gravel may have esused

armoring effect which is likely to result inwer scour values.
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Figure2-18 Highway 12 bridge cross section arsd¢our elevation over
Pomme de Terraver for 1997flood (Sturm 2004)

Table2-6 Field measurement®r Pomme de Terraver flood dataat Highwayl2 for

1997flood
Q (ftsl SeC) le/ Vmc M QmZ/ le Ym2max (ﬂ) Ym2max/ Y0
2.76/2.89
5750 (WSPRO) 0.335 2.985 29.8 2.94

2.15. Future Research Guiddines
Sturmreviewed the xsting scour predictiomethodsunderNational Cooperative

Highway Research Prografor NCHRP 2427 and gave recommendations for the
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prediction of abutment sco@®turm et al. 201)1 They developed set of five criteriao
be satisfied for an idealized formula. This included:

1. Adequately addressing the parameters that affect the physical process governing
the abutment scour.

2. Statinglimitation on the formulas with respect to the parameters on which they
are based.

3. Categoizing the laboratory experiments and reseamoéthods, whichHed to
development of formulas (e.g. experimental duration, particle size variety, types
of sediments, realistic geometries and scales, characterization of flowafield,
degree of idealizatign

4. Verifying formulas and comparison with other laboratory and field data, with
which valid comparison can be made.

5. Applicability and ease of uder design.

It was concluded that none tife formulas developed unthen had adequatky
addressedall the fve points. Therefore,it was emphasized that future research for
abutment scour should particularly concentmtehree distinct aspects to include:

1  Focus on better understanding of physical processes that cause abutment scour,
which includes physical @numerical models.

1 Inclusion of widespread use of reliable methods and scour countermeasures in
the design.

1 Emphasis on detailed real time flood event measurements and field data

collection n comparisonwith the post flood surveys and measurement of
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remrant scour hole with little or no knowledge of flow conditions that caused

the scour.

The above mentioned criteria described in NCHRR7 (Sturm et al. 201)1 for
future scour investigatiadoesnot only hold good for abutment scour but is an equally
good guideline for all scour studie&pplicability of the laboratory modelt the field
conditions and redime flood data at the time of peak of the event can help calibrate the

model with maximum accuracy agdnbe used to validate the modebults
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CHAPTER Il

METHODOLOGY

3.1 General

Interactionamong theypesof bridgescour {.e., lateral contractionsur, vertical
contraction scour, abutment scour, and pier scour) may or may notdegmemding on
the geometric location, flow intensity, and flow tyd® capturethe interactionof scour
componentsthis studyconsised of experimental apparatusxperimental settirgy and
type of data to be measursdchthatboth interactive and neimteractive scoucould be
developed and measured’he analysge of the datafor interactive and nointeractive
scour developmenthelped identify the relationshipfor interaction of components of
scour

A compound channel witfioodplainon each sidef themain channelvas set up
with different floodplain to main channetatio and different abutment lengths for each
floodplain The experiments consisted of two plsaae fix bed experiments and movable
bed experiments. Where movable bed experiments helped collecting the scour values for
the time development and equilibrium scour bathymetry and fix bed experiments were
used to measure the velocity, flow, and turbulemeceasurements. Details of the
methodology foexperimental setuggxperimental settings, and data collection procedure

are explained in this chapter.
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3.2 Experimental Setup

Experimentswere set up n the Hydraulic Laboratoryat the Georgia Instute of
Techrology. The gparatusconsiss of a constant heawlerflow water tankthatsupplies
water up to 9.5 cubic feet per second (cf$)e tank is linked to ar80 ft long and 14 ft
wide flumethrough two 6 and 12inch diametepipes To control the flow ratéhrough

the ppes, gate valves have been instaitedoththe pipes.
3.2.1.Flume Setting

Hong (2013) carried out a physical model study for the abutment and contraction
scour on a modified model of the Towaliga River. The modification was carrieftbout
the Towvaliga River bridge site near Macon, Georgia, for which a separate physical model
study for 1994 Tropical Storm Alberto wasnducted as discussed iRara2.14 The
modificationresulted in a simplifiecompound channdab obtain more features of the
flow field and wide applicability of the abutment/contraction scour model. ihbiades
making floodplain horizontal on both sides of thenain channelhowever, theman
channeloriginal shape was preserved with an alteration of straight channel instead of the
mild meandering riverThe same model has been used in this study with different
abutment ratios and addition of piers at different locations as per experirsettitads.
Abutment type wasspill-through abutmenthaving a side slope of 2:1 with riprap
protection. Some of the experiments were repeated by replacing thetrspiligh
abutments with wingvall abutments.The modified model of the Towaliga River is

shown in Figure3-1.
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Figure3-1 Modified Towaligariver model

The experimental flumevas 80 ft long, 14 ft wide, and 2.5 fthigh. The flume
had a concrete horizontal bed with steghlls boltedand sealedo preventany water
leakageAt the upstream end of the flumeel2-inch diameter ge from a large constant
head tanksupplied water The flume was divided into the following sectiors: the

entrancethe appioach the testthe downstream, anithe endtailgate sectiogas shown

in Figure3-2.
Entranciz Section Approach ‘Section Testchtion D/S ﬁection End ASection
Y | i | |
i i i i i i i
1 1 1 1 1 1 1
1 1 1 1 1 1 1
: : 3.3 mm Sediment : 1.1 mm Sediment : 1.1 mnf Fediment : 3.3mm : :
1 1 1 1 1 1 1
' ' ' ' | Sediment | '
1 1 1 1 1 1 1
1 1 1 1 1 1 1
| | | | Bridge | | |
1 1 1 1 1 1 1
: : Floodplain | : | | |
1 1 1 1 1 1 1
1 1 1 1 1 1 1
1 1 1 1 1 1 1
1 1 1 1 1 1 1
1 1
1 1 1 1 § 1 1 1
1 1 1 1 k 1 1 1
| i Main Channel | | | | |
1 1 1 1 ’ 1 1 1
1 1 1 1 i 1 1 :
: 1 1 1 I 1 1 1
1 1 . 1 1 ! 1 1 1
' ' Floodplain ' ' ' ' '
1 1 1 1 1 1 1
1 1 1 1 1 1 1
2ft 8ft 181t 171t 151t 8 ft 101t 24

Figure3-2 Definition sketch(Planview of the flumé
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The entrance section of the flumedhan arrangement that eliminates excess
turbulence so that water flowing in the flunveas undisturbed. This arrangement
consised of aseries of obstructions. The first element in the arrangemant 12inch
diameter diffuser along the entire width of the flume for edleat distribution. To
reduce turbulence, an overflow weies located 2 fdownstream of the headwall of the
flume. Three chain fence rolls wound with hehser filters were placed in the gap
between the headwall and overflow weir. Gaet further downstream, two bafflegere
installed, one consisting of wooden planks anel ather of a steel plate with 3ii8ch
diameter holes spaced 9/k&hes apart. Between the two baffles, another Hoage
filter wasplaced. This arrangement, showrFigure3-3, ensurd a smooth flow entry to
the flume.

An 8-foot-long transitionarea across thentire width of the flume, ahead of the
entrance section, ensdremooth entry of wateihis area lead® the approach section.
The flume in the approachhe test, andthe end sections consedd of horizontal
floodplains on both sides separatedabyain channelTo expand the range of geometric
variables in the compound channte width ratios By/By,) of the floodplain to main
channelwere kept a8:1 and 1:1 fortheleft and right floogblains, respectivelyas shown
in Figure 3-4. The left and right sids are defined while facing dowstream The
approachsectionwas 35 ft long with 3.3 mm diameter coarse sedimémithe first 19
feet which prevergd any sedimenertrainmentin the upstream approach sectiamd
ensureda fully-rough turbulent flow with a fulhdeveloped boundary layeFor the

remaining approach sectitength of 16 ftthe sediment sizevas kept ag.1 mm.
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The test sectiomas 15 ftlong. In the midile of this sectionthe abutmentpier,
and bridge settingsvere assigned toeach experiment Sediment size in this section
remaired1.1 mm. Thedownstreansection again consistiof 3.3 mmdiameter sediment
with a sectionlength of 8 ft.A 10 ft longend section for theedimentaccumulation
followed the downstream sectipmvhich terminatd at the tailgate with a mechanical
arrangement that conttet the tailgate positioms shown inFigure 3-5. Water passing
over the tailgate recirculatehrough theconstartheadtank.

The flume had two additional featuresFirst, amovable carriagevas installed
across the entire width of the flumeith a crossbarto hold an aoustic Doppler
velocimeter (ADV) anda point gaugeto take measurements of depth, velocity, and
turbulence at any point in the flum&econd, wooden templategrefixed in the flume
at 810 ft intervals and athe start andthe end ofthe test sectiorat an undisturbed bed
level, which helped accurately levethe bed. A removablealuminum templatevas also

used inthemiddle ofthetest section for accuraleveling

Figure3-3 Flumeentrance section andrangement for turbulence diffusion
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(a) Looking downstream (b) Looking upstream

Figure3-4 Approachsection

Figure3-5 Tailgatesection

3.2.2. Flow Meter

To measte the flow rate in the flumenagnetic flow meterareinstalledbothin
the 12inchand 6inch supply pipsleading to the flume. Uncertainty in the measurement

of the flow meteis°® 0 . Oftf/ Sec ¢fs).
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3.2.3. Bridge Design

The modeffor this study replicates standardwo-lane bridge used by Georgia

Departentof Transportation (DOTjor ruratregion bridges The lridge was supported

and attachedby an upper supporbeamover the entire crossection with an adjustable

nut and boltattachment This arrangemenénsure accurate bridge height for each

experiment when the bridgeas placel after leveling of the flume bedas shown in

Figure 3-6. A modelscak ratio of 1:45was applied tahe prototype bridge dimensions

Model dimensions are shownkigure3-7 and the prototype dimensions are as follows

a.

b.

Road width = 40 ft {or two-lane roadsvithout a sidevalk)
Bridge barrier 2 ft hig witha 1.5 ft top width
Pavement and slab combined thickness = 1.5 ft

Girder dimensionsire 1.4 ft, 1.5 ft, rad 9 ft for width, thickness, and spacing

respectively.

\ Flow

(a) Bridgeplacement in the flume (b) Schematiadiagram of the bridge deck

Figure3-6 Bridgedeck model
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Flow

—

Flow : 10,725

0.50 240 - 0.75
040

037

Figure3-7 Model bridge dimensions for Georgia DOT bridge at a soate45(All
dimensions are in inches)

3.2.4. Pierand Wingwall Design

Rectangular piersvith a ratio of1:45,in connection withthe twalane bridge
designused bythe GeorgiaDOT for rural regios were replicatedin this study A
prototype bridge pier dimension 42x42inches hd been usedavith a gap o0 ft center
to center between the upstream and downstreancgi@mn A pile capthatserves as
platform for bridge piersvas assumedo besufficiently deepsuchthatit is notexposed
even aftetmaximum scouringExposureof the pile cap initiates an altogether different
phenomenonKothyari and Kumar 20)2which is beyond the scope of this study
Therefore the length ofthe pier below theundisturbe bedlevel was keptaligned with
theassumed datum levdtree flow and SO flow experiments fibre rectangularipr for
long setback abutme(itSA) were repeated witlvall piers having no other difference in

the experimental setting such tlilaé difference with the type of pieould be observed
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The dimensions of the watler were same as that of the rectangular pier with the only
difference that the gap between the upstream and the downstream pier was covered as a

solid wall. The fabricateanodel pies and wingwall areshown inFigure3-8 .

(a) Rectangular angall piers (b) Wing-wall abutment

Figure3-8 Fabricatednodels for rectangular pier, wall pier, and wingll abutment

3.2.5. Bed Materialand Riprap

Forthe test sectiortyo types of materialgjver bedmaterialand riprap raterial
were selected.Uniformly graded materialwere usedin this studywith a geometric

standard deviation as  ¢1.35. A sieve analysisof the river bed material shows

uniformly graded sand wita geometric standard deviati@f s =(d,,/d,s)*°= 1.13.

The \alue of the criticalShields parameter}. , was calculated withShield< diagram
(as shown irFigure2-1) as 0.02. The size distribution of the sedimestcharacterized
by the sievediameter at which 50% of the material is finer by weidgbéy). For this
study, the bed materidiad adsp= 1.1 mm sand.

The HEC-23 design criterion, as given Bguation3-1, for the riprap design has

been used forthe riprap size selectioto protect the embankment ande of the
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embankment from erosiofMhis equationdepends orthe contracted section deptthe

contracted section Froude Number, and the abutment shape factor.

=5 __F/7 (3-1)

where dsp = median diameter of the riprapnd SG = specific gravity of the riprap
material. In this study, = flow depth in the contracted sectidf, = contracted section
Froude numberandKs = abutment shape fact@re. 1.02 forF,, <0.8). The contracted
section Froude number was well below 0.8 for the experiments in the Jtuglyiprap
size varied between4 and 86 mm for all abutmentsThe conservative choice of riprap

for the experimentsvas kept aglsp = 9.2 mm withA =1.25. Table 3-1and Figure 3-9

showthe important sedimenpropertiesand the size distribution of both the materials.
HEC-23 design includeariprap apron at the toe abutment, whictprevents toe failure.
During the scour procestheriprap apon provides ararmoring effect and reduces scour
within the abutrent toe areaThe wdth of riprap apron wasbased on HE@3
recommendations and was chosen t0 et for all flow conditions.

Table3-1 Sedimenpropertiedor thestudy
Sediment | Gso(mm) | Og ok Fe | Uk (ft/sec)
0.0765
0.269

Bed Material 1.1 1.13 26.6 0.032
Riprap 9.2 1.25 232.7 | 0.045
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Percent Finer (%)

3.2.6.

The data were measured yotinstrumentsa pointgaugeanda 16MHz Micro
Acoustic DoppleVelocimeter {6 MHz microADV). At the start ofexperiments, e
point gauge with an accuracy of°0.001 ft was used dr watersurface profile
measurementsFor the point velocity measurements 3-D downlooking ADV anda 2-
D side-looking ADV were usedA 16 MHz microADV can measure distarsap to 25
cm from the center o& sampling volume with an accuracy dimm. For nearbed
measurementsthe 3-D down-looking instrument was usedyhile for nearsurface
measurements, 2-D sidelooking instrumentvas deployed.Near the water surfaca 3-
D downlooking ADV was unable to take measurensetiecause ofinstrument
limitations. Thus,velocity and fluctuation componexin the vertical direction ould not
be measured by tH2D sidelooking instrumentin the near surface measurememtsth

the pint gauge and ADV were calibrated with respect to datum level such that there is no

100

60 f

40

20 f

84

1%

80 |-
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Figure3-9 Sizedistribution for bed sediment and riprap

Instruments for Measurements
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difference in the measurements of elevation lel#&ure 3-10 shows the comparison

between the measurements taken by point gauge and the ADV.

1.6

14 s

12| e

0.8 [ng

Elevation Measured by ADV (ft)
2]

d

.7 O Measured Values - - Line Of Agreement

0O 02 04 06 08 1 12 14 16
Elevation Measured by Point Gauge (ft)

Figure3-10 Comparisorof elevation measuresnt of point gauge anrdiDV

The ADV works on the principle that the reflectionfsound waveby the small
particles in the fluid (which are assumed to be moving with the velocity of fluid) shift the
Doppler frequency of the emitted acoustic sign@tse analysis ofthe accuracy of the
ADV shows thatthe ADV can accurately measure the velocity and Reynold stresses in
the fluid (Voulgaris and Throwbridge 1998The noise in the measurements can still
exist either by the reflections of theepious signals getting reflected by the uneven
surfaces in complex geometries or if the velocity to be measured exceeds-Hat pre
velocity range. This difficulty can be overcome by filtering the measured data. The data
was thus filtered by applying th@otocol for a minimum correlation of 70% for all three
components of velocity and keeping the signal to noise ratio (SNR) above 15 which is

recommended for both velocity and turbulence measurer{feotS ek 200L During the
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measurements, it was ensured that measured vethdityot exceed the p+get velocity
rangeas shown inTable 3-2, so that better accuraeyasachievedKaolin clay particles

were used to improve the correlation factor and SNR ratio where there was a difficult
measuement of velocity within the prset velocity rangeln addition, he phasepace
despiking algorithm wasppliedto remove any spikes in the time record caused by
aliasing of the Doppler signal whiechay occurcloser toa boundaryGoring and Nikora
2002. Only those measurements were kept where the filtered time data reteased
more than 60% of théotal measured time data. Typical values of correlation of the
velocity components were greater than 90% with SNR>15 and retained filter data more

than 85%.

Table3-2 Velocity range settingsor ADV (SonTek 2001

Velocity Range Max Horizontal Max Vertical
Setting (cm/s) Velocity (cm/s) Velocity (cm/s)
+3 +30 +8
10 +60 15
+30 +120 +30
+100 +300 75
+250 +360 +90

For an ADV, at highefrequenciesthe Doppler noise increases but at the same
time maximum feasible frequency is recommended for better accuracy. Sampling
duration is also casgpecific which can be determined by letegm sampling at a single
point (Garcia et al. 20Q5Chanson et al. 2007 Based on the previous experiments
conducted at the Georgia Institute of Technology the minimum sampling frequescy

kept as 25Hz and sampling duration was ke agnimum of2 min with as high as 5
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min for nearbed measurements aaseto-case basigLee et al. 2004Ge et al. 2005
Hong 200%. A comparison of the velogitand fluctuation measurements over time as
presented imable3-3andFigure 3-11 shows that velocity and fluctuation measurements
(for normal flow condition) gives satisfactory results if measured for a minimum duration

of 2 minutes.

Table3-3 Comparisorof velocity and fluctuation easurementsy a 3D down-
looking ADV for atime duration ranging frorth to 5 Minutedor thesameflow

condition
u \ w u' V' w' Data
Time COR SNR Retained
(ft/'s) | (ft/s) (ft/s) | (ft/s) | (ft/s) | (ft/s) %age

1 min | 0.999| -0.055 | 0.004| 0.225| 0.132| 0.107| 79.380| 16.450| 74.450
2 min | 1.008| -0.056 | 0.005| 0.224| 0.127| 0.105| 79.070| 16.935| 73.025
3 min | 1.003| -0.053 | 0.006| 0.226| 0.127| 0.104| 79.020| 17.003| 72.927
4 min | 1.004| -0.053 | 0.005| 0.227| 0.127| 0.104| 78.858| 17.318| 73.095
5min | 1.006| -0.052 | 0.005| 0.227| 0.127| 0.105| 78.794| 17.630| 73.472

20 1
—

— 1
1

—

=

Felocity (ft/sec)

-

0 50 100 150 200 250 300
Time (sec)

Figure3-11 Filtereddata for point velocity measurememsX, Y, and Zdirections
for the data showim Table3-3
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3.3  Experimental Setting

A long stbackabutment (LSA) is one for whickhe scour hole is within the
floodplain, whereas, for ahort setbackabutment (SSA) the setback distancesisall
suchthatthe scour holethe deepest point of the scour hole is inrien channeFor a
banklineabutmen{BLA), abutment covers the whole of theodplainthus the complete
scour hole is in thenain channelThe variables used in this study atgown inFigure
3-12 and Figure 3-13. Dimensionless parameters used as independeiabies in the
experimentsare approach flow intensityMi/Vc) both in the main channel and ithe
floodplain relative depth irmain channeto the floodplain (Ym/Y:), the type of flow
(free (F), submerged orifice (SOand overtopping (OT)) the relative length of the
abutment(L./Br), andthe presence and the location of fher, L/W. Figure 3-14 show
the schematic diagram of the experimental settiagd he profile view of section A

respectively
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Figure3-13 Definition sketch for the variables the bridge sectio(Profile view)
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Figure3-14 Schematiaiagram for experimental settings
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This study entailedt5 experimentsjisted in Table 34. For the largersetback
distance i(e. Lo/Bs = 0.41), experiments (without the pier) were repeated having pier in
place,for the investigation of the effect of the piérhepier location was sefloser to the
abutmentin one experimental setting and waplaced with the pier locaticaway from
the abutment such that the pier still remained in the influence of the abutment and
contraction scour holé@.e. Ly/W=0.18 and 0.35) The samesettingwas applied toall
three flow types by changing the tail wa{@W) and discharge). For the relatively
shorter setback distance of abutmerd. (./B; = 0.77), the scour hole in thigoodplain
entered into the main channel (for the experiments without pies)s he setting of the
pier, in the repeated experintenwasset such that in one case the pier was sufficiently
away from the bank afnain channebndfloodplain such that the bank does not affect
the interactive pier scoufi.e. L,/W=0.40). For the other case pier was placed at the
critical location of the junction of thBoodplain and themain channelreferred to as a
banklinepier (i.e. L,/W=1.0). For the intermediate abutment sitg/B; = 0.53) two piers
were plaed in thefloodplain for each experimensuch that the distance between the
pier was sufficient that their scour haelid not interact with each othe©ne pier was
located in the influence of the abutment and contraction scour hole and the other was
located out of the influemcof abutment and contraction scour hole. This second pier was
used to cpture pier scour only iifr flow case and pier and vexdil contraction scour in
SO and OT flow cases.

