Influence of SoillParametersn
Local Pier ScouDepth

By
Igbal Singh Budwal

A thesis
presented to the Universibf Waterloo
in fulfilment of the
thesis requirement for the degree of
Master of Applied Science
in
Civil Engineering

Waterloo, Ontario, CanadaQ21

© Igbal Singh Budwal 2021



Author's Declaration

| hereby declare that | am the sole author of this thesis. This is a true copy of the thesis, including

any required finatevisions, as accepted by my examiners.

| understand that my thesis may be made electronically available to the public.



Abstract

Bridge scour isa phenomenon where erosion of the sediment bed surrounding bridge
foundation occurs due to fluid forcassingfrom currents, waves, and turbulenc&cour around
foundation components such as piers, piles and abutmmaytkead to structural instabilitynal
possible collapse. Scour has been documented as the leading cause of bridge failures; thus, the
prediction, monitoring and mitigation of scour is paramount for safe aneeffmsént bridge
design. The current methods estimaion of pier scour do ot properly use information abosoil
parameters in the calculationslowever, soil parameters among other factors play an important
role in the scour process. Neglecting inputs of soil parametas to significant underestimation
of pier scour depthand overtly expensive bridge foundatidesigns To develop more accurate
methodsof scour predictionparametric studies are requirtm systematically investigatie
effects of soiparameterssuch as grain size distribution, mineral compositionesoh, angle of
reposeandvoid ratio, and incorporate them in the scour prediction equatitdsst published
scour studies utilized scaled down laboratory experiments although there has been some limited
researclon scour usingumerical simulationdNumerical studies on scour are less expensive and
provide the opportunity to investigate a wikriety of scenarios through systematic parametric
studies.

In this thesis,a comprehensive review dhe existingbridge scour theies and scour
estimation methodare made. Subsequently, numerical simulations of pier scour are performed
usingthe softwae SSIIM Parametric stu@s areconductedisingSSIIM to quantify the influence
of sedimentparameter®n pier scour antb provide recommendations dhe most appropriate
scour predictiormethods. The review performed in this thesisovers the existingjteratureon
scour including the controlling mechanisms anddbeurtypesthatoccur at bridges. Relevant
soll, fluid, and structural factors and their influence on scour are examined. The most influential
soil parametersn scour were found to begtlgrain sizeangle of reposeand cohesionHowever,
the only soil parameters currently considered by empirical methods is the grain size or gradation.
Also discussed in detail atieecommon empirical equations used for estimating equilibrium scour
depths and scouring rates he review covertaboratoryscale studiesumerical modeling, and
soft computing techniquesuch as artificial neural networksgsed to investigate scouA brief

discussion is made on scour monitoring techniques and coungenmesao mitigate scour.



Numerical simulations in this study were performed using software SSIIM (Sediment
Simulation in Intakes with Multiblock option)The ability of SSIIM to estimate pier scouvas
first investigated anthe optimal modeling parante¥srequired for accurate predictions of scour
were determined. It was found tI&%1IM was able t@accuratelynodel flow past piers with rigid
beds and predict equilibrium scour depttith errorsnot exceedindl2.6%when compared to

observed experimentacour depth

A parametric study was subsequently conducted using SSIIM investigating the effect of
soil parameters on pier scour deptfi®. cover a range of structure sizes, numerical domains were
created with pier diameters set@at m, 0.25 m, 0.5 mgnd 0.8 m Each of the four piers were
simulated with two flow intensities of 0.5 and 0.75 for a total of eight flow scenarios. Each flow
scenario was simulated with 16 different types of soils for a total of 128 cases. The soils tested
were clean sarsdwith control parameters of a 1 mm grain size, 30° angle of repose, and 0 Pa
cohesion. While two soil parameters were kept constant, the third was varied to investigate the
influence on scour depth. The scour depths for ten grain sizes were examavedutde the
performance of 12 empirical methods for predicting pier scoDf.the empirical equations
examined, the TAMU Texas A&M University method was foundb bethe best scour depth
prediction equationThe angle of repose was modeled using stslblge anglebetween 20° and
40°. Variation of the stable slope angle wasnd to vary scour depths by#1.9% to +145.1%.
Cohesive strength was added to the sediment to simulate the presence of finas &ned to
significantly impactscour depths A cohesion 00.5 Pawasenough to reduce scour depths by
about90%. Thesignificantvariatiorsin scourdepth as functionsf angle of repose and cohesion
highlighted the need for their inclusion in scour predicgguations andhethods. Discussions
on the SSII M&s numer i c althesuomemtnumencal seditheantrmgdels st a b
require improvement in tlreability to capture soil behaviourased on the angle of repcesed
cohesionBettersediment modeling areccuratenumerical scour simulatiorsse required for the

development of accurate scour depth prediatiaaelsfor safe and cosfficient bridge design
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Chapter 1. A Review onBridge Scour in Geotechnical Engineering

10 Introduction

The importance of understanding the process and impacts of scour at bridges is essential
for safe and efficiergngineering design. Scourirgdefined asheerosion or removal afediment
bedmaterialaroundmarine structures due to fluid forceBhe scouring process over time weaken
the lateralresistanceof bridges and has been responsible dmund60% of bridge collapses
(Lagasse 2007)Wardhana and Hadiprio (2003)viestigaédthe causes of 500 bridge failures in
the US between 1989 and 20@ identify the primary caused:looding and scouring were the
largest contributors and found to be responsible for 48.31% of the bridge failures. Significant
scouring reduces effective foundation depths and expose foundation footings as shimurein
1.1.