Experiments with spithrough abutments fdr,/B; = 0.41 and 0.77 (Run 1, 2, 3,
10, 11, and 12) were repeated with wingll abutments (Run 22, 23, 24, 25, 26, and 27).

Some of the experiments with rectangular piers (Run 6, 8n2i82@) were repeated with
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wall piers (Run 39, 40, 41, and 42)etail of dimensionless variables used in the set of
experiments is given imable 34.

Isolated vertical contraction scour was measured by experiments without
abutments. The absence of abutments eliminated abutment and lateral contraction scour
components. Three ftirent values of dimensionless variab¥g/Yn andVi/V,, both in
the main channeland in thefloodplain were used in SO and OT flow conditions.
Observations of the interaction between pied vertical contraction scour were collected
throughrepetition of theseexperiments with piersHowever, because of the absence of
abutment and contraction scour, these experiments involved no relocation of the pier.
Thereforeto compare the results with all three abutment lendth8«(= 0.41, 0.53, and
0.77), these experiments entailed two sets of the piers: onefloddplainand one on
thebankline

Threeexperiments, one each ftire Lo/B; = 0.41 0.53,and 0.77 wereconducted
for experimental settings of SO flow but withoue thridge decKi.e., referto experiment
numbes 18, 19,and20in Table 34). The purpos@f these experimenisas to observe
the effect ofvertical contraction resulting frothe bridge

For Lo/Br = 0.4], the wider floodplain in the contracted section had sufficient
spacein the lateral directionnext tothe abutment scouregion in which no scouwas
observedor the free flow experiment and only vertical contraction sceas yieldedn
the case of SO and OT flow experimentsolated vertical contraction scour was thus

measured in the experiments withiB; = 0.41.Figure3-15 explains this phenomenon
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Table3-4 List of experiments and variable parameters

Scour
RUN Ls/ | Flow & V_ml E i (Q;t Q, ;—I.(\e/\\f.' components
Bi | type |V | Vg | Yu | W cfs | g Alplily
1 F |0542|0.723[0.487| - ~ |3 | 148+ *
2 so |o0.589|0.725|0.556| - - | 4 |1547|* s |
3 oT |0561|0653|0651] - |0303|55]|1.714] * x|
4 F |0.655| 0841 0493 - = 37| 1477|* *
5 oT |o0.683| 0823|0657 - |o030| 7 |1.717]* x|
6 F | 0.648] 0.820 | 0.495 = 37| 1ar7|* [ * |~
28 | %M | so |os89|0.725|0557| 018 | - | a |15a7|* |+ |+ ]|+
7 oT | 0.683| 0.822| 0.658 030 | 7 | 1717 * | *|*|*
8 F |0.648]| 0.8 | 0.494 T 37 1477 * [ * |~
29 so |0589|0725|0557| 035 | - | 4 |1547|* |*|*|*
9 oT |0.683| 0.822| 0.658 030 | 7 | 1717 * | * | * |+
18 F |0586|0712|0554| - ~ | 4 |1547]* *
10 F |0.659| 0879|0509 - ~ |38 147+ *
11 so |o0579|0.711| 0.585| - - | 44|1522| x|
12 oT |o0.623|0784|0662| - |0406|65]|1.714|* x|
14 F | 0.68 | 0.879] 0.509 ~ 38| 147 |*[*|*
30 so |0579|0711|0585| 04 | - |44|1522| % |*|*|*
15 | %77 ot |o.622|0.784| 0.663 0.407| 6.5 | 1.714| * | * | * | *
16 F | 0.659] 0.878] 0.509 - 38| 147 |*[*|*
31 so |o0579| 0711|0585 10 | - |44|1522|* |*|*|*
17 oT |0.622| 0.784| 0.664 0.407| 6.5 | 1.714| * | * | * | *
19 F |05%|0791|0557| - ~ 44| 1522] * *
32 SO |0.831] 0.974[ 0522 - ~ | 5 1522 *
33 so |0.902| 1.041| 0.529| - - | 55| 1522 *
35 oT | 0.74 | 0.802| 0.648| - |0385| 7 |1.714 *
36| 0 | so |0832[0974[0522 ~ | 5 |1522] |*]| |*
37 so | 0.902| 1.041| 0.527 0'140& - |s5|1522] |*| |*
38 oT |0.731] 0.801| 0.649 0385| 7 |1.714| |*| |*
22 F | 0542|0.723|0.486| - ~ | 3 | 148+ *
23 8\}3\} so | 0589|0725/ 0.556| - - | 4 |1547|* x|
24 oT |0561|0653|0651] - |0307|55]|1.714| * x|
25 F |0.659]|0879]0507| - ~ |38 147+ *
26 8\/\7/\/7 so |o0579|0.711| 0.585| - - | 4a4|1522| * x|
27 oT |0.623|0784|0662] - |0406|65]|1.714|* x|
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Scour
Ls/ | Flow & Vie | Y i Qo Q, T.W. components
Run B ¢ — Q f elev.,
f ype | Vi, Via | Yo w cts fit NEITREY
39 F 0.648| 0.82 | 0.495| 0.18 - 3.7 (12477 % | * | *
40 0.41 SO | 0.589| 0.725| 0.557( w - 4 | 1547 * | *|*|*
41 ' F 0.648| 0.82 | 0.494| 0.35 - 3.7 11477 * | * |~
42 SO | 0.589| 0.725| 0.556( W - 4 (15471 * [*|*|~*
43 F |0.613|0.831| 0.487 %%‘g’ - | 33|1a7s| || x|+
44 SO | 0.5 | 0.726| 0.575 0.48, - 411572 * [*|*|~*
0.53 0.78
45 SO | 0.569| 0.682| 0.581 %Aé% - 3911582 * | *|*|*
20 F 0.600| 0.7 | 0.471| - - 4.111572(* *

Note F=free flow; SO=submerged orifice flow; OT=overtopping fldw;=distance
from the toe of the abutment to the centre of the Mérsetback distance BrLy);
yn= approach théloodplainwater depthy,;= water depth in the approach section of
the main channeB; = floodplain width;B,= main channel widtht_o/B=ratio of the
abutment length to thidoodplainwidth; Vi/Vic = ratio of the approach flow velocity
to the critical velocity in théoodplain Via/Vma = ratio of the approach flow velocity
to the critical velocity in the main channel, = overtopping dischargeQ) =
dischargeT.W. = tail water.A= abutment scou= pier scourlL=lateral contraction
scour, V=vertical contraction scour. Also ef to Figure 3-12 for definition of
variables.

Thetype of scourdeveloped in a given experimental settirgggiven in last four
columns ofTable3-4. The experiments were designgachthat multiple observations of
interactive scour and individual scour components could be observed simultaneously.
Thus one experimental setting having either a Iseifpackor a shortsetbackabutment
on the left floodplainhada banklineabutment on the rigthftoodplain which resulted in
development of different scour interactions and scour components bothfiodihglain
andin themain channel

Experiments organized by the type of scour show a representatidhe of
experimental methodology as givenTiable 3.5 In the table, the first column shows the

combination of scour components in an experimé&ar this purpose, four combinations
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of the scour interaction have been identified and color coded in the tatadeegsry |, I,

lll, and IV to coincide with the specific scour procedures developed in the, sdsdy

shown inFigure 3-16. For all four categories in this study, Free flow (F) cases have been
combined with submerged orifice (SO) aodertopping(OT) cases to investigate the
interactive scour as already established in the experiments carried out at the Georgia
Institute of Techology (Hong 2013 Hong et al. 201p Isolated pier scour and vertical
contraction scour observations were also collected to makengarison with the
existing scour pr edi cappearimgn eachdamshosvs thelstber s y mb
categorieghat were observed ian experiment. The last column of the table shows the

total number of observations thatre collected for each t¢egory of the experiments

from the complete set of experiments in this study.

o
i

Elgvaton
L)

y ()

x(fy X fft)
Figure3-15 Vertical contraction scour with and without abutment
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Table3-5 Tableof experiments showing the combination of scour components

Experiment Number
Scour Component/s (La/Bf) =0.41 (La/Ef) =0.77 oa1|o77| 041/WWA | 0.77/WWA | 041 0.7 W/0 Abutmant 041 Walled Pier | (La/Bf) =053

Tota

112|345 6|78 10|10 (12|14|15(16(17) 18 (1922|2324 25|26 | 27|28 (22|30 (3132|3335 36| 37 | 38 | 3| 40|41 |42({ B | M |45 enatiens
Ty'pE of Flow F|SO|OT| F|OT| F|OT| F|OT) F|SO|OT| F |OT|F [OT| NoBr | F|SO|OT| F [SO|OT|50[S0|50|SO|SO|SO|OT| S0 | S0 | OT | F [S0| F |50| F|S0|5s0
Pier Location I’{p/W} LEEY BE] Ve N oafos] 1|t o18|ossfoa| 1 04810 n18|0.1s|03s|03s|023f0s |0
I-Abutment/Contraction Scour LSA v v v v vivly Y v )
(Free Flow)

Y Y ¥ Y Y Y ¥ YIY]Y Y ¥ Y Y 12+2
Vertical Contraction Scour Yy Y Y ¥ Yy YlY YI3Y| Y| Y |3Y] Y ¥ Y 21
Pier Scour Y Y+Y Y+Y Y Y 4+2+1
|-Abutment/Contraction Scour LS4 + vly y y yly vy y vy 744

W ertical Contraction Scour (SO/0T Flow)

_YY Y1 Y Y| |2vY)|Y Y1 Y Y|y YIYIY|Y|Y|Y Y Y Y|Y] 18+4

Ill-Abutment/Contraction Scour +

¥ Y ¥ Y Y 4+1
Pier Scour (Free Flow) i
IV-Vertical Contraction + Pier Scour Y+Y Y YIY| 3+1+1
II-All Components Together
(50/0T Flow) Y ¥ Y Y YIYIYY Y Y|Y | 10+1

LEGEMD
Y WING WALL ABUTMEMNT READIN G5
Y BANK LINE PIER READINGS

Y WALL PIER RADIN G5
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Suggested categories for the scour interactidrabie 3.5are:
Category |. Abutment/Lateral Contraction Scour for LSA (with or without
vertical contraction scoyr This categorys a combination of local scour around
the abutment resulting from the turbulent structure of the flow and flow
acceleration by the width constriction becaus¢hefembankment terminating at
abutment for free @iw around LSA Vertical contraction scour is also added in
case of SO and OT flows;
Category Il . Abutment/Lateral Contraction Scour for SSA/BLA (with or without
vertical contraction scoyrThe definition is same as that of Category |, but for
SSA and BLA,;
Category Il . Abutment/Lateral Contraction Scour for LSA with pier scour (in
thefloodplain) in free flow cases anidl includes vertical contraction scour for SO
and OT flows;
Category IV . Vertical Contraction Scour and Pier Scour in the floodpdaitside

the zone of influence of the abutment.
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Figure3-16 Pictorialrepresentation of categories of interacseeur

Critical vel ocities calcul ated from
1.22 ft/sec for thdloodplainand 1.20 to 1.25 ft/sec for tmeain chanel due to varying
flow depth for different experimentsCritical shear stress value for the test section

sedimentdso = 0.0036 ft (1.1 mm)was 0.0.2 Ib/ft? as calculated from Shieldidiagram.

3.4 Experimental Procedure and Data Collection

The &perimentsconsised of two phases Phase one othe experimerg was
namedi Mov ab |l e B e s whereasghase mvefrtiie experiments was termed
AFi xed Bent dHxtipeenovaheebed experimentthe our holedeveloped

with time, andthe readings othe time development athe deepest scour point and final
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bathymetry at equilibrium wereneasured For fixed bed experiments, velocity and

turbulencemeasurements were taken in the approach and test sections
3.4.1.Movable Bed Experiments

At the start of an expement,the flume was filled with water at a very slow rate
suchthat the bed materiablid not move Once the flume was filled tihe desired level,
the water flow rate increased graduadly atail water elevatiorhigher tharthe required
experimentaketting, suchthat scourdid not start to developntil the desired discharge
was attained. Tail watevasthenadjustedo the required experimental setting. scour
hole developdat a very fast rate in the beginning, so the time logweent readings fo
the initial 12hours were taken at very shairhe intervak of 0.16, 0.330.5, 1, 2, 4, 6, 8,
10, and 12hours respectively. Subsequentlfme development readings were taken at
12-hour time intervak until the equilibrium criterion was achievedrigure 3-17 shows
the time development afielocationand magnitudef thedeepest scour point fétun 1.
The euilibrium criterionwas definedas explained ibection2.42.4that is when the rate
of change irthe scour depthat the deegstscourpointin 24 hourswasless than 5% of

the total scour.
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Figure3-17 Time development of deepest scour pqiRtin 1)

After the equilibrium conditionwas achievedthe water flow rate was reduced
and thetail gatewas raised gch thatany furthermovement of théded materiaktopped,
andthe bathymetry of the test section was measured thighADV. For the bathymetry
measurementsa fine resolutionof 0.1 ft in lateral direction and 0.3 ft in the flow
direction was maintainedin the bridge section anth deeper scour holareas.For the
farther reaches ahe main channebnd the floodplain lateral direction resolution was
still kept as 0.1 ft whereas the resolution was increased to 0.5 ft in the flow direction

In order to assess the uncertainty in the experimental results, some of the
experiments were repeated for tho@ankline abutment case for the sgilirough
abutments. Experiments for all three types of flows (F, SO, and OT flow) were repeated
thrice and the variation in results was less than 10%. Thisdasmnablyhigh accuracy
owing to the uncertainties involved in thexperiments inthe form of turbulence
characteristics, armoring effects, errors ifeneeling of the flume bed,and experimental
and instrumental errorslable 3-6 shows the comparison of results for the repeated

experiments.
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Table3-6 Comparisorof results for repeated experiments

BLA M/C
Run Vi/Vie | Ymo(ft) | Ymemax(ft) Ymzmax Ymo
Free FlowL//B;=1
4 0.84 0.48 0.81 1.71
6 0.82 0.48 0.85 1.79
8 0.82 0.48 0.79 1.67
SO FlowL//B;=1
2 0.72 0.55 1.02 1.87
28 0.72 0.55 1.06 1.94
29 0.72 0.55 1.12 2.04
OT Flow L/Bs=1
5 0.82 0.72 1.14 1.59
7 0.82 0.72 1.12 1.56
9 0.82 0.72 1.08 1.50

3.4.2. Fixed Bed Experiments

In the second phase thfe experimental procedure, with the help of wooden and
removable templates, the flume bed ve&$ to the undisturbed bel levdél was then
sprayed withfive to six successivecoats of polyurethanever five daysuntil the bed
materialbecame fixedand hard enough to sustdime initial flow condition overlong
durationswithout developing any scouas shown inFigure 3-18. This procedurewas
implementedo measurevelocity and turbulence for the initial experimental condgiion
the approach and bridge secson

Velocity and turbulence readinggere taken atthe approach sectiorthe bridge
downstreamend, andthe abutmentdownstreantoe, referred to asectiors 1, 4, and5
respectively as shown in Figure 3-19. Water surface profile readinggere alsotaken
with the pointgaugein the initial stage othe experimentsin the approacisection (C.S.

1), point velocities weraneasurect multiple verical profiles at a intervaldistance of 1

102



ft in thefloodplain (at a distance of 0.5 ft near the wall)d at a distance of 0.4 ft in the
main channelln the floodplain 8-10 point velocities were measured in each vertical
profile and 1315 point velocies were measured in tmeain channefor each vertical
profile. In the bridge section (C.S.,4)pint velocities were measured every 0.5 ft and 0.3
ft for the floodplain and themain channelrespectively.Time averaged point velocities
were integrated a@r the depth and then over the entire cross section to obtain the width
averaged discharge valu@g/q;) in the approach section (C.S. 1) and bridgevnstream
section (C.S. 4) fofloodplainandmain channelTurbulence measurements for thear

bed region were measuredtla¢ bridge downstream section (C.S. 4) almvnstream toe

of the abutment (C.S. 5). For some of the experiments (without piers) turbulence
measurements #te downstream toe of the abutment (C.S. 5) vedse measuredt 20%

and40% of the water depth.

Fighre3-18 Fixing of the flume bed
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3.4.2.1. Velocityand Turbulence Measurentsn
Mean velocity profile is affected by the presence of the;walvever out of
t hpeeariva | | r tlee timecavertaged velocity profile follows the relationship given
in Equation 32 for a steady flow in an open channel both for smooth and rough

boundariegLigrani and Moffat 1986Krogstadt and Atonia 1999Rahman and Webster

2005.
0@ 11,8248, A pu +22 ud#g (3-2)
u, K ¢V =+ k ¢d+

whereU(z) = time average point velocity* = shear velocitk = Von Karman constant

having a value of 0.41A = constant with a value of &)+ = roughness functiorty =
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Coles wake parameter, amd= wake function.For nearbed measurementt)e viscous
length scale is replaced by grain size roughkegaad for thenearsurface measurements

the wake correction is neglected. The equation thus transforms to:

U@ 1, 4z0
==—Ingg—Q+C )

whereks is the equivalent grain roughness and the valu€ wéarieswith flow regime
from smoothto fully rough flow depending orks” (whereks” = ks U-/v). For the fully
rough flow ks* >70) value of C is 8.,5and forthe smooth regionks” <5) the value of C

is (Hermannl979.
1 ¥
% nf)+ A (3-4)

The definition ofthe relationship for the transition regimb<ks~ <70) is given by

(Ligrani and Moffat 198%

~

_1 + B5. A- + s 3P 8
_kln(ks )+A+ 5- A I(In(ks Hsmég%gg
. (3-5)
nik." /5 .
h = s fi k 7
where ¢ I (70/5) or 5<k, <70

Putting the value off = 1 forks" >70 in Equation 3.5eturns the value of C = 8.5
and for smooth regimie” <5 returns equation 3.4 as defined(bl{ermann 1979 It was
suggested in the experiments in a uniform open channel for a smooth bed thatdke log
can be followed up to 60% of the deptfNezu and Rodi 1986 The value of shear
velocity (u+) in Equation3.3was calculated using theestfit logarithmic velocity profile

in the log layer for which the velocity maaements up to 60% die depth from the bed

105



were used Time-averaged point velocities in the log layar the normal scalevere
plotted against the depth) (on the log scale andlzestfit line was drawn by the method
of leastsquares. The value of tisbear velocity was then calculatedusingthe product
of the slope of théest fitline anda =0.41.An example is showm Figure 3-20 (L./Bs =

0.41, Q = 3 cfs, Free Flow Case, Ryn 1

1.00
o0 ADV Measurements
R? = 0.90
E0.10 -
N
0.01 - - -
000 020 040 060  0.80

U, (ft/sec)
Figure3-20 Bestfit line for velocity distribution over the deptheft floodplain Run
1, u- = 0.042ft/seq
Value of the shear velocity obtained was used to calculate the equivalent

roughness height by use &fjuation 3.3 and Equation 3.5 by trial and error. The

measured vertical velocity profishowed good agreement willguation 3.3as shown in

Figure3-21

106



25.0

200 - O ADV Measurements
/‘
-

150 M
>
100 | &%

5.0

0.0 S S

1.0 10.0 100.0

z/k,

Figure3-21 Vertical velocity profile comparison witkEquation 3.3Run1, u- =
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The procedure for obtaining the value of shear velagigndks/dso was repeated
for all the experiments conducted without the piers as the experiments with the piers were
the repetition othe same experimental conditiomgth addition of piey which does not
affect the approach flow condition. A summary of the values of shear veleckydso,
and constant C obtained ftie left floodplain, main channeland rightfloodplain is
presented imable 37. Critical velocitiesswerec al cul at ed f r egmationhe Ke u
which requires a vale okJ/dso. The value ofkd/dso has been consistent for all the
experiments with minowariation, whichcan be attributed to experimental uncertainty
and instrumental error. Average vaduef kJ/dsobased on the experimental results shown
in Table 37 were used as 2.65, 2.82, an@®or left floodplain main channeland right

floodplain respectivelyf or cal cul ati on of <critical velo
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Table3-7 Summaryof flow characteristics in approach flow

Left F/P M/C Right F/P
Run u* u* u*
ks/dso (Ft/s) C K</dso (Fi/s) C | kddsp (Fi/s) C

1 2.630 | 0.042| 8.800]| 2.898 | 0.054| 8.550( 1.910| 0.042| 9.080
2 2.601 | 0.046| 8.730]| 2.895 | 0.056| 8.536( 2.002| 0.048| 8.943
3 2.696 | 0.041| 8.816] 2.814 | 0.049| 8.624( 1.975| 0.041| 9.110
4
5

2.649 | 0.056| 8.579| 2.836 | 0.066| 8.502| 2.042| 0.055| 8.790
2.639 | 0.054| 8.602| 2.891 | 0.062| 8.506| 2.016 | 0.055| 8.802
10 | 2.822 | 0.044| 8.702| 2.964 | 0.058| 8.515| 2.103| 0.048| 8.893
11 | 2.544 | 0.045| 8.782| 2.943 | 0.054| 8.544| 1.938| 0.044| 9.070
12 | 2.681 | 0.050| 8.650| 2.956 | 0.060| 8.511| 2.134| 0.050| 8.838
18 | 2.535 | 0.048| 8.719( 2.890 | 0.055| 8.545| 2.043| 0.048| 8.922
19 | 2.631 | 0.046| 8.772| 2.897 | 0.062| 8.506| 1.930| 0.052| 8.908
32 | 2.450| 0.070| 8.520| 2.789 | 0.079| 8.500| 2.037| 0.072| 8.585
33 | 2.658 | 0.078| 8.500| 2.806 | 0.082| 8.500| 2.279| 0.074| 8.522

3.4.2.2. Pier Approach Velocity

Hydraulic Engineering Circulat8 defines that the pier approach velocity
should be measured directly upstream of the pier. However no specific criterion has been
mentioned for the location and distance of the point of measurefAamson et al.
2012. HEGRAS uses the dpn of maximum velocity in the cross section outside and
just upstream of the bridge. The maximum velocity is used as the pier approach velocity
for all the piers(Brunner 2001 For this study, pier approach velocity measurements
(depthaveraged velocity) were taken directly upstream of the pier at different points
ranging fromtwo pier-widths upstream of thedgeof theupstreanpier totenpierwidths
upstream of thedgeof theupstreanpier for all three types of flow (F, SO, and Adw
cases). The procedure was repeatedvio abutment ratiqd./B; = 0.41 and 0.7,7and
location of the maximum velocitwas foundfour pier-widths upstream of thedgeof the

upstreanpieras shown irFigure3-22.
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CHAPTER IV

ANALYSIS OF ABUTMENT AND CONTRACTION

SCOUR INTERACTION

4.1. Introduction

Abutment and contraction scour interaction for all three types of flows (F, SO,
and OT flow) is analyzed and presented in this chagibrs coversLSA and
SSA/BLA scour interaction with contraction scour, nan@ategoryl and Categoryll
types of scournteraction (as mentionad Table 3.5. Experiments conducted at the
Georgia Institute of Technology for a model scale ratio of 1:45 #lkincludes the
experimentsonducted by Hong (2013)experiments conducted at the University of
Auckland (Xiong 2017) for a model scale ratio 1:3@nd experiments conducted for
NCHRP 2420 (Ettema et al. 20)0have been used for the analysiiteria for the
classification of abutment length lamg and short sback abutmenarecovered in the
subsequent chaptersowever the shortsetbackabutment is defineds the length of
the abutment for which thenajor portion of the scour hole remains in th&ain
channelin addition to thdloodplainand the deepest paiof the scour hole is located
in themain channel

Hong (2013) developed the hypothesis that interactive abutment and

contraction scour for free flow cases {lBw) can be combined with the cases
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involving vertical contraction scour (SO and OT flows). fHfiere, experiment$or
the free flow condition havebeen consideredn the same category with the

experiments involving vertical contractisnout

4.2. Qualitative Observations

Scour isa function of geometric/flow contraction ratio, relatibackwater
depthratio (Y1/Y,), initial flow intensityin the contracted sectiomwkere the depth
average velocity is higher than the critical velogitgnd turbulentkinetic energy
(TKE) for thenearbed measurements which will be reéstto as bottom TKEKy).

For a hgher magnitude of scour parametdssth the extet and depth of scour hole
increase which also governs the location of the point of deepest scour.

A scour hole developsearthe toe of the abutment and expands both in flow
and transvesdirectiors. A flow separatiorzone developalong the abutmentyhich
starts from the upstream edge of the abutment and expandstiartteersealirection
as it moves downstreaof the bridge contraction. This flow separation zone merges
with the recirculation region ithe downstream directioifhe pictorial representation
of flow separation zone and recirculation region is presentegjure4-1.

Velocity in the flow separation zonés small (a stagnant or fluctuatingong
compared to the highest vatuevithin the same crossection In the transverse
directionmoving away from th abutment fagehis flow separation regioadjoinsa
high velocity regiondeveloped by thdlow convergace in the contracted section.
Velocity in the contracted section is highest at the junction between the flow

separation region and the contractednhigelocity flow. The value of bottom TKE
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(Kp) is alsoat the highestalueat this point (within the same crossection)dueto the

shear between thavd flow regions As the flow moves irthe downstream directign

the flow separation zone expandsus the highest bottom TKEK{) value tendgo

move away from the abutment. The normalized bottom TKE vélyle-{®) is highest

in the cross section at the toe of the abutment for all flow types and abutment ratios.

This observation is consistent with Ho{2§13).

0
2,
Flow Separation
|
4- E——
Flow Direction 3
— -]
-
6 >
£ > Scour Hole
> >
8,
10
12+ r
14
-6 -4 -2 0 2 4

X (ft)
Figure4-1 Definition sketch explaining the flow separation zone and recirculation
region
The deepest scour poiimt the lateral directions eitheralignedwith the same
point of highest bottonTKE (Kp) and highest velocityor in some cases even further

away from the abutment. The reason for the deepest scour pordudurther away
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from the point of highest bottom TKE{) and highest velocity is the riprapron,
which collapses as the scour hole develops and providdsetlemoring effect in the
area near the toe of the abutmefhis leaves theregion closer to the abutment
experiencing lesscour as compared to tlaljacent regiorfurther away from the
abutment inthe transvers direction However,in the flow direction the point of
deepest scour continues to movethe downstream direction with increase in the
scourdepth, whichs dependent othe flow contraction ratio d,/q;), backwater depth
ratio (Y1/Yy), and approach flow intensity i/V¢). The phenomenon ofelevated
velocity and bottom TKEKy) in the vicinity of the scour holeolds good for all three
type of abutments to include LSA, SSA and BL#&nd all three types of flows
including free (F) submergeatifice (SO) and overtopping (OT) flow casésgure
4-2 presents the graphical representation of the phenomforL,/B=0.41 and 0.77.

Flow rate per unit width in the contracted section at the downstream end of the
bridge normalized by the average approach flow rate per unit Yggth.g) changs
with approach flow intensityMi/V¢) and setback distanoé the abutment, bottor the
main channelnd thefloodplain Thus for lower approach flow intensityMi/V¢) and
higher setback distance for the abutment, the value of normalized flow contraction
ratio (0/0uavg) IS less in thefloodplain As the approach flow intensityv{/V,)
increasesthe normalized flow contractior{qiavg) IS observed to increase more
rapidly in thefloodplainthan in themain channe{comparerigure4-2 (a) with (d) and
(c) with (e)).

For short setback abutment$ie floodplain flow faces a larger degree of

contraction and alstends tointeract withthe main channeflow which results in
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higher flow rats both in thefloodplainand inthe main channelComparablancreases
occur innormalized flow contractiomatio (0x/qyavg) both inthe floodplain and the
main channelln other words, for shortesetbackabutmentsthe floodplain and main
channel flow interaction issignificant The equilibrium scourdepths for the
floodplairs and themain channelwere observedto be comparable for the short
setback abutment&igure4-2 graphically representhie phenomena explained above
both for longer and shorter setback distanoéshe abutments antbr different
approach flow intensitiem all three flowtypes(F, SO,and OT flows). The figure
includes initial bridge section geometry at the downstream end of the bridge,
equilibrium scour at the downstream toe of the abutment, bottom THJE (
normalized by the critical shear velociti{y(u-.>) both for downstream end dfie
bridge and downstream toe of the abutment, and normalized flow contraation

(02/91(avg) both for thefloodplainand themain channel
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Figure 4-2 Dimensionlessvariablesfor Lo/B; = 0.41 and 0.77bottom TKE (Kp)

normalizedby the critical shear velocity(Ky/u-?) for downstream end of the

bridge and downstream toe of the abutment, normalized flow contraction

(02/q1(avgy for thefloodplainandthe mainchannelinitial bridge section geometry

at the downstream end of the bridgaed Equilibriumscour at the downstream toe

of the abutment

At the interface ofthe floodplain and main channelthe velocity reduces

because of the flow interaction betwd®odplainandmainchannel, whiclgenerates
turbulent eddiesesuling in higher bottom TKEKy) values. This phenomenon occurs

regardless of the scour parametassshown inFigure 4-2. The higher bottom TKE

(Kp) valuemay resulin failure of themain channebank.
4.2.1.Velocity Profiles

Approach section andontracted sectiofdownstream face of the bridge)
velocities were measured as point velocities in different vertical profiles. Point

velocities were then integrated vertically over the entire depth of {fow the
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contracted sectignOT f | o wvelacities eaveréd measured for the flow passing
under the bridge owplandintegratedfor the water depth under the bridge) and then
divided by the flow depth taalculatethe depthaveraged velocity. Although the
approach flow velocity follows the logarithmic curve ftirve vertical profile,the
measurements were taken owbe entire depth and integrated ¢btain a more
accurateesult rather than applying the approximation beatfit curve.

In a compound channethe velocity distribution is different form a simple
rectangular channel where interaction betweenfltedplain and themain channel
flow affects the flow distribution. A shallow depth in theodplainresults in a higher
velocity difference betweethe floodplainand themain channelwhich decreases with
increase in the relative flow depth{Ym). Figure4-3 showsthat the approactiow
section velocity difference is higher between flbedplainand themain channefor a
free flow case (which has relativelhalow depth infloodplain resulting in smaller
value of Yu/Ym). As the relative flow depthYt/Ym) increasesfor SO and OT flow
case, the velocity in thBoodplain increases more rapidly than in thein channel
thus differences between thefloodplain and themain channelvelocity decrease
resulting in higher values of the relative velodi%u/Vim). For a contracted section,
the measurements have been taken for the flow passing under the bridge only (which
does not account for the weir flopassing over the bridge OT flow cases The
phenomenon still follows the same principle as in the approach section, but the
relative velocity ¥11/Vm) for an OT flow case shows a higher differenespecially
for the longer abutment length,(B; = 0.77) as showin Figure4-3. This difference is

subject to other contributing factors including the increase in the tail, watszase in
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the flow rate, flow interaction and redistribution betweenflbedplainand the main
channel in case df,/B; = 0.77. In contrast, forL./B; = 0.41, flow relief available to
OT flow cases in comparison to SO flow cases (where all the flow passes humder t
bridge), results insharp converging flovproducinga wider flow separation zone in
SO flow cases as compared to OT flow casBsere is also adifference in
contribution ofthe right-floodplain flow to the main channebetweenF/SO and OT
flow cases The bankline abutment causesconvergace of the completeright
floodplainflow in to themain channefor the F/SO flow case®ut some othis flow
passes over the bridge in OT flow cadestribution of the discharge per unit width
over the entire crossection fortheapproacklow and test section (downstream end of
the bridge) shows a better representation of the effect of change in the relative flow

depth {u/Ym) for LSA, SSA, and BLA as shown Figure4-4.
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Figure 4-3 Depth averaged flow velocity for free submerged orifice and
overtopping flow forLy/Bs = 0.41 and 0.7,4a) Approachlow velocity for Run 1,

2, and 3 withL,/B; = 0.41, (b) Approackiow velocity for Run 10, 11, and 12 with
L./Br = 0.77, (c) Contractesgection velocityfor Run 1, 2, and 3 with,/B; = 0.41,
and(d) Contractedection velocityfor Run 10, 11, and 12 with,/B; = 0.77
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Figure4-4 Depthaveraged flow rate per unit width for free submerged orifice and
overtopping flowfor Lo/Bf = 0.41 and 0.7,7(a) Approachflow rate per unit width

for Run 1, 2, and 3 with.o/Bf = 0.41, (b) Approaclilow rate per unit width for
Run 10, 11, and 12 with/Bf = 0.77, (c) Contractedection flow rate per unit
width for Run 1, 2, and 3 with.,/B; = 0.41,and(d) Contractedsection flow rate
per unit width forRun 10, 11, and 12 with,/B; = 0.77
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The increasein relative velocity Vn/Vima) betweenfloodplain and themain
channelwith increase in relative flow depth¥i{/Ym) specifiesthat relatively larger
flow is accommodated in thodplainthan in themain channehs the relative flow
depth {1/Ym) increasesThis postulates aimcreasing trend of relative unit discharge
(or/gma) with increase in relative flow deptiY{/Y). Theoetically, as the relative
flow depth {r/Ym1) approaches unityhe relative unit discharge{/gmw) should also
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approach unityThis theoretical agreement transforms the compound channel into a
simple rectangular channat the limit of very large depth&igure 4-5 shows the
relationship between relative unit dischargg/¢m) with relative flow depthYs1/Ym)

which includes redts for the current research and experiments conducted by Hong

(2013) and Sturm (2004)

1.00

O CWS GT Experiments
A Sturm 2004
0OCWS Hong 2013

0.80

0.20

0.00
0.00 0.20 0.40 0.60 0.80 1.00

Yfl/ Ym 1

Figure4-5 Relationship ofelative discharge per unit wid{b:/qm) andrelative
flow depth(Ysu/Ym) in themainchannel and in the floodplain

4.2.2.Water Surface Profiles

Water surface profiles were measured at multiple locations ifldbdplain
and in themain channetanging from near the abutmentaway from the abutment in
the floodplain in case of longsetback ad shortsetback abutments and in theain

channelfor bankline abutments. Range of the water surface profile @u/é¢he
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distance fronthe approach section in the upstream directiorthtest section and

further downstreanin the tailwater section of the flumeTotal range of the distance

was15 ft upstreanand20 ft downstream of the bridge section.

Water surface profiles show the head loss and#ukwatereffect (Y1/Y,) in

the bridge contraction as shown ifigure 4-6 (water surface profiles are for the

centerline of the main channeli.e. 10 ft away from the edge of the |8tiodplain,

looking in downstream direction)lThe backwatereffect in the floodplain is more

significant than in thenain channefor the obvious reason of higher relatiflew

depth of themain channebs compared tthe floodplain Therangeof the backwater

effect in thefloodplainis 1.03<Y3/Y,<1.36 and fomain channeis 1.02<Y1/Y,<1.18

18L
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w14
Flood-Plain Level
1.2 : :
30 40 50 60
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—O— Run 1 Free Flow —8—Run 2 SO Flow —A— Run 3 OT Flow

(a) Watersurface profilsfor Run 1,2, and3 with L,/B; = 0.41
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(b) Watersurface profilefor Run 10,11, and 12 with_,/B; = 0.77
Figure4-6 Watersurface profiles for centerline of the main channeHae, SO,

and OT Flows fot,/B;=0.41 and 0.77

4.2.3. TurbulentKinetic Energy (TKE)and VelocityMeasurements

Velocity and velocity fluctuation measurements were taken for all the
experiments athe downstreamface of the bridge (Section 4) and downstream toe of
the abutment (Section 5). For a fexperimentsthe velocity measurements were also
taken at the upstream end of the geidSection B The approach section was long
enough for the flow to fuyl develop therefore, a relatively smooth water surface was
observed in the approaskction. As the flow passed through the bridge contraation
nontuniform flow surfacewas observedear the bridge ithedownstream directian

At the upstream edge of thwidge, a relatively smooth flow was observed
with flow converging into the bridge contraction. As the flow pdsteough the
bridge section,a complex flowdeveloped due ta flow separation zone and high

velocity region adjaent to the flow separation zol@s explained ifrigure4-1). This

125



phenomenomproducedlow with higher velocity fluctuationsind higher velocities as
compared to thaupstream end of the bridgas the flowis more contracted in
comparison to the upstream end of the bridge due to expaofsibe flow separation
zone,both for thefloodplain and themain channelFlow contraction effestthrough
the bridgeare presentedn Figure 4-7, Figure 4-8, and Figure 4-9 which show the
time-averaged velocity vectors containing the transverse) (@nd vertical )
component of the velocitfi.e. sqrt(<v>>+<w %>)). These velocity components are
plottedat the briigeupstream end, bridggownstream endnd downstream toe of the
abutmentfor Rurs 1, 2, and 3respectively both for thefloodplain and themain
channel Figure 4-10 shows the velocity vects for Rurs 11, 12, and 13t the
downstream end of the bridgs the flow moves furthedownstream of the bridge at
the toe of the abutmerthe flow starts tointeractwith the recirculatiorregion, which
can be observed for the cross sections at the downstream toe of the abutment

As compared to the free flow case (Run 1) an additional vertical contrattion
the flow can also be observed in Run 2 (SO Flow) and Run 3 (OT Flow) at the
upstream edge of tHeidgewherea downward velocity vector showlse vertical flow
contraction As the flow passes though the bridge and exits at the downstream end of
the bridge an upward velocity component is also promineath for SO and OT flow

case.