Figurel.l: Scoured bridge foundation (MTO 1997)

This Chapterdiscussesheory andnethodsusedfor predicting scour rates and equilibrium
depths at bridge foundations. Theeractions between soils, fluids and structures cause and
control the scour phenomend&esearching thafluencesand interactions of factoitemming
from the hreeelementss vital to understanding bridge scour. Experimental laboratory testing,
numerical simulatios) and various datdriven algorithms have been used to investigate how

scouring occurs and the best practices for estimating scouring. Mostt dayetechniquesor
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predicting scoulre severely limited in their application and often lead to overly conservative
designs to account for the inherent unpredictability of sc@xisting methods consider only a
limited number of factors and are not Apgble for complex foundation geometries, cohesive
soils, rocls, and wavecurrent interactions.While the overall issue is accuracy, the primary
knowledge gaps the understandingf how all soil parametersan influence scour Methods
currently used tgredict scour depths are empirical formulae developed with limited data from
laboratory experimentsNewer research techniques for scour estimation focus on using numerical
tools to model full scale bridge scour to overcome scale effects. The priroasydbthis review

is bridge scour in channels which consists of contraction scour, local pier scour and local abutment
scour. Long term channel degradation, lateral migration, and stream stability analysis are
precursors to bridge scour analysis, thexefoot within the scope of discussion. In addition to
scouring depth predictions, there is a need for research into scour mitigation and monitoring
technology at scour critical bridges. Both existing and newly researched techniques for scour
monitoring aad mitigation are reviewed for their accuracy and effectiveness. Some reviews on
bridge scour have been conducted on literature published at the time (Deng and Cai 2010, Wang
et al. 2017).

1.1 Scour Phenomena

This section discusses the tgmd scour occurring in channels at bridge sites along with
the influencing factors. First a brief overview of the topics is covered, followed by the impacts of
soil parametersstructure types, flow conditions, and other special considerations. Scizuaing
subtopic within sediment transport, so the basic theories of sediment transport are summarized

herein
1.1.1 Scour Types

While scour is defined as the erosion of sediment beds due to flowing water, there are
different types based on whatgeneratig the erosive flows.The three types of scour occurring
in channels are general scour, contraction scour, and local scour (Richardson and Davis 2001).
Firstly, general scour occurs in all waterways with moving water regardless of the presence of any
structure. General scour describes the toegn bed degradatioand aggradation due to the

removal and deposition of sediment by fluid forces. The amount of general scour will be



dependent on the sqgiarameterschannel geometry, water velocity and wateptti. General

scour is expected to have already occurred prior to the introduction of a bridge; thus, the channel
bed is assumed as steady provided that flow conditions do not significantly change. Therefore,
when considering the addition of a new bridgeucture in a channel, contraction and local
scouring together make up the tgpa¢dictedscour. The second scour type is contraction scour
which behaves as an increase in erosion of the channel bed near structures due to a reduction in
channel width. The presence of bridge foundation structures constricts the flow resulting in an
increase in water velocity and the additional kinetic energy results in deeper sedtaumglation
structures. The facto®ntrollingcontraction scour are the samelasse for general scour while
considering the amplification of flow velocity due to a contractidfigure 1.2 illustrates the

process of contraction saoat channel embankments or abutments.

Local Maximum Back Water
Abutment Contraction Contraction
Scour scour Scour

ELEVATION

". UNCONTRACTED SECTION

CONTRACTED SECTION

Zunifor1

RANGE

Figurel.2: Flow and scouring at a contraction (MTO 1997)

The third type of scour, local scour, occurs adjacent to objects such asopferm
localized scour holes Flow accelerates arourehd downwards athese obstacles to foem
turbulent eddies which erode soil material. Local scour is the most complex type due to turbulence
and requires the most future research into metbbgrediction. Other structures vulnerable to
local scour include abutments, pile groups, complex piers, spurs dikes, and cofferdams. Getting
accurate predictions of localized scour around foundation components such as piers is paramount
as it can significanyl decrease effective depths and lateral structural stability. Severe scour cases
can also increase the chance of buckling under vertical loading due-teeggit, vehicles, and

snow (MTO 1997). For local scour flow at a circular pier in a channel,dfgwoaches the front



of the pile and accelerates around the pile and creates lee wake vortices downstream of the pier

(Dargahi 1990). Local scour flow around a bridge pier is demonstrakggurel.3.