126



16 \ T \
,,,,,,,,,,,,,,,, .
\
g4 Vo333 e L
c \§§§§§§ ,,,,,,, R
512 TN
© Seo.
> v
9 N
w 1+ N
AN
08 \ | \ \
0 2 4 6 8
Lateral Distance (ft)
" Bridge Downstream (Section-4)

Elevation (ft)
S
T T

-

=
o

Lateral Distance (ft)
Downstream Abutment Toe (Section-5)

Elevation
~

-
T

o
o

o

2 4 6 8

Lateral Distance (ft)
—= Velocity

Figure 4-7 Velocity vectors containing the transverge) and vertical (w)
componert of the velocity at thebridge upstreanend, bridge downstreanend,
anddownstreantoe of theabutmenfor Run 1 (Free Flowasg

127



Elevation (ft)
5 2 =

=
=

Lateral Distance (ft)
Bridge Downstream (Section-4)

=

Elevation (ft)
5 =

=
oo

0 2 4 6 8 10 12 14
Lateral Distance (ft)

' /\ Downstream Abutment Toe (Section-5)

£14
j
":“. 12
$ Recirculation
Region
08 | | | |
0 2 4 6 8 10 12 14
-~ BedLvl Lateral Distance (ft)

—>Velocity

Figure 4-8 Velocity vectors containing the transverge) and vertical (w)
componerg of the velocity at thebridge upstreanend, bridge downstreanend,
anddownstreantoe of theabutmenfor Run2 (SO Flow case

128



—» 1ft/sec

Bridge Upstream (Section-3)
T T

16 T T
7777777777777777 \\ \ \ \ | | | | |
AR
: S ) L
.912, AR N A
i \({ i
s J
— (VAR
w1 .
\'\\E P
08 | | | | -
0 2 4 6 8
Lateral Distance (ft)
16 Bridge Downstream (Section-4)
o O 1 o 1 1 T 1
\ il e ' ‘ 1 |1y 1\'\\\\\\ ’
A | PPN
c1al RN/ £/ IR IR N - ]
g4 \\ »/Wéﬁ\ \ . b [N \\\\ < /
g S SN A N NN A
.‘%1_2, N \; '\ e e o« « // -
w 1- Y
%
0.8 | | | |
0 2 4 6 8
Lateral Distance (ft)
16 "~ Downstream Abutment Toe (Section-5)
' / SN\t oo T
. / . \ |

08 | | | |

-~ BedLvl Lateral Distance (ft)
—> Velocity

Figure 4-9 Velocity vectors containing the transverge) and vertical (w)
componerg of the velocity at the bridge upstream end, bridge downstream end,
and downstream toe of the abutmentRoin3 (OT Flow cas¢

129



Bridge Downstream Run 10(Section-4)

Elevation (ft)

) 2 4 12 14
Lateral Distance (ft)
16 Bridge DowpStréam Run 11(Section-4)
: L,,,,,,,,,,L/,,,,,,,L ,,,,,,,,,, \ I o f | A ]
P o NPT I S B

Effect on Recirculation Region

With Type of Flow,

08! | | *
0 2 6 8 10 12 14
Lateral Distance (ft)
idge Dowfist’iyam Run 12(Section-4]
16, g\‘ yfisty (: )

Elevation (ft)
[
T

Elevation (ft)

0.8 L | | | |
0 2 4 6 8

-~ Bed Lvl Lateral Distance (ft)
—=Velocity

Figure 4-10 Velocity vectors containing the transverge) and vertical (w)
component of the velocity at theidge downstream enigor Run 10, 11, and 12
(Free SO, and OFlow caserespectively

130



Figure 4-11 shows timeaveraged bottom velocity vectors containing the
transverse ) and flow direction ) components of the velocity (i.e.
sgrt(<v>>+< u>>)) in the bridge section, showing the developmef the flow
separation zone as it moves downstream in the bridge contraction for Runs 1, 2, and
3 (F, SO, and OT flow, respectively). The separation zone is more prominent in F and
SO flow, whereas the weir flow in OT flow cases provides relief tdltdve passing

under the bridge, resulting in a more narrow flow separation region.
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(a) Run 1 F Flowbottom velocity vectors in the bridge section
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Figure4-11 Bottomvelocity vectors in the bridge section the transversé/) and

flow direction(u) componerd of the velocityfor Run 1, 2, and3 (Free SO, and
OT flow case, respectively
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The flow geometry in the bridge sectimcomplexand it generates turbulence
structures that are responsible for formihg interactive abutment and contraction
scour hole. Because of the smooth flow upstream of the britige turtulence
measurements were taken at the downstream end of the bridge and@autiséream
toe of the abutment. The turbulent kinetic energy (TKE) is defined asathef the
sum of squares dfme-averaged velocity fluctuation components of longitudind] (
transvers (), and vertical \{/) components of the velocities (i.e. TKE =
0.5<u’?><v/?>+<w %>)).

For the scoumprocessthe neabed turbulence measurements are important
because thegontributeto the development of the scour hole. Therefore, the turbulent
kinetic energy (TKE) was measured at the minimum possible distance from the bed (5
mm/0.017ft from the bed). Measurements were takethatdownstream end of the
bridge (Section 4) and at thewlinstream toe of the abutment (Section 5). It was found
that the TKE value was higher at the downstream toe of the abutridims
observation was consistent for all the experimdfitpure4-12 showsthe bottom TKE
((Kp) = L/2(<u>><v>>+<w %), for the neabed measurementsormalized by the
square of the critical shear velocitg,(u-?) for section 4 and 5 for Ruh (F Flow)

along with the contour plot for the equilibrivsaourcondition.
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Figure 4-12 Normalized bottom TKE (Ky/u«?) for section4 andsection5 and

equilibrium contour ploof Run 1, (F Flow, La/Bf = 0.41,Vi1/Vic =0.542,Vit/Vimce
=0.723

Turbulence kinetic energy measurements for the downstream toe of the
abutment were also taken at 20% and 40% of the water depth from the undisturbed
bed level in addition to theearbed measurements for some of #xperiments. It was
observed that the TKE value was highest for the -head measurements, which
reducedwith increase in distance from the békhis observation is consistent with
Hong (2013) Figure 4-13 shows theTKE values normalized by square of the critical

shear velocity/u-.%) for Runl (F Flow) for near bed, at 20% of flow depth, and 40%

of flow depth for section.5
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Figure4-13 Normalizedbottom TKE (Ky/u«.%) for section5 of Run1 for nearbed,
20%, and 40% of thevater depthand equilibrium contour plo{F Flow L4/B; =
0.41,Vi/Vic =0.542, Viy/Vime =0.723)

4.2.4.Scour Measurements

Scour measurements were taken at the time of scour development as described
in Para3.4.1 The time development will be analyzed in the subsequent chapter.
However the equilibrium scour measurements wéaken for the complete test
section as a mesh gridfinal bathymetry at the equilibrium scour wpktted as
contour plots usingurfer-8 (Golden software Inc. Colorada} a contour interval of
0.05 ftto analyzethe location, shape and extent of the scour hole.

It was found thathe scour hole started from the upstream edge of the abutment
and expanded in the trswerse direction as it movetbwnstream. The location of the

point of deepest scowmaried dependingn the type of flow and the scour parameters
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including flow contraction ratiogg/q;), backwater depth rati@yi1/Y,), and approach
flow intensity {/1/V). After the point of deepest scoun the downstream directipn
the scour hole starts to reduce itgetal extent As the scour hole meets the
undisturbed bed level in the downstream directtbae deposition region starts where
the scoured materiad deposited. The scour holesa distorted oval shape with the
deepest point in the middle of the scbote. The distorted shape is an outcome of the
complex flow geometry in the contracted section, armoring effect of the riprap apron,
and the type of flow. For land SO flow caseshe shape of the scour hole remained
elongated andt moved away from the baitment in the downstream direction
However,for the OT flow cases thextentof the scour hole was larger in tHew
direction. The scour holewas observedelatively closer tolte abutment in OT flow
cases as compared toaRd SO flow caseas it movedn the downstreandlirection
This difference between the F/SO and OT flow cases is attribugedly to three
reasons(1) flow separatiorzoneis affectedby the weir flow passing over the bridge
for OT flow cases resulting in more narrowflow separation zoneréfer to previous
Figure 4-11); (2) weir flow passing over the bridge aa@ertical confinement to the
flow downstream of the bridgeand (3)weir flow affects therecirculation regiordue

to the vertical confinementThis phenomenon is presented Rigure 4-14 which
shows the equilibrium scour contours dahd photographs of the equilibrium scour for
all three types of flow for two different abutment ratlogB; = 0.41 and 0.77Scour

Contours and photographs of all the experiments are attached as Apfendix
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Figure4-14 Equilibrium bed bathymetry of test section for all three types of flows
for Lo/Bi=0.41 (Run 1, 2, and 3ndL4/B; =0.741Run 10, 11, and 12)

4.3. Interactive Abutment and Contraction Scour Prediction for

LSA (Type-I Scour)

In a bridge contractiomn embankment terminating at the abutment gives the
effect of both abutment and lateral contractidhus,the scour at an abutmentedo
not develop as an isolated abutment sdmuirratherincludes bottcomponentsit has
also been observed this studythat kateral contraction scounay or may not span
over the entire width of the contracted section (refdfigmre 3-15) depending on the
length of the abutment artide degree of contraction

Hong (2013, 2015) analyzed abutment and lateral contraction sowalr
showedthat combined lateral contraction and abutment scaarbe expressed an
amplification of the theoretical contraction scpuoposedy Laursen(1960). Laursen

and Sturm (2006applied a constant amplification factor to calculate abutment scour
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alonefor a solid abutmen€&ttema et al. (2010) applied a variable amplification factor

to free flow around an erodible abutment, but Hong included vertbeditacction scour

as well in submerged orifice and overtopping flows. Hong suggested using as scour
prediction parameters the approach flow intengify/., backwater depth ratifri/Yo),

and ratio of unit discharge in approach and bridge sex{mpr;). A constantscour
amplification factor I(t) was given as 2.51 for LSA with a coefficient of determination

of 0.86 and standard error of the estimate as 0.lb73. second formulation, was
shown that the amplification factor decreased with increas#d®iflow contraction

ratio (z/01) which corresponded to decreasedattom TKE Kp) as local turbulence
effects became less important than flow constriction in producing scour.

A nondimensional theoretical contraction scolbn{x/Y1) depends ortwo
parameterswhich include a flow contraction ratiogf/q;) and the approach flow
intensity ¥1/V¢). However, if the contraction scour m@rmalizedby the undisturbed
flow depth {/,) at the bridgean additioml factor of backwatereffect (Y1/Y,) adds to

the theoretical contraction scour as showkdunation4-1.

6/7

Y, eq,, %V, o9
f2max=,: f2:: fll:,lu OR
Yo @80 0V il
. N . 6/7 (4-1)
Yiomax _ €Y119, €00, , 26V, 09

=&, U e e
on éYo l:l @qfllk fclw
A dimensional analysiby Sturmet al. (2011)as explained in Para9 shows
that for a given type, alignment, and shape of the abutmerdbatment scouis a
function of thevariables as shown iBquation 42 (for definition of variables, refer to

Figure2-5).
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A geometric contraction ratid_{/Br) and all geometric ratigariablesincluding those
related to compound channel geometry and roughiffest six dimensionless
parameters on the right hand side of Eg2)¥can be combined io one parameter as
the flow contraction ratio q,/q;) related to flow distributioras gven by Sturm and
Janjua (1993,1994) and Sturm et al. (20The ratio of abutment lengtho sediment
size, La/dsg, is verylarge andthus does not affect the scour proc@eelville and
Coleman 2000Neglecting Froude number effects as second order, especially for

submerged bridgethe abutment scour equation can be rewritten as:

Yzmax - f

Yo (43)

-CDO

<<

<X
%

"Oé%_‘<°

cl

Following the theoretical contractistour approach in terms of arrangement
of parameters but with unknown coefficients, a #iesdf the experimental data is

proposed in the form:

o b o ~C
Y2max - aY:I. Q . Vl » %9 (4_4)
—a 2
v, TEL R, oY

A conadt ahnats tbeen added to the equation
factor and the theoretical contraction scour parameters have been kegingse
variable In addition,Y1/Y, represents backwater effecEs«xperiments were conducted
at the Georg Institute of Technology and University of Auckla@ong 2017)for
which themeasuredscour parameters and then-dimensional equilibrium scour are
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presented inTable 4-1. Experiments conducted by Hong (20X8)d Ettemaet al.
(2011) have also been included in the regression analfkmsse have not been

included in the table

Table4-1 Measuredscour parameters and normalized equilibrium sé@mutSA
experiments, includes both set of experiments fileenGeorgia Institute of
Technology and University of Auckland

Flow F/P
RUN 1 rype | B e [ YaYe | Ve | Yoty | V! Yo
1GT F 0.41 1.549 1.081 0.542 0.223 2.408
2GT SO 0.41 1.520 1.107 0.589 0.290 2.638
3GT oT 0.41 1.044 1.046 0.561 0.457 1.373
4 GT F 0.41 1.501 1.132 0.655 0.220 2.950
5GT oT 0.41 1.014 1.067 0.684 0.460 1.943
8 GT F 0.41 1.479 1.136 0.648 0.220 2.800
10 GT F 0.77 1.821 1.244 0.659 0.213 3.469
12 GT oT 0.77 1.154 1.098 0.622 0.457 2.554
18 GT F 0.41 1.670 1.097 0.586 0.29 2.438
19 GT F 0.77 2.103 1.215 0.589 0.265 3.287
22 GT F 0.41 WW 1.578 1.076 0.541 0.223 2.204
23GT SO 0.41 WW 1.556 1.107 0.589 0.290 2.024
24 GT oT 0.41 WW 1.042 1.044 0.561 0.457 1.612
25 GT F 0.77 WW 1.867 1.239 0.659 0.213 3.277

26 GT SO 0.77 WW 2.001 1.362 0.579 0.265 3.584
27 GT oT 0.77 WW 1.214 | 1.098 0.622 0.457 2.342

41 GT F 0.41 1.486 1.141 0.648 0.220 2.915
11 UCA FS 0.50 1.78 0.985 0.48 0.27 2.536
13 UOA oT 0.50 0.98 1.003 0.49 0.54 1.613
14 UCA FS 0.50 1.52 1.018 0.66 0.32 2.625
16 UOA oT 0.50 0.94 1.033 0.79 0.60 2.446
17 UCA SO 0.50 1.07 1.117 0.57 0.34 2.189
18 UCA SO 0.5 WW 1.15 1.117 0.55 0.34 2.145
19 UOA oT 0.5 Ww 0.98 1.003 0.49 0.54 1.538
20 UOA oT 0.5 WW 0.94 1.108 0.81 0.46 2.847
21 UOA oT 0.5 Ww 0.94 1.033 0.79 0.60 2.341

Note: F = free flow, SO =submerged orifice flowOT = overtopping flow
WW = wing-wall abutmentsGT = Georgia Institute of Technolog@xperimentsand
UOA = University of Aucklandexperiments
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431.Compari son with Ettemads Contract

Ettema onductedfree flow experimentsfor LSA under clear water scour
conditions and analyzed thexpilibrium scour by normalizing the maximum scour
depth {2may With theoretical contraction sco(Ettema et al. 2000 Ettema gave an
upper envelopecurve for the maximum nedimensional abutment and daaction
scour {Yimad Yic). Figure4-15 shows the comparison of the current set of experiments

with the envelopecurve suggestely Ettema
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o
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g I - A l’ I’
> o 8% <
2.0 oA
] *J
[ | el
1.0 ! )
0.0 1 1 1 1 1 1 1 1 1
0.0 1.0 2.0 3.0 4.0 5.0
(Q2/Gr1)
A Hong F Flow 4 Hong SO Flow 4 Hong OT Flow
8 GT F Flow 8 GT SO Flow a GT OT Flow
o UOAF Flow © UOA SO Flow © UOA OT Flow
¢ EttemaF Flow = = Ettema Envelop

Figure 4-15 Comp ar i s on envelop& tutve foathes maximum nron
dimensional abutment and contraction scdMmmalYie) With current set of
experiments (where Hong shows experimentsHioyg (2013) ,GT shows the
latest set of experiments @he Georgia Institute of Technology, and UOA Shows
the experiments conducted at theiversity of Auckland)
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The envelopecurve shows theelationship ofthe ratio of discharge per unit
width in approach and test secti@g/q:) with the normalized total equilibrium scour.
Experiments show that the equilibrium scour is higher in case of the new experiments
as compare to theenvelopecurve,with highervaluesin case of SO and OT flows.

This result validates the observatithat contribution of abutment scour component is
much higher(ranging up to a factor of 9. as compared to the lateral contraction
scourcomponent. A higher approach flow intensigyeaterbackwatereffect and the
inclusion of SO and OT floware the dter contributing factorto largerscour values

than observed by Ettema et al. (2010).
4.3.2.Statistical Analysis and Suggested Model

The set of experimentscluding the experiments conducted Hgng (2013),
Ettemaet al.(2011),the experimentsonductedor the current researdcht the Georgia
Institute of Technologyand experiments conducted #te University of Auckland
(Xiong 2017) was compared with the model suggested by Hong (2013) and showed a
reasonable agreement with a coefficient of determinatidh6sf and a standard error
of the estimate a® . 312 . The momatel ivhich thclubleshe gffed of
turbulent stresseson the amplification factoshowed a better agreement with a
coefficient of determination of 0.68 and a standard errahefestimateof 0.289.A
stepwise approach was adopiedhis researckor the regressionf the data using Eq.
4-4 as a modellnitially, all the three parameters including approach flow intensity
(V1/Ve), the discharge contraction ratio per unit widti»/¢:), and backwater effect
(Ya/Yo) were kept as separate variabl@his resulted in theelationshipgiven by

Equation 45:
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o 51 o 050 o 051
Yf2max Yflo quo Vflo
=2345 & =0 *g&==0 *a =g (4-5)
on éa(fo - @fl - g/fcl -

A bettercoefficient of determinatioiR?) of 0.82was achievedvith a standard error
of the estimat¢SEE)of 0.233. The regression resulted in almost identegbonents
(within the standard error of the paramet&rapproach flow intensityMi/V¢) and the
discharge contraction ratio per uwiidth (gr./gr) as 0.51 and 0.5@espectivelywhich
confirms that theoretical contraction scour parameters can be combmadsingle
variable. This result also validates the formulation Equation 44. The theoretical
contraction scour parameters wekept as asingle variable for the subsequent
regression which resulted ime same coefficient of determination of 0.82 and the
standard error of the estimate as 0.48th b = 3/2 andc = 1/2 Therounding of the

exponents wawithin thar standard errofThe final models given by Equation 4:

Y &Y., 0 &g, V., 0
f 2max o 2363* a f18 * aqu * ig (4_6)
on (?a(fo+ (5) f1 Vfcl+

Figure 416 shows the regression model for LSA under clgater scour
conditions. A comparison with the theoreticantraction scour (Theoretical CS)
plotted in the figure shows a much higher equilibrium scour as compared to theoretical
contraction scoufThe details okachregression are given ifiable 42, with residual
vs. fitted values plotted irFigure 417 for the suggested modelhich show an
unbiased trendThe summary is presented Tiable 43. The lower limit for initiation
of scour process determined by the mode{¥ig/Yi))*(Vi/Vic*qro/ar) = 0.20. The

maximum normalized scour for spitirough eodible abutments has been defined as
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Yeomal Yio = 3.6, as shown by the experimental results of Ettema et al. 2010. After
attaining the maximum value, the scour remairessame with increasan the scour

parameterdyut abutmentailure may result
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e UOA F Flow e UOA SO Flow o UOA OT Flow
¢ Ettema F Flow  ——Model = = Theoretical CS
Figure4-16 Suggested. SA regression model along with theoretical contraction
scour line
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Table4-2 Details of theregression analysis f&iSA

o L0 o BI7
HOI’]Mg ((:12?13) Yt 2max _ aaerl 8 2 51* aavfl % &8
ode on éa(fo 9 éta/fcl qfl 9
R’ 0.64 | SEE | 0.312
Y, &8 80.8 " AV g0
Modiied Model e xS .
on é‘,a(fo - (?']fl = (?/fcl qfl -
R’ 0.68 \ SEE \ 0.289
Y OY 61.51 é_v 60.50é 0,0.51
Seperats oers o SR S S
on éa(fo - glfcl - éa:lfl -
R? 0.82 SEE 0.233
Parameter Value SE
Coefficient 2.345 0.105
Stag:g%ggg Of Exponent oNu/Ye 1514 0.300
Exponent ofy/op 0.513 0.069
Exponent o1/ Vic 0.499 0.096
Taking Theoretical VT o o x05t
Y Y., Q daaV.. (|
Contraction Scour fomax 8938 * 2 356 Mmeq‘_zgg
as single Variable Yo ga(fo x Q?/m-:g 12
R? 0.82 SEE 0.230
Parameter Value SE
Standard Error o Coefficient 2.356 0.006
Parameters Ex%(z(r;)ei)r;[eonf{fé/f\/m 1.534 0.057
0.509 0.037
Or2/ > Vil Vic
.. Y oY 61.50 o°V o 560'50
s e o 0 gy B g
on éa(fo - glfcl —%ﬁqfl -
R? 0.82 SEE 0.230
Standard Error of Parameter Value SE
Parameters Coefficient 2.363 0.069
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Figure4-17 Residualf thefitted values for the interactive abutment and
contraction scour suggested modsiA

Table4-3 Summary of theegression resulf®r LSA

Model Best Fit Formula R | SEE | Comments
o, ALO 0 617
Hong(2013) | Yiomax _ Y118 *251*5‘8\4_1*&8 0.64| 0.312
MOdEl on (i;a(fo 9 g/fcl qfl 9
o A0, 016 o BI7
Hong(2013) | Yiom _gYnd 8020 %9 75 Wi, G2 8 0.68| 0.289
Modified Model Y, @ 0 &, 0 & q,0 ' '
0 (; fo =+ (; fl=+ (; fcl fl+
° 151 ° 050, 051
Separate | Yo _Hng spgm@nd 2@ | o] 0033
Variable Powers Y, & 0 &y C acq ) )
0 (; fo = (; fcl — (; fl-—
eoretica 3 ' 33\ Ra &
Contraction Yionar SY0g 2.356* gge\ﬁmeqf_zgg 0.82| 0.230
Scour asSingle Yo Se(fo 9 (?/fcl %Qlfl 0
Variable
Fixing the 3y A50 22\ M 53
Powerngithin Yiam :ger—lQ *2 363 Vi Qaeq'—zgg 0.82| 0.230 Slli/?ggslted
Error Term on éa(fo 9 @m —%Q}fl @ ode
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4.3.3.Backwater Effect

Backwater effect\1/Yo) is the measure of the degreecohtraction which is
the head required to negotiate the bridge obstructiba bridge obstructiomcludes a
geometric contractionin form of an embankmenand bridgegirders and deck
spanning over the entire cross sectiposing an obstruction to tHieow striking the
bridge (in case of SO and OT flows)he backwatereffect isthe most significant
parameter in case @fSA (as given by regression analysi8)shallower depth in the
floodplain as compared téhe main channekesults in a higher value dfackwater
(Ya/Yo) in thefloodplain An increasing degree of flow contracti¢ap/a:) andhigher
approach flow intensityMi/V.) also contributedirectly to the magnitude of scour as

shown inFigure4-18.
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Figure4-18 Backwatereffect(Ys/Yjo) for the LSAunderCWS conditions
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4.3.4.Wing-Wall AbutmentsFor LSA (Typei | Scour)

Experiments wre alsaconducted for the wingvall abutments under the same
flow conditions as that of spithrough abutments to make a comparison of wuad)
and spilithrough abutmentsExperiments were conducted fall the threetypes of
flows (F, SO, and OT flowsand forthree different abutment ratieath L,/B; = 0.41,
0.50, and 0.77 (experiments far/Bi = 0.50 were conducted at University of
Auckland) Table 4-1 also shows themeasured scour parameters and normalized
equilibrium scour for wingvall abutment experimen{avheref WW0 s hows t he w
wall experiments)A separate ragssion for wingwall abutments, by keeping only the
coefficient as variableto find the shape factpresults in a coefficient of 2.311,
standard error of the estimaté 0.329, and coefficient of determinatiaf 0.70.
However, theapplication of spilithrough abutment model withaefficient of 2.363
results in a coefficient of determinatioh0.69 and a standard error of the estimate
0.334. Thus, the variation the coefficient is less than 2%, which can be attributed to
experimental uncertainty, and it is concludledt wingwall abutments also follow the
CWS LSA modelfor interactive abutmentna contraction scour with a littleigher
scatter This higher scattercan be attributed d the limited number ofwing-wall
experimentsFigure 4-19 showsthatthe wing-wall abutment experiments conform to
the CWS LSA spilthrough abutment model. Howeyero upper limit is suggested

owing to the presence of solid wiugalls.
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Figure4-19 Comparison ofving-wall abutment experiments wibWS LSA
interactive abutment and contraction scour model

4.3.5.Comparison of HECG18 Model with Suggested Interactive

Abutment and Contraction Scour Model for LS@ypel Scour)

The interactive scour developmesidfected by sinultaneous development of
different scourcomponents, whiclaffects the total interactive scouilthis results in
less equilibrium scour than the arithmetic sum of the scommponents, whichs
recommended by HET8. A comparison of the HEQ8 and suggestethodel is
shown in Figure 4-20 for LSA. The scour components for HEIB have been
calculated by equations suggested in HEBCwhere contraction scour for CWfSes

equation derived from Laursen (1963) contraction scour thg@guation 26);
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vertical contraction scour uses equation Hase flow separation thickness under the
bridge (Equation 214) (Shen et al. 2092 and abutment scous calculatedfrom
Froenlichd sequation (Equation 228). Abutment scour isthe most significant
contributor to the totalcdur with an average of about 76% of the total scdartical
contraction scoucontributesl6 %, and ontraction scours 8% of the total scour as
per HEG18 methodology calculationddEC-18 predicts much higher values as
compare to suggestedodel, whit predicts the interactive abutment and caction

scour for LSA withinl0%of physical measurements
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(a) Cleamwater interactive abutment and contraction scour predietioG-18
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Figure4-20 Comparison otlear water interactive abutment and contraction scour
betweerHEC-18 andsuggested modéLSA)

4.4. Interactive Abutment and Contraction Scour Prediction for

BLA and SSA under CWS ConditiongType-1l Scour)

Hong (2013, 2015) analysis shows that interactive abutment and lateral
contraction scoufor abanklineabutment (BLA)is an amplification of the tlueetical
contraction scour given by Larson (I96The model suggests an amplification factor
(r7) of 1.66for CWScases

The similarity explained in Pard.3 and Equation 44 also appliedo BLA
interactive abutment and contraction scour. Measuremehtthe experiments
conducted for the current research for thmensionless scour parameters and the

normalized equilibrium interactiveébutment and contracti@tou for BLA aregiven
in Table4-4.
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Table4-4 Measuredscour parameters and normalized equilibrium sé@muBLA
experiments

Flow M/C
Run Type Lo/Br R/t | Yi/Yo | Vi/Ve | Yo(ft) Ymzmad Yimo
1GT F 1.0 1.487 1.033 0.723 0.479 1.745
2GT SO 1.0 1.501 1.057 0.725 0.546 1.874
3GT oT 1.0 1.241 1.029 0.653 0.713 1.265
4 GT F 1.0 1.452 1.061 0.841 0.476 1.708
5GT oT 1.0 1.140 1.043 0.823 0.716 1.585
6 GT F 1.0 1.456 1.065 0.820 0.476 1.790
7GT oT 1.0 1.135 1.046 0.822 0.716 1.560
8 GT F 1.0 1.456 1.063 0.820 0.476 1.668
9GT oT 1.0 1.137 1.045 0.822 0.716 1.501
10 GT F 1.0 1.805 1.111 0.879 0.469 2.256
11 GT SO 1.0 2.178 1.184 0.711 0.521 2.250
12 GT oT 1.0 1.433 1.063 0.784 0.713 1.746
14 GT F 1.0 1.945 1.111 0.878 0.469 2.102
15 GT oT 1.0 1.372 1.066 0.784 0.713 1.736
16 GT F 1.0 1.933 1.113 0.878 0.469 2.058
17 GT oT 1.0 1.351 1.067 0.784 0.713 1.537
18 GT F 1.0 1.419 1.051 0.712 0.546 1.749
19 GT F 1.0 1.980 1.109 0.791 0.521 2.142
22 GT F 1.0ww 1.451 1.031 0.723 0.479 1.952
23 GT SO 1.0ww 1.501 1.057 0.725 0.546 1.660
24 GT oT 1.0ww 1.175 1.028 0.653 0.713 1.305
25 GT F 1.0WwW 1.906 1.109 0.879 0.469 1.912
26 GT SO 1.0ww 2.199 1.184 0.711 0.521 2.080
27GT oT 1.0ww 1.401 1.063 0.784 0.713 1.663
28 GT SO 1.0 1.505 1.059 0.725 0.546 1.936
29 GT SO 1.0 1.503 1.058 0.725 0.546 2.044
30GT SO 1.0 2.213 1.184 0.711 0.521 2.063
31GT SO 1.0 2.170 1.184 0.711 0.521 2.163
39 GT F 1.0 1.454 1.069 0.820 0.476 1.948
40 GT SO 1.0 1.503 1.058 0.725 0.546 1.962
41 GT F 1.0 1.455 1.067 0.820 0.476 1.921
42 GT SO 1.0 1.502 1.057 0.725 0.546 1.951
43 GT F 1.0 1.542 1.053 0.831 0.474 1.889
44 GT SO 1.0 1.482 1.056 0.726 0.571 1.923
45 GT SO 1.0 1.417 1.052 0.682 0.581 1.878

Note: F =free flow, SO =submerged orifice flowOT = overtopping flow
WW = wing-wall abutmentsGT = Georgia Institute of Technologyxperiments
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The water depth in thmain channels higher as compared to tfleodplain,
which depends on theverbank flowm(Ysu/Ym). Thescour holeor abanklineabutment
develops in themain channelwhere theapproach flow depthY{y) is higher as
compared tothe floodplain; therefore the backwatereffect (Y1/Yy) is much less
Intuitively, the significance of thbackwatereffect (Y1/Y,) on the scour development
should also be less as compared to other contributing parameters.

Regressionanalysiswas applied to the data presentedTable 4-4 and the
experimental results of Hgr(2013 for BLA CWS experiments. Application of Hong
model and modified Hong model (accounting for bottom TKE)(did not produce a
good result and showehe biased residualgth higher standard error of the estimate
Application of Equation 44 by keeping theoretical contraction scour parametei® as
single variable resulted inkeetterregression model with a coefficient of determination
of 0.71 and stndard error of the estimat€0.151. The regression res#tiso verified
that thebackwater(Y1/Y,) does not affect the scour in case dbamkline abutment.
The model was adjusted within the standard error op#inameter, whiclgave minor
adjustmergin the coefficient of determinatioand standard error of the estimate. The

final model is given by:

° /2
Yo ad., » Vi Q
—memax — ] 725% ggme * —m i
mo (E%ml VmcL 6 (4 7)

Figure 421 shows the regression model for Blabutment and contraction
scour under clear water scour conditions. A comparison with the theoretical
contraction scour (Theoretical CS) plotted in the figure shows a higher equilibrium

scour as compared to theoretical contraction scour and the dotteditdaskows the
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extrapolation of the model results. The details of each regression are giNalernt
5 and the summary is presentedTiable 46. The lower limit for initiation of scour

process determined by the modef\ga/Vic*qme/0dm1) = 0.20.
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Figure4-21 Suggeste®LA regression model along with theoretical contraction
scour
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Table4-5 Details of theregression analyster BLA

o L0

BI7

Hong (2013) Y, ay, 0 av. . q,,0
m2max — 5n ml 1.66* g M * Im2
MOdel Ymo éﬁ(mo 8 (E:ﬁ/md qml a
R’ - \ SEE \ 0.319
Hong (2013 Y Y 8 g8 av 8"
Mogi?iged( Mod)el memax — gl g % qulzg *1.75% gg mLx 2 g
Ymo G "mo+ G Hm1 + CVma qml -
R’ - \ SEE \ 0.292
Taking Theoretical sy, & o ~055
) a
Contraction Scouf Tnzmax. Y—”ﬂg *1.712* Vo« qng
as single Variable Yoo CYmo~ CVma  Om =
R? 0.71 SEE 0.151
Parameter Value SE
Standard Error of Coefficient 1.712 0.025
Parameters Exponent of
0.55 0.056
QmZ/CIml* Vm1/ Vmc
Fixing the P Y A&V q,0
IXlng e owerg m2max — ml m2
Within Error Term =Ly ﬁ/_* q.,
mo (; mcl mL +
R? 0.70 SEE 0.153
Parameter Value SE
Standard Error of Coefficient 1.725 0.026
Parameters Exponent of
0.50 0.093
QmZ/le* le/ Vmc
Combined 9 ~050
Regression of BLA, szﬂ =1.722* %\//_ml* hg
SSA mo CVma qml =
R? 0.59 SEE 0.183
Parameter Value SE
Standard Error of Coefficient 1.722 0.004
Parameters Exponent of
0.50 0.091
QmZ/le* le/ Vmc
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Table4-6 Summary of theegression resulfer BLA

Model Best Fit Formula R®> | SEE | Comments
(2013) | e =£—”ﬂ§ *1.66*£\//—”‘1*h§ 0.35| 0.319
Model Ymo C 'mo~+ CVma qml -
(;'8?8) A 0 &g 0 6,0
2 ml m2 m2
Modified —B *%— *175* *q 6 -0.13 | 0.292
Model mo L i md Yt <
Taking
Theoretical . . 055
Contraction| Yo _ &Y 9 aV 4 0 Q
Scour as %8 *1.712* %* ; 8 0.71 | 0.151
Single G Tmo= G ma Hme
Variable
Fixing the 8 050
Y Q
F\;\z\t/\r/]?rrms Yiamax — 1 75 G/ « q—g 0.70 | 0.153 S‘,i/?g;;te‘j
Error Term mo ¢Vma O =
Combined . 050
Regression Yiomax _ AVig 4 On2 Q
of BLA, Y— =1.722* %* q 8 0.59 | 0.183
SSA mo CVma -

The BLA CWS model of interactive abutment and contraction was applied to
the shortsetbackabutmentgSSA) for the set of experiments conducted at the Georgia
Institute of Technology and the University of Auckland for which the measured scour
variables andneasured normalized equilibrium scour is presentethbie4-7. BLA
CWS interactive abutment and contraction scour model fits well with the SSA CWS
experimental radts as shown ifrigure4-22 (This includesexperiments conducted by
Hong (2013) as well)Figure 4-23 shows the residual plot for the BLA and SSA
experiments where the SSA experiments show a higher scatter as comakéd to
possiblybecause of the reason that the scour kolersthe area both in theain
channeland in thefloodplain for shortsetbackabutmentsThe standard error of the

estimate(SEE) for SSA was 0.@85. This higher error is attributed to experimental
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uncertainty,lower number of experiments, and existence of scour hole partly both in
thefloodplainand themain channel

Table4-7 Measuredscour parameters amdrmalizedequilibrium scoufor SSA
experiments

M/C Ym2maX/
Run Flow Type| LaJ/Bs W | YiYe | VaVe | Yo (f) il
1 UOA FS 0.8 1.389 1.044 0.750 0.523 1.492
2 UOA SO 0.8 1.507 1.058 0.796 0.625 2.073
3 UOA oT 0.8 1.382 1.006 0.712 0.856 1.887
4 UOA FS 0.8 1.358 1.052 0.980 0.538 2.027
5 UOA SO 0.8 1.653 1.065 0.912 0.686 2.304
6 UOA oT 0.8 1.481 1.053 0.858 0.812 2.352
7 UOA oT 0.8 1.460 | 1.051 0.893 0.894 2.206
8 UOA oT 0.8 1.412 1.028 0.605 0.887 1.667
9 UOA FS 0.8 1.450 | 1.003 0.747 0.578 1.951
22 UOA oT 0.8WW | 1.492 1.000 0.717 0.737 2.080
23UOA FS 0.8WW | 1.406 1.023 0.789 0.554 2.081
24 UOA oT 0.8WW | 1.490 | 1.005 0.495 0.841 1.336
25UOA oT 0.8WW | 1.421 1.026 0.759 0.891 1.915
11 GT SO 0.77 2.178 1.184 0.711 0.521 2.096

Note:F = free flow, SO = submerged orifice flow, OT = overtopping flow,
WW = wing-wall abutments, GT = Georgia Institute of Technology experiments, and
UOA = University of Auckland experiments
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Figure4-22 Suggested BLA CW$teractive abutment and contraction scour

model applied t&SA CWSexperiments
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Figure4-23 Residualof thefitted values for the interactive abutment and

contraction scour suggested modsA
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4.4.1.Wing-Wall Abutments BLA/SSATypei Il Scour)

Experiments were also conducted for the wivagl abutments under the same
flow conditions as that of spithrough abutments to make a comparison of wuad)
and spiltthrough abutments. Experiments were conducted fahadetypes of flows
(F, SO, and OT flows) and fanreedifferent abutment ratios with,/B; = 0.77,0.80
ard 1.0(experiments fot_,/B; = 0.80 were conducted #te University of Auckland).
Table 4-4 and Table 4-7 show the measured scour parameters and normalized
equilibrium scour for wingvall abutnent experimentéor BLA and SSA respectively
(where i WW0O s h o ws -wdll lexperiments).glt was found that wimall
abutments also follow the CWELA model for interactive abutment and contraction
scour with a little more scatter (this little highemater can be attributed to limited

number of experiments).
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Figure4-24 Comparison ofving-wall abutment experiments wiGWSBLA
interactive abutment and contraction scour model

4.4.2.Comparison of HECG18 Model with Suggested Interactive
Abutment and Contraction Scour Model for BLA/SSAypell

Scour)

The interactive scour developmestffectedby simultaneous development of
different scourcomponents, whichffects the total interactive scouthis results in a
smaller equilibrium scour than the arithmetic sum of the scour components
recommended byHEC-18 A comparison of the HEQ8 and suggested model is
shown inFigure 4-20 for BLA/SSA. The scour components for HA@ have been
calculated by equations suggested in HEBCwhere contraction scour for CWS uses

the equation derived from Laursen (1963) contraction scour th@éguation 26);
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vertical contragbn scour usethe equation based on flow separation thickness under
the bridge(equation 214) (Shen et al. 20)2 and abutment scouwomesfrom the
Froehlichequation(Equation 228). Abutment scour ishe most significant contributor

to the total scour with an average of about 78% of the total scour, vertical contraction
scour as 15%, and coattion scour as 7% of the total scour as per HBC
methodology calculationddEC-18 predicts much higher values as comgdcethe
suggestednodel, whichpredicts the interactive abutment and contraction scour for

BLA/SSA within 10%of physical measuremeés

4.0
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(a) Cleamwater interactive abutment and contraction scour predi&igh/SSA
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Figure4-25 Comparisorof clear water interactive abutment and contraction scour
betweerHEC-18 andsuggested modéBLA/SSA)

4.5. Comparison of the Suggested Models with Field Examples

Towaliga River flood forTropical Storm Alberto (1994) was reproduced in the
hydraulcs laboratory of the Georgia Institute of Technology as mentioned in Para
2.13 The flood was submerged orifice flow case with erodible embankment in a
compound chanelwith a long sdiack abutmendn one side and a bankliabutment
on the otherside. The field scour measurements and the scour parameter
measurements from the laboratory model based on Froude number similarity show

good agreement with the suggestedieio
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Missouri River flood(199) at Interstate70 near Rocheport, Missouri, for a
long setbacksolid wall abutment with field scour measuremeatfter the flood event
and available flow and scour parameters at the peak of flood @adctlated, based
on the upstream gauging station daaégo show an agreement with the suggested
model. The presence of solid wall tend to follow the extrapolated -tiashof the
model

The other twofield examplesare for April 1997 flood of Highway 2 at
Pomme de Terre River in Swi€ountyin Minnesota and Highway 1@ving-wall
abutment bridgein the same area 10 kilometers downstream of Highwayn22oth
the caseghe field scour measurements awbur/hydraulic parameters measurements
from theWSPRO model obtained from Sturm (200end Mueller and Wagner (2005)
have been used to compare whksuggested model.

Details of the field scour examples along with the source of measurements for
the hydraulic parameters and the predictedAsured Maes are summarized Fable
4.8 The equilibrium scoudepthsfor LSA (Towaliga Riverand Missouri Riverhave
beenplottedon the suggested model of interactive abutment and ctintiascour for
LSA as shown inFigure 4-26. The equilibrium scour for BLA Towaliga River,
Highway 12, and Highway 22) taa been plotted on the suggested model of
interactive abutment and contraction scour for BAsAshown irFigure4-27. Thefield
measurements for all four cases have been captuithih 10% accuracy by the
suggested models shown irFigure4-28 with the predicted valua little higher than

the observed, thus giving a conservative estimate of the equilibrium scour.
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Table4-8 Details ofthe field examples data

Method of Ymax (ft)
E Hydraulic Scour Abutmen | Flow | Predicted/ Abutment
vent length/
parameter | measurement{ ttype type | measured Category
measurement
Towaliga . . 31.7/30.9| LSA&
River Physical model Field/ after Erod_lble SO (FIP) BLA/
storm (Hong and flood Spill- g | 37.6/36.8 Category |
Alberto Sturm 2010) through (M/C) ' P
1994
Pomme
de Terre
River : Erodible BLA/
flood (s\t/l\J/rSan\);{c?o 4) Flefllglogfter Spill- fI(I):w 20.9/19.8 | Category
1997 through Il
(Highway
22)
Pomme
de Terre
River , Wing- BLA/
flood (s\t/l\J/rSan\);{c?o 4) Flefllglogfter wall fI(I):w 29.8/29.5| Category
1997 abutment Il
(Highway
12)
Field (extracted Solid
Missouri from u/s wall
River gauging station  Field/ after | abutment| F 20.8/21.3 LSA/
flood and postflood flood with flow ' "~ | Category |
1993 field guide
reconnaissance bank
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CHAPTER V
ANALYSIS OF INTERACTION OF PIER SCOUR WITH

OTHER COMPONENTS OF SCOUR

5.1. Introduction

In a bridge contraction, in addition to thateraction of abutment and
contraction (both lateral and vertiaggontraction) scour componentsger in the zone
of abutment and contraction scour atsmtributes to the total interactive scour. This
chapter deals with the interaction of other scour components with pier scour. This
includes category ll{abutment and contraction scour interaction with pier scour in
floodplain and categorylV (interaction of pier ad vertical contractiorscour) as
described inTable 3.5 for which experiments were conducted to capture the

respective scounteractions

5.2. Individual Scour Component Models

Researchers have analyzed individual scour components over the last few
decadesand numerous scour prediction models are available for the experimental
studies some of those includ@eld observations. The details have already been
discussed in Chapter 2. Pier scour models have developed and crystalized the most

over this time periodand they are generally viewed gwing a higher degree of
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accuracy in scour predictiothan for other types of scauHowever, vertical
contraction scour is relatively newtopic for which comparativelyfewer research
models are availabldt occurswhen bridges are subject to submerged orifice flow or
overtopping during extreme floods.e&earchers have focused @noviding an
envelopeapproach to cover the larger scatter and variability in vertical contraction

Scour measurements.
5.2.1.Pier Scour

Numerouspier scour models a@vailable however, HEC18 recommends the
Colorado State University equation (CSU Equation) and Sheppard and Melville
equation (S & M Equation). The equations were develdped a large data setnd
cover a wide range of parametehs.the current research, a few experiments were
designed to capture the individual pier scour component in order to validate the
observations of the current experimental setup with pier scour mabelsymended
by HEG18. The measurechormalized sour deph relative to the pier width,
(dsd@)measured IS plotted against thecalculatednormalized scour(dsd@)caiculata, IN
Figure 5-1 for both the equations recommended by HEC It was observed that
experimental results fall withih0% of the model values for both CSU equation and S
& M equation, which vadlates the currdg experimentalset up withrespect to

recommended models
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Figure 5-1 Normalized pier scour comparison of the measured and calculated
values forCSU equationand S & Mequation for the experiments condutfer
current research

5.2.2.Vertical Contraction Scour

Models for vertical contraction scquais discussed in Patal0.2 generally
take the approach flow intensity¥/y(V;) variable as the vertical contraction scour
parameter as most researchers have conducted the experiments without any lateral
contraction. However, in case of a bridge contraction wheréatbeal contractionis
caused by the embankmettite result 8 amuch higher flow intensity in the contracted
section Vu/V.) as compared tthat caused bya vertical contraction onlyThis higher
contracted section flow intensityy/V.) produces a higher value of the vertical
contraction scour as compared to thertical contraction scour withouiateral

contractionfor the same approach flow intensityiAVc).
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Lyn (20®) used contracted section flow intensity//c) for his model and
gave theenvelopecurve which was further modified by a highemvelopecurve br
the experiments conducted with piers. Experiments conducted for the current study
were designed such that individual vertical contraction scour component was captured
in most of the experiments. Experimemtsre also conductedt the University of
Auckland (UOA) for vertical contractiorscour, whichincluded both clear water and
live-bedscourconditions(Melville 2017).

Experiments for the current study were compared with Lyn model as shown in
Figure5-2. The comparison shows that the Liytodel (marked as black line in the
figure) does notserve as arenvelopefor all the experimental observationin
particular, data points with acontractedsection flow intensity \(v/Vc) near the
boundaryline between clear water arigle-bed conditions (0.8<V,/V; <1.3) do not
fall under theenvelopecurve. However, the Lynmodified model (shown as dark
brown line in the figurenvelops all the experimeat results including experiments
used by Lyn for his mode&nvelopecurve @lata of experiments conducted by Arneson
(1997), clear water scour experiments at the Georgia Institute of Technallegy,
water scour experiments by Shanhal. (2012, clear water scour experiments at the
University of Auckland, and live-bed scour experiments at the University of
Auckland. Therefore, Lyn modified model has been adopted for vertical contraction

scour for this study.
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Figure5-2 Comparison ohormalized vertical contraction scour within (2008)
model and modified modéhlso includes Arnesodatg

5.3. Scour Measurementsand Qualitative Observations

Experiments conducted without psemere repeated withdifferent pier
locations for all three types of flows (F, SO, and OT flows) whihpier located near
the abutment andisplacedaway from the abutment such that it remains in the area of
influence of the abutment and contraction scour hole. The pietidncaas set as
L,/W=0.18 and 0.35 for./B; = 0.41 and in case &f/B; = 0.77, the pier location was
setad /W= 0.40 and 1.0

It was observed that th&ze of thescour hole at equilibrium conditisras a

result of addition of the pier scour componesatsslightly less in cases where tpeer
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was located closer to the abutmeRter presencehannelizedhe high velocity zone
between the abutment and the pigngnnelization of high velocitwill be shown in

the subsequent discussion of deptteraged velocity distribution) which help
reduce the extent of the scour holéis phenomenon also affected the shape of the
scour hole by drifting the downstream side of the scour hole closer to and curved
around the abutment comparison to the experiments without pidnscase ofthe

pier located sufficiently away from the abutmésitill in the zone of influence)he
size of the scour hole increased total interactive scour (Type ll)Figure5-3 shows

a comparison athe equilibrium scour hole for a free flow case fqrB; =0.41, witha

pier (at two different locations) and withoatpier. For combinedpier andvertical
contraction scour (Type IVXhe extentof the scour hole increased as there was no
geometric confinement involved to channelize or restrict the high velocity ftag

the deepening of the scour hdilg addition oftwo types of scoufpier andvertical

contraction scourincreased the extenf the scour hole
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Figure5-3 Run 4, 6, and & flow case¥showing the effect of the pier on shape
and size of the abutment scour hole
Forisolated pierscout the upstream edgef the upstream pies the deepest
point of the scour hole In contrast the deepest poinin abutment and contraction
scourvaries depending on the scour parameté€hals, the interaction of pier scour
with abutment and contraction scour results in thigtinct points ofinterest One
point of interest is theffect of abutment and contraction scour on pier scour (this
accounts for the scour at the upstream edge of the apspir). The other point of
interest iseffect of pierscouron abutment and contraction scour (this accounts for the
deepest point of the scour hole anywhere other than the pier upstreamregige)
5-4 gives a pictorial representation tifese two cases of interactive abutment and

contraction scour witpier scour
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Figure5-4 Interactivepier scour with abutment drcontraction scour showing the
effect of abutment and contraction scour on pier scour and effect of pier on
abutment and contraction scour

Effect of Pier Location and Riprap Armoring on Pier Scour in the
Influence of Abutment and Contraction ScourHole:

For a pierlocated in the area of influence of the abutment and contraction
scour holethe magnitude of the scour at the upstream end of the pier is observed to be
higher than theabutment and contractioscour at the same location (for the case
without pier). This increase in scour is because of the flow dynamics around the pier
and the high velocity flow trapped between abutment and theRgme 5-5 gives a
pictorial representation of this observatidine initial bed elevations compared with
the measuredquilibrium scour bed elevation at the cross sectidhefipstream edge

of the pier The comparison is mader an SO flow casen Run 2, 28, and 29vhich
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is without pier, pier located close to the abutment, and pier located away from the

abutmentrespectivelyfor L./B; =0.41.

L./B; =0.41

=
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Cross Section Station (ft)
Model Bed Level

=== Run 2 Equlibrium Scour
=== Run 28 Equlibrium Scour
=== Run 29 Equlibrium Scour

Figure5-5 Effect of pier on equilibrium scour depth at pier upstream cses$ion

SO flow, La/Bf = 0.41, Vn/Vic =0.589, Viu/Vme =0.725 (Pieris color coded with

scour ling

For the interaction of abutment and contraction scour with pier sedare

the pier location is closer to the abutmethie upstream face of thgier was the
deepest point of the scour hole for the initial phase of the experibepénding on
the flow parametersncluding the approach flow intensityy(V.) and unit discharge
contraction ratio d/q:), the deepest point of scour movacross the ipr away from
the abutmenas time progressedhe riprap apron also stadto accumulate around
the pier giving an armoring effectwhichresuledin less scour at the upstream end of

the pier.In the experiments where the pier was relatifatyaway from theabutment,
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the scour at the upstream end of the pier incthamed the armoring effect also
diminishal as less riprap materialas able to accumulate around the pier. For a pier
location sufficientlyfar away from the abutment such that noraip material collapsed
around the pier, initially the pievas the deepest point of the scour hdlat as the

scour developdthe abutment scour also s&dto get deep enough to be comparable
with the pier scour depth.Bed elevation contours and phgtaphs of the bed for the
cases of no pier, pier near the maximum depth in the abutment and contraction scour
hole, and pier at the outer edge of the abutment and contraction scour hole are shown
in Figure5-6 andFigure5-7 for OT and SO flow, respectively.

Effect of Pier and its Location on Interactive Abutment and Contraction
Scour Hole: Pier location not only affects the magnitude of the scour tejehbut
also the location of the scour hokeor a pier location relatively close to the abutment,
the deepest point of the abutment and contraction scour hialeially acrossfrom
the pier away from the abutment. The pier presence and higher scour magnitude at the
pier upstreanedgeshifts the streamwisdocation ofthe point of deepest scour tfe
abutment and contraction scour hole fine upstream direction.However, no
significant effect is observed for the transverse direction of the point of deepest scour
(in comparison to the scour location without pier)

The relocation of the pidurther away from the abutment shifts the deepest
point of interactive abutment and cadtion scour in the zone between pier and
abutment.The flow dynamics around the pier and the high velocity flow trapped
betweenthe abutment and the piexct toelongate the scour hole the streamwise

directionn thus the streamwiselocation of the poih of deepest abutment and
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contraction scour also shifts e downstream direction as compared to the case
without pier, for the same experimental conditioh® change in the transverse
component of the location of point of deepest scour is obselwvetidition to the
effect of riprap on the pier scour interactiéiigure5-6 andFigure5-7 show theeffect

of pier location on the deepest point of abutment and contraction scour for OT flow
and SO flow, respectively.

At the stage where the abutment and contraction scour deepest point shifts in
the zone between abutment and the, glee interactive pier scour (at upstream edge of
the pier) and the interactive abutment and contraction scour (deepest point of the
abutment and contraction scour hole) magnitudes at the equilibrium condition become
comparable However, separate distinpbints of deepest scour at the two locations

exist within the same scour hole (refelFigure5-6 andFigure5-7).

045

x [ 03

(a) Run 5 OTflow, without pier Lo/Bf = 0.41,Vx/Vic =0.683,Viu/Vime =0.823
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xim
(b) Run 7 OTflow, Ly/W= 0.18,L4/B; = 0.41,Vi1/Vi. =0.683,Via/Vim: =0.823

Figure5-6 Armoring effect ofriprap on interactive pier scour in an abutment and
contraction scour holRun 5, 7, and 9 witlh.o/Bf = 0.41,Vs1/Vic =0.683 Via/Vime
=0.823)
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Figure5-7 Effect of pier location on deepest pointaifutment and contraction
scour hole

5.4. Velocity and Turbulence Measurements

Depthaveraged velocity profiles were measured at regular intervals both in the
floodplain and in themain channelin the approach and in the test section. In each
vertical profile 8 -10 measurements of the velocity were taken fofflttaplain and
12-15 measurements for thmain channel In the approactsection,the velocity
profiles arethe same as that of the experiments without piers as the addition of a pier
does not affect #1 apprach flow section. he relative approach velocity of the
floodplain to the main channelVx/Vm1) increases withincrease in the depth ratio
(Yr/Ym) of the floodplain to the main channelwhich results in an increase of the
relative discharge per itrwidth (gr/qm1) between thdloodplainto themain channel
(Already shown in chapter 4 &3gure 4-5). Depthaveraged pier approach velocity

was also measurathmediatelyupstream of the pieandthe highest deptiaveraged

183



approach velocity was used for pier scour prediction which wésuatpier-widths
upstream of the edge of the upstream pier.

In a contracted section velocity, the presence of the pier affects the flow
converging near the abutment by channelizing the flow into the area between
abutment and the pier resulting in a highdoery and reducing the width of the flow
separation zone along the abutment face. The relocation of the pier further away from
the abutment eases out the channelized flow, still giving a high veltmiyin the
channelized region. The comparison of thepthaveraged velocity profile in the
contracted section at the downstream edge of the bridge (with and without pier) is
shown inFigure5-8. This high velocity regio coupled with the flow dynamics around
the pier results in a higher scour in this region. However, the contribution of the
armoring effect of the riprap slows down the time development of the scour as well as
the magnitude of the equilibrium scour at testream end of the pier. For the pier
moved laterally away from the abutment, where the pier upstream edge is free of

riprap material, a higher scodepthis observed with a faster time development.
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Figure5-8 Effect of pier presence and location on velocity profile at bridge
downstream endSOflow, L4/Bs = 0.41 Vi/Vic =0.589,Vim/Vine =0.725

Measurementsf TKE near the bed were taken at section 4 (downstream edge

of the bridge)and section 5 (downstream toe of the abutment) for all the experiments

conducted witha pier. However, TKE measurements at 20% and 40% of the depth

from the initial bed level were also taken for a few experiments at section 5. It was

found that bottom TKEK}) was higher at section 5, however, the point value at the

location immediatelydownstream of the pier was much higher at section 4 than at

section 5 which makes normalized width averaged bottom Hgkr(>) comparable

for section 4 and section. SThis observation is different from thexperiments
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conductedwithout a pier. However, the comparable magnitude still allows the use of
bottom TKE Kp) at section 5 for consistenc@omparisorof bottomTKE normalized

by the square of critical shear velocitig/u-?) for Run28 (SO Flow, L4/B; =041),
between section 4 and section 5 and comparisoreaf bed measurements with 20%

and 40% depth from bed level is presenteBigure5-9 andFigure5-10, respectively

Ky/(Usc)?
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pu3 s/Q abpug ——
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] -1 0 1 2 3

Undisturbed Bed Level (ft)

Figure5-9 Comparisorof normalized bottonTKE (Ky/u-?) for section4 andsection
5 of Run28 (SOflow L4/B; = 0.41,Vi/Vic =0.589,Viy/Vime =0.725)
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Figure5-10 Normalizedbottom TKE (Kp/u-°) for section5 of Run28 fornear
bed, 20%, and 40% of the watlgpthandequilibrium contour plo{SOflow
La/Br = 0.41,Vi1/Vic =0.589,Via/Vime =0.725)

5.5. |Interaction of Pier and Vertical Contraction Scour (Type 11V

Scour)

The interaction of pier and vertical contraction scewas captured in the
experiments, which were either conducted without abutments or the pier location was
out of influence ofthe abutment and contraction scour hole. As already discussed
(Para5.2.]), isolated pier scour experiments satisfy both the CSU equation and
Sheppard and Melville equation for simple rectangular piers. Lyn modified model
which uses the contracted section velocity under the bridgst repesents the

isolated vertical contraction scour (as emvelopecurve) with a coefficient of 0.21
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and an upper limitor the dimensialess scour as Q.@his contracted section velocity
satisfes the cases with an additional involvementiatkeral contracton (as discussed

in Para5.2.9. It was found thator this case CategorylV), the sum of the two scour
components represerdpproximatelythe total interactive scouwhere thepredicted
scouris generallyslightly higher as compared to measured scasia conservative
approach.Figure 5-11 shows thecomparison ofinteractive pierscour withvertical
contraction scour (Category \Hetween measured and predicted values. The figure
includes experiments from the current study (for which pier scour was calculated with
both the equations, i.e. CSU equation and Sheppard and Melville equation),
experiments conducted at the University ofcRland for cylindrical piers (for which

pier scour was calculated with Sheppard and Melville equation), and a field example
from the Towaliga River flood for Tropical Storm Alberto (1994Yor a compound

pier, for which the pier scour was calculated frore thethodpresented for the
compound piergMelville and Raudkivi 1996 The set of experiments afidld data

points cover a rangef dimensionless scowf 0.7<dsdY; <1.3.
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Figure5-11 Comparisorof measured and predicted interactive pier and vertical
contraction scour

5.6. Interaction of Pier Scour with Abutment and Contraction

Scour (Type-1ll Scour)

This section dak with pier scour interaction with abutment and contraction
scour (Category Ill) aswo sub groups. These sub groups effect of pier scour on
abutment and contraction scour and effect of abutment and contraction sqoier o
scour.Table5-1 shows the scour parameters measured for the experiments conducted
with pier placed in the influence of the abutment scour hole along witlo¢h&dn of
pier, type of flow, abutment length, and the equilibrium scour depth measured for both
the locations including pier upstream edden{( Yo (Pier)) and the abutment scour

hole deepest poin¥fmal Yo (Ab)).
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Table5-1Measuredscour parameters and normalized equilibrium scour at the
upstream edge of the pier and at the deepest point of abutment and contraction
scour hole, for interactive pier scour experiments

RUN _|T_|OW LB | Lyvhy F/P (M/C for Run 30 & 31) | Yomay/ Yzme_ixl
ype Qo/a1 | Y1/Yo | Va/Ve | Yo (ft) | Yo (AD) | Y, (Pier)
6 GT F 0.41 | 359 | 1.481| 1.141| 0.648 | 0.220 2.981 2.867
7GT | OT | 0.41 | 1.83 | 1.020| 1.072| 0.684 | 0.460 1.937 1.887
8 GT F 0.41 | 7.20 | 1.479| 1.136| 0.648 | 0.220 2.800 2.000
9GT | OT | 0.41 | 365 | 1.009| 1.071| 0.683 | 0.460 1.848 2.026
14 GT F 0.77 | 3.02 | 1.951| 1.244| 0.660 | 0.213 4.065 3.267
15GT| OT | 077 | 159 | 1.268| 1.103| 0.622 | 0.457 2.466 1.966
17GT| OT | 077 | 3.96 | 1.319| 1.105| 0.622 | 0.457 2.280 2.676
28GT| SO | 041 | 2.80 | 1.547| 1.110| 0.589 | 0.290 2.476 2.445
29GT| SO | 0.41 | 560 | 1.549| 1.109| 0.589 | 0.290 2.778 2.564
30GT| SO | 077 | 222 |2210| 1.184| 0.711 | 0.521 1.842 2.857
31GT| SO | 077 | 554 | 2.170| 1.184 | 0.711 | 0.521 2.456 4.393
39GT| F 0.41 | 3.57W | 1.483| 1.145| 0.648 | 0.220 3.122 3.110
40GT| SO | 0.41 | 2.80W | 1.571| 1.109 | 0.589 | 0.290 2.807 2.782
41 GT F 0.41 | 7.17W | 1.486| 1.141 | 0.648 | 0.220 2.915 2.454
42GT| SO | 0.41 | 5.07W | 1.567 | 1.107 | 0.589 | 0.290 2.504 2.824
43GT| F 053 | 3.72 | 1.914| 1.115| 0.613 | 0.218 3.120 3.129
44GT| SO | 053 | 548 | 1.975| 1.102 | 0.590 | 0.315 3.218 3.108
45GT| SO | 053 815?6 1.875| 1.092 | 0.569 | 0.325 2.571 2.557

NOTE: For Run 30 and 3Xpmal Yo (Ab) is in themain channe&nd YomalYo (Pier) is
in thefloodplain

5.6.1.Effect of Pier on Abutment and contraction Scour

Pier presence anis location in thezone ofinfluence of the abutment and
contraction scour hole affects the location aegthof the scour hole. In the set of
experiments for the current research, the location of the pier varied such that the pier
distance normalized by the approach flow depiiYt:), ranged beteen 1.5 and 11
for three abutment length&(Br = 0.41, 0.53, and 0.77) and for three types of flows
(F, SO, and OT flows)The effect of pier and its position on the location of the

deepest scour point of abutment and contraction scour has been disou3aesb.3.
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The magnitude of the measured abutment and contraction scour affected by pier
presence Yrmay Was compared with the calculated abutment emwtraction scour
(Yremaxo) DY the suggested model presente@apterd (which gives the abutment and
contraction scouwithout any pier effeg¢t Figure5-12 shows hat the variation in the
measuredcour remained withie15% of the calculated scour whi@pproximates the
standard error of the estimate tbe suggested model as compared to the measured
valuesand can be attributed to experimentalcertainty Experimats with pier for
Lo/Br = 0.41 for F and SO flows were repeated withll piers havingthe same flow
conditions, which gave consistent observations as showfigare 5-13. It is
concluded that the effect @f pier on abutment and contraction scour magnitude is
negligible for the pier located in tHe®odplain and abutment and contraction scour
can be calculate by the LSA abutment and contraction scour formultawas also
observed that foa pier locatiorLy/Ys; > 11,the pier doses not remain in the influence

of the abutment and contraction scour hole.
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5.6.2.Effect of Abutment and Contraction Scour on Pier Scour

Piers placed at the toe of the abutment do not produceseowyr,as it is a very
low velocity area (almost stagnant or recirculating water) in the flow separation zone
with additional effect of riprap armoring. Oben and Ettema (2011) also concluded the
same fo the experiments conducted for itheesearch. This conclusion is used as a
base line and no experiments were performét pier placement at the toe of the
abutment. Experimentsere conducted for three abutment lengths witfB; = 0.41,
0.53, and 0.77#or F, SO, and OT flow cases. Pier placed closer to the abutment
produced lesequilibriumscour due to armoringffect The pierscourdepthincreased
by increasing thedistanceof the pier from the abutmentand after reaching a
maximum valuethe equilibrium scour again started to decreagth further increase
in the distance ahepier from the abutment

The amplification factor for the pier scour was determined by dividing the
measured total scour at the upstream edge of thedgi@p by theisolatedpier scour
(dsmaxg calculated by CSU or S & M equati@s given inEquation 5.1Figure5-14
shows that the pier scour is zero at the toe of the abutnreaidt tbe abutment lengths.
As the pier is moved away from the abutmaatoss the floodplairthe scourdepth
increases ttheisolatedpier scourdepth(as calculated by CSbr S & M equation) at
Ly/Yrn = 1.5. The pier scour amplification factor increasas the pier is movédrther
away from the abutment and reaches a maximum valug/é4s & 6 f or al |
abutment lengthsL{/Bs = 0.41, 0.53, and 0.77). The pier scour amplification factor
starts to reduce as the pier is moved further away from the abununetuces tahe

isolatedpier scour alLy/Yr = 11. Thus the pier scour amplification factor is divided
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into two zones wh respect to the normalized distantg/X;;) from the abutmen(1)
lower region for 3> Ly/Y;1>7.5 and(2) higher region for 3< Ly/Yn<7.5. The pier

scour amplification factor is defined by

Pier Scour Amplification Factor:dsﬂ (5-1)

sSmaxo

wheredsmayp is the maximum isolated pier scour depth.
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Figure 5-14 Variation of pier amplification factor with normalized distance from
the abutment for different abutment lengthgB; = 0.41, 0.53, and 0.77)
The magnitude of the highest amplification fadkr an interactive pier scour
atLy/Yna 6, a s Figuite ® M, nncreases with increase in the abutment length
(Lo/By¢). This observatiosuggests separate equation for each abutnbemgth, which

will be cumbersomand difficult since there are only three abutment lengthorder
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to address this limitation, interactive pier scour was compared with the abutment and
contraction scoumodel, whichcovers all thelateral contraction ratios under one
formula by using uit discharge contraction rati@y$/qr;). Interactive pier scour was
divided in two components as a pier scour component and an abutment and
contraction scour component. The pier scour is calculated by CSU eqoiato& M
equation (bothare recommendedni HEG18, and give comparable results for given
range of experimental datapd is subtracted from total observed scour which leaves
the remainingobservedscouras an excess component contributed by abutment and
contraction scourYma Yo)excess Thus,the interactive abutment and contraction scour

at the upstream edge of the pier can be written as shBguation 5.2

éYf 2max 8 _ ggse pier(measureyl ~ dse pier(calculated + on g 5.2
ey 0 & Y, 6 2
G o “oxcess C fo -

The pier excess scour, which is the contribution of abatrand contraction
scour, is shown ifrigure 5-15 for three separate rangeslasgyn < 30, Ly/Yn > 7.5,
3.0< Lpy/Yn < 7.5 for all abutmenengths(L./B; = 0.41, 0.53, and 0.77) and flow types
(F, SO, and OT Flows). The lower region fo038L,/Y;>7.5 and higher region for
3.0< Ly/Yn<7.5 was regressed separately for pier excess scour (the abutment and
contraction scour component) by keeping LSA abutmemd contraction scour
parameters and their exponents as constant anddetdyminingthe coefficient as
variable. This regression resdtin a coefficient of abutment and contraction scour
contribution to pier scouas 1.906 and 1.283 for the highand lower region
respectively if pier scouris calculated fronthe CSU equationHowever, if the pier

scour is calculated from S & M equation, the regression resulsscoefficient of
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abutment and contraction scour as 1.871 and 1.253 for the highéovesrdregion
respectively.Thus,the difference is negligible, and either of the pier scour equations,
recommended by HEQ8 can be used for pier scour calculati&guation 5.3 and
Equation 5.4give the excess pier scour model for higher and lower megio

respectively.
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. . o B2 /2
&Ymeaxg :1906*&Yf18 *%qf_z*ﬁg For 3<i<75 (5-3)
? on 9excess ?(fo 9 @fl Vfdg Yfl
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o y o B2 o /2
aanZmaxg :1283k5er18 *&ﬁ*ﬁg For 3>i>75 (5-4)
é}% on 9excess éw(fo g @fl Vfd 2 Yfl

The total interactive pier scour at the upstream edge of the pier can thus be
obtained by calculatopand adding the two componeatsthe per scour with CSur
S & M equation and excess scour (abutment and contraction scour contribution
(Yiomad Yio)excesy With Equation 5.3 for higher region for (& Ly/Yn<7.5 or with
Equation 5.4 for lower region for@> Ly/Y;>7.5. The method was also applied to the
wall pier experiments conducted fdr,/Bi =0.41 for F and SO flow cases which
showed good agreemewith the same model fawall pier experiments as shown in

Figure5-16.
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(La/Bf = 0.41 for F and S@ow case}

5.7. Comparison of HEC-18 Model with Suggestednteractive Pier

and Abutment and Contraction Scour Model(Type-IIl Scour)

The interactive scour developmenti$ectedby simultaneous development of
different scour componentience the total interactive scoudtepends on interaction
of various scour ipcessesThis results in less equilibrium scour than grghmetic
sum of the scour components. HEB suggest calculatingthe sum of individual

scour componentshich overestimates the total interactive scour. A comparison of the
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HEC-18 and suggestedadel is shown irFigure 5-17, part (a),for interactivepier
scour with abutment and contraction scothie scour components for HELB have
been calculated by equaitis suggested in HEC8 where contraction scour for CWS
usesthe equation derived from Laursen (1963) contraction scour thigmyation 2

6), vertical contraction scour uses equation dase flow separation thickness under
the bridge(Equation 214) (Shen et al. 20)2abutment scour frofaroehlichequation
(Equation 228), and pier scour forrCSU equation(Equation 217) or S & M
equation(Equation 218) (both the equations for pier scour shoemparableesults in

the given range of experimahtdata). Abutment scour is most significant contributor
to the total scour with an average of abdbfGof the total scour, vertical contraction
scour as 10%, contraction scour as 5%, and pier scour as 20% of the total scour as per
HEC-18 methodology calculationslEC-18 predicts much higher values as compare
to the suggested model, which predicts theerattive pier scour with abutment and
contraction scour within the 109 physical measuremends shown irFigure5-17,

parts (b) and (c).
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5.8. Comparison of the Suggested Modetith Field Example

The Towaliga River flood forTropical Storm Alberto (1994) was reproduced
in the hydraulics laboratory of the Georgia Institute of Technology as mentioned in
Para2.13 The flood was submerged orifice flow case with erodible embankment in a
compound channel with a lorsgtbackabutment on one side andanklineabutment
on the other sidelThe field scour measuremts and theroposed model calculations
based orscour parameter measurements from the labor&yde similaritymodel
show good agreement with the suggested miodéigure5-18. Pier number 7, 6, and
5 (as marked ifrigure 2-16) are in the lower scour regiohigher scour region, and

pier and vertical contraction sco(ategory 1V) respectively.The equilibrium scour
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for LSA with pier in the influence of abutment and contraction stole (Towaliga
River) has been marked on the suggested model of intergéyeabutment and
contraction scour for LSA as showm Figure 5-18. The field measurements for all

threecaseswere captured within 10% accuracy by the suggested model as shown in

Figure5-19.
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CHAPTER VI

TIME DEVELOPMENT AND PREDICTION OF

LOCATION AND MAGNITUDE OF SCOUR FOR LONG

AND SHORT SETBACK ABUTMENT

6.1. General

This chater deals withthree aspects of the bridge scour which incltle
time development of the scour hole for all three types of flows (F, SO, and OT flows),
criterion for long and short setback abutment, and prediction of theoloaaft the
deepest point adcour at equilibrium condition. Importance of the time development is
more pronounced in the current scenario where the heavy intense rainfalls for shorter
durations may not produce the flood duration required for equilibrium scour. Criterion
for the longand short setback abutment dictates the location of the scour hole in the
floodplain or in the main channelwhere the scour hole largely forms part of the
floodplain for an LSA. However, for SSA, the scour hole starts to develop in the
floodplainbut exends to thenain channeWith the time and the deepest point occurs
in the main channelat equilibrium. Location of the scour is also an important
parameter as the deepest point of the scour hole may or may not fall under the bridge

affectingeconomical bridge desigand downstream structures.
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6.2. Time Development of Scour

Both magnitude and location of the scour hole were measured as a function of
time. This helped defathe equilibrium scour condition and obsetkie path of point
of maximum sour as it moved downstreaffigure 6-1 shows the schematic diagram
for definition of variables used in the time development of the location of the scour
hole. In this figure, ‘€is the angle of the point of deepest scour fromughgtream toe
of the abutmentQ is the angle of the point of deest scour at equilibrium, ands

the distance of point of deepest scour from upstream toe of the abutment.

“* Location of Deepes
Scour With Time

O Location of Deepes
a Scour at Equlibrium|

6 B
€
> Floodplain
8 F
Flow Direction .
10 | é Main Channel
"H.
12 | .
Floodplain

14 . . . .
-1.0 0.0 1.0 2.0 3.0 4.0 5.0 6.0

X (ft)

Figure6-1 Schematialiagram for time development of location of point of deepest
scour
Measuring e time development of magnitude of the scoepth assisted in
identifying an accurate equilibrium scour conditjevhich was defined athe increase

205



in the scour deptto beless than 5% of the total scour in 24 hours. For different flow
conditions and abutment lengths,/B; = 0.41 and 0.77), the experiments continued
for up to five days, until the ediorium criterion wasachieved The scour developed

at a very fast rate ithe first 4 to 6 hours and then started to slow down with an
asymptotic progression towards the equilibrium scour as shofsigume 6-2, which is
consistent wi t h ot H{Melville rared sGolamec ROO)IGne f i ndi
development of the scour depth in terms of water depth at the point of maximum scour
normalized by the undisturbed water lev@ma/Y) Shovs a linear trend wiit
dimensionless time on the logarithnsgcale. An exception to this phenomenon is an
SO flow case fot_o/Bs =0.77 (Run 11), where the scour hole initially developed in the
floodplain near the bank of thmain channellt thenmerged wih themain channel

scour hole with time as the scour magnitude increassdlting in expansion dhe

scour hole. The shifting of the point of deepest scour tarthm channebives an

abrupt jumpin the scour depttcontrary to the linear progression of the dimensionless

scour to the dimensionless logarithmic time s€elegt/Y1,) as shown irFigure6-2.
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Figure6-2 Time development of magnitude of scour in absolute and normalized
termsfor F, SO, and OTlows for La/ B = 0.41 and 0.77

The locationand time developmeraf the point of deepest scour is a yer

important factor, whicteffects the structural stability of &ridge with respect to the

location of most vulnerable bridge foundation elements for a critical design flood and

its duration. The location of downstream structures is also vulnerable up lsule

developmentlepending orthelocation and extent ahe scour holeFigure6-3 shows

the path of thepoint of maximum scoudepthwith respect to time for F, SO, and OT

flow condition for two different abutment ratio /B; = 0.41 and 0.77) .

For a smaller abutment sizke,(B; = 0.41), the time development thfe points

of deepest scour overlap each other for F, SO, and OT fls@scd@he flow obstructed

by the embankment converges around the upstream edge of the abutment and develops

a flow separation angle along the abutment, which primarily governs the location and
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path of the scour hole with timeror F flow, the point of maxinum scour travels
relatively less irtheflow direction as compared to SO and OT flowsr an SCflow,
the point of maximum scour travels the maximum distance having a higher velocity
under the bridge. For an OT flow, the path straightens as the poieepést scour
moves outfrom underthe bridge. This is likely because of the flow relief for the
component of flow passing over the bridge accommodating the flow over the entire
width.

For a longer abutment sizka(B; = 0.77), the obstructed flow is mudiigher
and the flow path experiences a larger anflgeflection from the upstream toe of the
abutment making a higher angle of flow separation. This obstruction and flow
convergence results in a significant transverse component of velodihe ioridge
section. Thus, the point of deepest scour consitaeshow a significant movement
with time inthe transverse direction as well. For the F flow case (Run 10), the scour
hole extended into thmain channelbut the point of deepest scour remained in the
floodplain For the SO flow case (Run 11), the point of deepest scour entered into the
main channelith time; however the angle of flonseparatiomemained the same. For
an OT flow case, the scour hole extended in the downstream direction having a
comparake scour depth under the bridge and in the downstream area which eventually
resulted in a higher value at the downstream location.cEksatiorof the transverse
movement of the point of deepest scour for an OT flow case, when it moves out of the

bridge,remains consistent astine smaller abutment lengthL{/Bs = 0.41).
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Figure6-3 Pathof point of maximum scour with time far/B; = 0.41 and 0.77
for F, SO, and OTlow cases

Figure 6-4 shows that if the time development of location of the point of
deepest scour is related to the cylindrical coordinates as shdviguire6-1, the angle
initially increases with increase in the radius normalized by the approach flow depth
(r/Yr1), which then becomes constant. There is a larger initaéase in the angle for
the short abutment lengthL{/B; =0.41) as compadeto the longer abutment 4/Bs
=0.77). The unit discharge contraction ratio, angle of flow separation, and transverse
component of the velocity in the bridge sectame much lessdr a shorter abutment
(Ls/Bf =0.41) than for the longer abutmeht/B; =0.77), which contribute a change
in angle and straightening of the flow lines. For the OT flow case, in the longer

abutment lengthL(,/B; =0.77), the larger spread of the scour hole, contribution of the
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flow passing over the bridge, and comparable depth under the bridge and in the

downstream direction justify the change in the angle with time.
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Figure6-4 Pathof point of maximum scour for dimensionless radius amgle
with time, ForL4/Bs = 0.41 and 0.77 for F, SO, and @dw cases

6.3. Criterion for Long and Short Setback Abutment

An LSA is described as the abutment for which eidg&urhole or major part
of the scour hole remains in theodplainsuch that the point of deepest scour is in the
floodplain For SSA, the scour hole starts to develop inftbedplain but extends to
the main channelwith time and the deepest point occurstlire main channelat
equilibrium Figure 6-5 shows thedefinition sketch for the location of the deepest
point of scour hole ithetransverse and flow directienn this figure,Ls = distance of
the mint of deepest scour ithe transverse direction from the left edge of the
floodplain Ly, = distance of the point of the deepest scouheitransverse direction
from the toe of the abutmernt, = length of the bridgen the flow direction, Ly =
distance of the point of the deepest scour from the upstream edge of the btluge in

flow direction, andV = width offloodplainin the contracted section.
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Figure6-5 Definition sketch describingxt«r:za variables of the location of the scour
hole
HEC-18 defines the criterion of an LSA such thétY;;>5, where width of the

floodplainin the contracted sectioWj is normalized by the approach flow depth in
the floodplain (Ys1). Hong (2013) based on his experiments further modified the
criterion asW/Y;>6. The normalized location of the deepest point of the scour hole
(L/Br) corresponding to the normalized width of tileodplain in the contracted
section W/Y;, as defined by HE@S8) is shown inFigure 6-6. This includes the
experiments conducted by Hong (2013), experiments for the current research at the
Georgia Instituteof Technology including the experiments conducted with pier, and
experiments conducted at the University of AucklgXebng 2017) The threshold
criterion defined by HE€18 is marked aa blue dotted line and the revised criterion

by Hong (2013) is markeas agreendotted line.
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It can be observed that the normalized location of the deepest point of the

Dimensionless Scour Location GT Pier Experiments
Figure6-6 Normalizedlocation of the deepest point of the scour HblgBy) in the

transverse direction, compared wittEC-18 criterion for classificatiorof LSA

scourhole L4Bs) shows a large scatter with the normalized width offlin@dplainin

the contracted section/Y;1). The normalized location of the deepest point of the

scour ht¢e (LJ/Bx) is observed to reoccur at different values of normalized width of the

floodplainin the contractedection W/Y;;). The reason for this scatter arturrence

is thatthe width of the contracted section of tHeodplain (W) does not account for

the lateral contraction and a given value of contracted sedtioodplain width (W)

may exist for different abutmemgngths, whichgive different geometric contraction

ratios.

The lateral contraction and losses incorporated in the bridge section{lgirec

contribute to the magnitedand extents of the scour hole. Therefar@ew variable
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was introduced as a product lateral contraction ratio antbackwater depth ratim

the contracted sectionL{Bi*Yn/Y:) which was compared with the normalized
location of the deepest point of the scour holthetransverselirection L4By). Figure

6-7 shows that the all the pointsr five different abutment ratiosL(/B; = 0.41, 0.53,

0.71, 0.77, and 0.88) and three types of flows (F, SO, and OT flows) for the
experiments conducted by Hong (2013) and current research collapsealsnuigie
curve such that foL./Bi*Y1/Y;0>0.94 the deepest point of scour hole occurs in the
main channelnd forL./Bf*Yn/Y;,<0.94 the deepest point of the scour hole occurs in
thefloodplain Depending on the experimental uncertainty and collapse mechanism of
themain channebank, the occurrence of the point of deepest scour near the junction
of main channeland thefloodplain may showsome variability in the range of

normalized variable as A9L./B*Yn/Y;<1.0.
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Figure6-7 New defined criterion foLSA and SSAcovering a full rangef
abutment length@or L/B; = 0.41, 0.53, 0’1, 0.77, and 0.88
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As the given criterion accounts both for the geometric and flow varjahkes
model is capable of capturing the abutment classification where the same geometric
ratio (Lo/Bf) may either fall in the category of LSA or SSA, depending on the
backwater depth ratidYn/Ys) in the contracted section. An example of this
phenomenonan be observefbr the abutment rati,/Bs = 0.77, for which F and OT
flow cases (Run 10 and 12) fall in the category of LEAwever SO flow (Run 11) is
covered under SSA by the given criteriand the physical measurements of the
location of the dees¢ point correspond to the same. The criterion is thus defined as
given inEquation 6.1The model was also appliéd the experiments conducted with
piers at the Georgia Institute of Technology and for the experiments conducted at the
University of Auckhnd (Xiong 2017) which show good agreementth the defined

criterion as shown ifigure6-8.
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Figure6-8 Applicationof the new criterion oESA and SSA foexperiment®f
UOA and GTexperimentsvith pier

6.4. Prediction of Scour Location

The location andextentof the scour hole is an important parameter as the
bridge design and different structunesarthe scour holeare affectedby the scour
development. The location of the deepest point of the scour hole is defined in the
Cartesian coordinate system for tre@rse and flow directiaas shown irFigure6-5.

The sizeor extent of the our hole and thus the location of the deepest point in the
transverse direction depench dhe lateral contraction, flow contractionroughness
ratio between approach and contracted sectipproach flow intensityand headoss

in the contracted sectidor a given type of abutmeas shown irfEquation 62.

(6-2)
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Thelateraland flow contraction ratios complement each otret the roughness ratio
between approach and contracted section is included in flow contractionTia¢io
approach flow intensity parameteontribution to the location of the scour hole is
negligible in comparison to lateral contraction ratio effe€herefore,Equation 62

can be rewritten as:

L
S =f 6-3
5 63

o) o
B
=< ‘ =
| O:OHOz

o

Results of he experiments conducted by Hong (2013) and for the current
researclor F, SO, and OT flow for five different abutment ratibg/B; = 0.41, 0.53,
0.71, 0.77, and 0.8&how that normalized location of the scour hole in transverse
direction (4By) is a strong function of the normalized varial{les/Bi*Yn/Yi) as
defined inEquation 63. A linear regression applied to the set of experiments gives the
coefficient of determination as 0.9&quation 64 showsthe relationshipfor the
prediction of the loation of thedeepest point of thecour holan transverse direction
Figure 65 shows the graphical representation of the suggested model with physical
measurementsand Table 61 gives the summary of regression analysi3he
application of the suggestadodel to the experiments conducted at UQAong
2017)at a model scale df:30 and the experiment conducted at the Georgia Institute
of Technology for the current research (with rectangular pier) shgaod agreement
as shown inFigure 6-10. It is concludedthat pier does not affect the transverse

location of the deepest point of the scour hole.

a Y, 0
L o ddtex 10,013 (6-4)
f B, Y, 0
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Table6-1 Summaryof regressioror the prediction of location of the deepest point of
the scour hole in transverse direction

Model L _porr B s Yug, 0.13 R?=0.989
f ng on 9
Equation in terms of L L, Vi
location variable from = —%) 91—- 10+O 13
toe of the abutment B: BE&E vy, 2
Standard Error of the Parameters
Term Value SE of Value T-Value P-Value
Constant 0.13 0.014 8.8 0.0
La/B*Y 11/ Yso 0.91 0.019 47.32 0.0
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Figure 6-10 Application ofthe suggested model for the prediction of the deepest
point of the scour hole to rectangular piers experimamisUOAexperiments
The extentof the scour hole in the transvers direction is considerdetwice
the distance of the poitf deepest scouirom the toe of the abutmerit,{). Physical
measurements give a value ranging betweebpnlahd 1.9, which can safely be
considered asl, asa conservative approach.a scour hole covstthe full width of
the contracted sectiofioodplain (W), the variables inEquation 64 can be replacas
Ls=La+ Ly andLy, = W/2 (for the scour hole to cover the full width of the contracted
section,whereW = B - L,), the resulting equatioafter simplificationcan bewritten
as Equation %. Thisequation giveshe normalized length of the abutment in terms of

normalized approach flowepthfor which the scour hole covers the full width of the

contracted sectiofioodplain
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L 0.37
—a = (6-5)
B, 091*(v,,/Y,)- 05

A scour hole generally starts in line with the upstream toe of the abutment and
extends in the downstream directidrne location of the deepest point of the scour
hole in the flow directiorshows a larger variability and it was difficult to predict the
exact location of the deepest point in the flow direction. However, it was observed that
a higher shear stress, which is a function of the square of the velocity, resalts in
deeper and larger scour halffectingthe deepest point of the scour hbleshiting it
further inthe downstreandirection Figure6-11 shows theexperiments conducted for
the current study, experiments conducted by Hong (2013)exgretimentsonducted
in UOA (Xiong 2017) The location of the deepest point in the flow direction was
found to be a function of an arbitrary variable given by the product of geometric
contraction ratio and the square of the approach flow intensity representisigetire
stress (/B (V4/Vc)?). The location ofthe point of the deepest scasrdivided into

three zones with their limits given Eqguation 66.
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° ~2
V.. Q
L1 For i*aeﬂg <0.13
b f (i:a/fc—
° ~2
L L Ve, Q
1< =2<2 For 013<=2*a&-0Q <0.22 (6-6)
I-b Bf (i:a/fcg
° ~2
V.. Q
2<5<3 For i*aeﬂo >0.22
Lb Bf g/fcg

The experiments conducted wighpier in the influence othe abutment and

contraction scour holshow even a larger scattéor the location of the point of

deepest scour in the flow direction as showrFigure 6-12. A high velocity flow

passing through the zone between abutment and g@gerxplained in Para.4,

increases the shear stress whichy or may not moveéhe point of deepest scour

furtherin the downstream directionlependingon the loation of the pier. Thus, the

prediction of the location of deepest point of the scour hole in the flow direction with a
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pier in the influence of abutment and contraction scour hole reqdumtiser

investigationto establish a relationship.
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Figure6-12 Location ofpoint of deepest scour in flow direction including the

experiments with pier in area of influence of abutment scour hole
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CHAPTER VII

CONCLUSIONS

7.1. Summary

Scouring phenomena aritical to the stability of a bridge structure as the
failure of more than 60% of bridges in the USA can be attributed to hydraulic
parameters. Historically, the lack of knowledge concerning the complexity of scour
prediction parameters resulted in rathareliable scour prediction models. However,
the focus of hydraulic engineers to investigate scour processes, especially over the past
two decadesresulted in much improved scour prediction models. This advancement,
however, faced another challenge afnete change phenomena in the recent past,
which resulted in a great change in hydraulic parameters because of unprecedented
flow conditions, in comparison to the historical free flows (F) (used for hydraulic
design of bridges). This change in hydraulicgpaeters resulted in submerged orifice
(SO) and overtopping (OT) flow conditions for existing bridges, which has threatened
their structural stability requiring retrofitting to more extreme flow conditions in some
cases, and replacement in others. For bedges, modifications in design criteria

have become important.

The turbulent flow structures in a bridge section are very complex as the water
flow approaching a bridge section generally faces a high degree of contraction and
flow acceleration. Flow atmd the upstream edge of the abutment encounters a sharp
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bend causing a flow separation zone along the abutment face. The riprap apron along
the abutment, while placed for scour control, also adds to the flow friction. Horseshoe
and wake vortices at bridgpiers contribute to pier scour processes. A vertical
contraction in case of SO and OT flow cases, confines the flow, increases the velocity
and induces a downward force. The effect of turbulence because of all these
phenomena is significant to the scovogess. The interaction of these phenomena for

a contraction, an abutment, and a pier makes théysia difficult, and it ismore

challenging due to the addition of vertical contraction interaction.

Recent laboratory studies have focused on compoundeharodels, rather
than simple rectangular channels, which has contributed to achieving improved
replication of field events. Oben and Ettema (2011) analyzed scour interactions for
different components under free flow conditions. Hong (2013) investigatedant
and contraction scour (both lateral and vertical contraction) interaction for all three

flow conditions (F, SO, and OT flows) both in the main channel and in the floodplain.

The current research intended to investigate the interaction betweerermtiff
components of scour and formulate a method to predict total interactive scour (to
include all four components of scour) for all three flow conditions (F, SO, and OT
flows) in a compound channel. Current design practice is to add scour depths
predictel for different components as though they were acting alone without

interaction. The result has been overly conservative foundation designs.

The research approach was experimental. A compound channel with floodplain
on either side of the main channel waproduced in the hydraulics laboratory of the

Georgia Institute of Technology based in part on the Towaliga River site near Macon,
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Georgia. The original geometry of the main channel was preserved but without
meandering, and the floodplain was construdtede horizontal in the transwsar
direction to remove theonfounding effects on the turbulence interaction with the
erodible bed. Different abutment length to floodplain width ratio#Bf) were tested

with values ofL,/B; = 0.41, 0.53, 0.77, and 1.0xfgeriments were conducted for spill
through abutments and rectangular piers with a few repetitions for-wafig
abutments, wall piers, and no piers. The analysis incorporated experiments from Hong
(2013), Xiong (2017), and Oben and Ettema (2011) withtiaaadil abutment ratios of

L./Bf = 0.18, 0.24, 0.34, 0.50, 0.51, 0.60, 0.69, 0.71, 0.80, and 0.88. The results were
divided into categories based on the different possible scour interactions and on the
location of the scour hole, which was in the floodpl&n long setback abutments
(LSA), and in the main channel for short setback abutment (SSA) and bankline

abutments (BLA).

7.2. Conclusions

This study has suggested a modified model for prediction of interactive
abutment and contraction scour (Typ#r the floodplain and Type Il for the main
channel) and suggested a new model for prediction of pier and vertical contraction
scour (Type IV) and interactive pier, abutment, and contraction scour (Type Ill). The
other contributions include refinementdlassification criterion for LSA and SSA and
a new model for prediction of the location of the point of deepest scour. The results
from other researchersé6é experiments (Hong

Ettema et al. (2010) and Oben and Ettd@@11)) have helped bolster the proposed
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model of interactive abutment and contraction scour (Type | and Type II). The
collective analysis with the experimental results of other researchers increases the
reliability of the model and enhances the rangeitefapplicability. Despite the
difficulty of collecting field data during extreme floods, some limited but definitive
field data were used to validate the relationships developed in the laboratory. The
summary of the results and its comparison with thetexj procedure is presented in

Table #1.

225



Table7-1 Summary of findings of current research for scour categories

% of data falling 95% confidence
Components betweent10% of line | interval of prediction
Category Model InCIFl)Jded Applicability of agreement Ratio**
Current | Suggested Current | Suggested
method model method model
Applicable for
3/2 o /2
ay, o a V,, @ m (1.16
i2max _ 5 oo 110 2, Vi 9 ALV Spill-through 14.5% 75 5% o (0.97 to
B/ 0 V.. 0 and WWA 1.8 1.04)
fo Clo+ coin Vi< LSA .28)
v . v 01,2 Appllliczlble f(;r (1.38 (
m2max +3m2 » Vi ALYV Spill-throug o 0 ’ 0.96 to
I o =1725 % S8 and WWA 0% 8% 1‘27) 1.02)
mo G m Tma BLA/SSA '
Applicable for
Abutment and contraction scour affected by pier scot aSbI?JI'lIr-T;[Z:"IO'[uL%A (2.29 (0.94 to
(YmeaJon)ab = P1 A1 L1 V Wlth o% 74% tO 1 02)
Same as Typé 1.42) '
rectangular ang
wall piers
i Pier scour affected by abutment and contraction scol _
(YmeaJon)pier = Aépplllltiﬂble f(l?]l’
o ~ o, B2 o /2 pill-throug
gerL‘axg =1.906*geYL18 - e Vf18 For 3<—2<75 abutment LSA o (1.29 (0.94 to
&y 0 0 &, V.,0 P,A L,V . 0% 79% to
G fo oycess C fo= ¢ fel = f1 W|th 1 51) 106)
. 8 &Y. 8" &g, V.o rectangular anc '
%fzﬂg =1 283*%(£Q *22x 10 For 3> P >75 wall piers
(; on ~excess (; fo =+ g f1 Vfcl— fl
\Y P(CSUorS &Meq) +V (Lyn 2008) P,V P+V 100%* 100%* - -

Note * these values are fa20percentage from line of agreement, **prediction ratio = mean prediatee/mean observed value
A= abutment scour, L= lateral contraction scour, V= vertical contraction scour, P= pier scour, WWA -walliaQutmentLSA =

long setback abutment, | = interactive abutment and contraction scour in floodplain, Il = intetaatmerda and contraction scour in
main channel, Il = interactive abutment, contraction, and pier scour in floodplain, IV = interactive pier and vertiaeficorgcour
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An analysis of the individual scour components shows that in-T{p8A
abutment and contraction scour) and TYp€ELA/SSA abutment and contraction
scour), abutment scourtise largest component followed by vertical contraction scour
and lateral contraction scour, respectively. The dimensional analysis leads to the
formulation of abutment scour parameters same as that of theoretical contraction
scour. This finding supports the modification the existing model with an
amplification factor applied to a function of theoretical contraction scour parameters.
An experimerdl approach followed by the theoretical concept of abutment and
contraction scour and dimensional analysis led to the formulation of a dimensionless
hydraulic parameters group governing the total interactive scour. The regression
analysis led to a model win kept the theoretical contraction scour variables
(R/1*Vi/V) as a single parameter with a reduc
A6/ 70 for the theoretical contraction sco
abutment scour in comparisoo lateral and vertical contraction scour). The results
were applicableto both Typel and Typell interactive scour with different

coefficients.

Another important finding was the difference in the effect of backwater depth
ratio upstream and immediatelyowinstream of the bridgeY{/Y,) on the total
interactive scour for Typé and Typell scour. The analysis show that a higher
backwater depth ratio results in a higher scour depth. The backwater depth ratio
(Y1/Yo) in the main channel was much lower thanthe floodplain; therefore, this
parameter was highly signifi44soutandwas h an

nonsignificant relative to scour processes in TYjgcour.
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One of the most important contributions of this study is the interactemr pi
abutment, and contraction scour model for all three types of flows (F, SO, and OT
flows) for erodible spilthrough abutments. The interactive pier scour experiments
have been conducted for the first time in the Georgia Institute of Technology for SO
and OT flow conditions. Rather than following a simpler approach of amplification
factor, the investigation relied on the theoretical concept of scour contribution of each
scour component for Typld scour. Typelll scour was further divided into two type
as abutment and contraction scour affected by pier 0@ Yio)ap and pier scour
affected by abutment and contraction SCQWbmalYio)pier- It Was concluded that
abutment and contraction scour affected by pier s€ariax Yio)ap remains withinthe
experimental uncertainty of the Typescour model. However, the disaggregation of
pier scour affected by abutment and contraction s@Gaa Yio)pier iNto (1) pier scour
and (2) excess component contributed by Tymeour, not only validated the
hypothesis that interactive scour development is less in magnitude but also quantified
the reduction factor with aeduced coefficient of Typkscour. Two sour regions
were defined for Typéll scour as higher (for relative nefimensional distance of
pier from the toe of the abutment ad 3¥::<7.5)and lower region (3&/Y;>7.5), for

which separate coefficients were determined.

For interactive pier and vical contraction scour Typ®/, a sum of the two
individual components is suggested using the Lyn (2008) modified model for
calculation of the vertical contraction scour component. Lyn suggested use of the
contracted section flow intensity variabl®u{V:) rather than the approach flow

intensity variable {(1/V;). Use of the contracted section variable is suitable for cases
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were lateral contraction is involved, as the same approach flow intensity results in
different vertical contraction scour values degiag on the degree of lateral

contraction.

A refinement in classification criterion for LSA and SSA with a new parameter
(La/B*Y11/Yso) has resulted in better differentiation of the two abutment types. Further
application of the parameter has been shawbet useful in predicting the location of
the deepest point of the scour hole in the transverse direction across the floodplain
from the abutment face. A new paramefaroduct of relative abutment length and
square of approach flow intensity, representitite shear stress effect as
La/Br* (Vi/Vio)®) for prediction of scour location in the flow direction has been
suggested which gives a fair assessment of the scour location. However, further

investigation is needed to validate this finding.

The current stugl suggests a model to predict the scour depth for economical
design of safe bridges. In comparison to the existing practice of conservative estimate
of scour depthgurrent model predicts about 75% of the predictions within 10% of the
observed value®A comparison, as presented in Tabit,shows that current practice
predictsonly 14.5% of the predicted values within 10% of the observed values for
Type-l scour and over predicts the remaining observations in comparison to suggested
model, which predicts 75% of the predictions within 10% of the observed values.
For Typel scour 95% confidence interval of prediction ratio for the current practice
ranges between 1.16 to 1.28, which shows larger variability and scatter in comparison
with the suggested modelittv 95% confidence interval of prediction ratio reduced

between 0.97 to 1.04. For Typleand Typelll scour, current practice over predicts all
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the observations with no predictions within 10% of observed values as against the
suggested model which predicabout 78% of the prediction within 10% of the
observed valuesFor Typell and Typelll scour, 95% confidence interval of
prediction ratio for the current practice ranges between 1.29 to 1.51, which shows
even higher over prediction and larger scatter in comparison to suggested model for
which 95% confidence intervailf prediction ratio ranges from 0.94 to 1.06. The
statistical analysis confirms that the variable parameters and their significance
presented by the suggested model captures the scour interaction phenomenon with

higher degree of accuracy.

7.3. Future Study Recommendations

This study has suggested a new mddepredictinteractive pier, abutment, and
contraction scour for the floodplain and a modified model for prediction of interactive
abutment and contraction scour both for the floodplain and the maimeadhan

However, the improvements in the following areas of research are suggested:

1. Scour process has a larger variability depending on the type of sediment and its
physical properties. In mountainous terrains, the sediment is generally a gravel
material or oarser sand, or finer cohesive sediments as the river flows to its
mouth in coastal areas. A study of the interactive scour for different types of
sediments is suggested to broaden applicability of the interactive sediment
scour relationships developed éier.

2. The degree of erodibility of an embankment affects the scour process;

however, the embankment erodibility is itself a threat to structural stability.
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Therefore an embankment erodibility study is suggested with a view to
enhance structural stability @ndefine embankment failure with respect to
scour.

. Although the initial investigation of winwall abutment and wall pier
experiments showed an agreement with the -Hpitlugh abutment and
rectangular pier experiments, respectively, yet there is a nealidate this
observation of the effect of abutment shape through a larger set of experiments.
. An application of the results from the current study and Hong (2013) to a three
dimensional CFD numerical model is suggested. If the results from the three
dimensional CFD model show an agreement with the laboratory
measurements, it can greatly help to understand the dynamics of the flow
structures and turbulenseour relationship. Changing flow structures and
turbulence measurements over time, in a three dioeasCFD numerical
model, can give valuable input to understand the time development of the
SCour process.

In interactive pier, abutment, and contraction scour for the floodplain, reduced
coefficients of pier excess scofizmaxexcessOr higher and lowr regions have
been established for Tygescour. An experimental investigation of the
interactive pier, abutment, and contraction scour is suggested for main channel
to investigate reduced coefficients for Tyjpacour.

. The time development study hasheved some basic conclusions in line with
Hong (2013) for time development of magnitude of the scour depth. This

dimension of the study has acquired more importance in the current scenario of
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climate change, where high floods for short duration do notireg for the

time required to reach an equilibrium scour. Therefore, more experiments with
time development measurements are suggested to develop a model for time
development of the interactive scour process.

7. A theoretical long contraction is differentom bridge embankments, where
sudden contraction and expansion result in complex flow fields in comparison
to the ideal long contraction. A contraction scour study for the current bridge
design practices may help in better assessment of contraction scour

contribution to interactive scour conditions.
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APPENDIX A

Run 1(Free flowL/B = 0.41,Q = 3cfs, TW= 1.48ft)

0

y (ft)

0

2,

y (ft)

10

12 -

14
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Run 3(OT flow L/Bf = 0.41,Q = 5.5cfs, TW= 1.714ft)

0

y (ft)

12

14

y (ft)
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Run 5(OT flow Lo/Br = 0.41,Q = 7 cfs, TW= 1.717ft)

0

y (ft)

12 -

14
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Run 7(OT flow La/B; = 0.41,Q = 7 cfs, TW= 1.717ft, Ly/W= 0.18)

0

y (ft)

12 |

14




Run 9(OT flow L4/Bs = 0.41,Q = 7 cfs, TW= 1.717ft, Ly/W= 0.35)

0

y (ft)

10

12

14

0

y (ft)

10

12

14 -
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Run 11(SO flowL/Bs= 0.77,Q = 4.4cfs, TW= 1.522ft)
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Run 14(Free flowL./B; = 0.77,Q = 3.8¢cfs, TW= 1.47ft, L/W= 0.4)

Y (ft)
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Run 16(Free flowL./Bs = 0.77,Q = 3.8cfs, TW= 1.47ft, Ly/W= 1.0)

Y (ft)

Y (ft)

10

12+

14

240



Run 18(Free flowL/B; = 0.41,Q = 4.0cfs, TW= 1.547ft)

y (ft)
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Run 20(Free flowL/B; = 0.53,Q = 4.1cfs, TW= 1.572ft)
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Run 23(SO flowL,/Br = 0.41,Q = 4.0cfs, TW= 1.547ft)

Y (ft)

Y (f)
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Run 25(Free flowL,/B;= 0.77,Q = 3.8cfs, TW= 1.47ft)

Y (ft)

Y (ft)
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Run 27(0T flow Lo/Bf = 0.77,Q = 6.5cfs, TW= 1.714ft)

Run 28(SO flowL4/Br = 0.41,Q = 4.0cfs, TW= 1.547ft, L/W= 0.18)
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