Surface Roller

Figurel.3: Flow and scour at single pier (Akib et al. 2014)

Before the scour hole is formed the upstream wake vortices start to erode soil material
eventually resulting in the scour hole which wilierthe flow conditions. As the scour hole starts
to form in front of the pile, down flow into the hole will credterseshoe vortices which deepen
the scour hole. The term horseshoe refers the how the vortices will wrap around the pier in a U
shaped formation (Dargahi 1990). The combination of the turbulent flow around the pile and into
the hole both contribute tbé formation of the scour hole. As with general and contraction scour,
the amount of local scouring is dependent on thepgspdmetersflow conditions and geometry of
the structure. As the scour hole approaches maximum depth, the strength of thebaeeres
decreases, and once the shear stress exerted by the flow is less than the critical shear stress of the
soil, maximum depth is achieved (Deng 201l0)cal abutment scour has similar properties to that
of local piers scour where flow accelecatiand turbulent vortices develofoaalizedscour hole.
The largescale turbulence and scouring occurring at bridge abutments are illustraigarél.4.
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Figurel.4: Flow and local scour at abutment (Richardson and Davis 2001)

Figurel.4 illustrates the turbulent flow field with wake vortices and the primary vortices
at the upstream face acting similar to horseshoe vormicesrring atpiers. As with piers, the
primary scoung agent is the upstream primary vortices and downwards flow occurring at the
abutment sides (Melville 1992). Larger abutments also create channel contractions which increase
flow velocity and thus the degree of scouring. In addition to the threedf/pesursthe sediment
bedis said tdoein one of twascourconditions. The bed is in the cleaater condition whethere
is nomotion upstream of the structur@hus,for clear water conditigmo upstream material is
transportedandno depositionis expected to occur at the scoured area. The other bed condition is
live-bed scour in which there is active scouring occurring upstream thus, deposition may occur at
the scoured site. Livbed scour occurs if the upstream flow velocityis larger tharthe critical
velocity of the soil,V.. The critical velocity of a soil is velocity at which sediment motion is
incited, so if the flow velocity is less then the critical value then the bed is in a clear water state.
Figurel.5 depicts the general relationship recorded betweerbkkeand cleawater scour depths

over time given steady flow conditions.



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

Scour depth, dst

Clear water scour

Live bed scour

Y

Time, t
Figurel.5: Live-bed and cleawater scour over time (Richardson and Davis 2001)

Although Ive-bed scoupccurs at a higher velocitileaccumulation of upstream deposits
will decreasescourdepth and may lead to a lower tirageraged equilibrium scour depth. For
local scour, the maximum scour depth is expected to occur near threshold condigogy =
Ve, (Melville 1997). If flow velocity continues to increase past threshold conditions the depth will

asymptotically approach a depth near the maximum depth at threshold conditions as shown in
Figurel.6 for local pier scour.
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Figurel.6: Live-bed and cleawater scour comparison on time (Melville 1999)

As the maximum scour depth is often near threshold itond, most experiments are

conducted with velocities at that level.
1.1.2 Soil Influences on Scour

In analyzing scour, a major consideration is the sediment bed and ifgasameters
influencing its behaviour under fluid forces. Soils have many ctearsiics or factors impacting
its general behaviour such as its median grain size, gradation, cohesion, shear strength, angle of
reposeporosity, andmany more In scour research theparametersre factors influencing the
erosive behavior by contralig a soi |l 6s criti cal shear Stres
potential, erosion rateand transport behaviaurUnderstanding the nature of scouring requires
investigation into what fluid conditions erode particles, particle transport behaviour ankd part
particle interactions. Most existing research on sediment transport and scour deal with coarse

sands, though some findings have been made on scour in cohesive soil and rocks.
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Firstly, a soils resistance to fluid shear forces must be quantified and comparable to applied
fluid force to determine the state of sediment motion. Whether due to waves and/or currents,
flowing water will exert a shear stress on the sediment bed wéithther discussed @hapter
1: Section1.1.3 The shear stress at which sediment bed become mobile mdtdvencritical
shear stresd). Describing critical shear stresses of soils starts with analyzing the all the force
acting on a soil particlen a sediment bedEarly research into evaluating soil grains on stream
beds consisted of conducting a force balance on individual grains (White 1940)coh&Esive
grains are under forces of gravity, grain to grain friction, and fluid shear forceson\téxpected
to occur once the fluid forces overcome gravity and granular frictional forces. In the case of clean
sand, critical shear stress is primarily a function of the internal frictional angle which has also been
referred to as the angle of repos#&/ith clay and other soil types, the cohesive strength and other
parametersnust be considered to describe the critical shear stresshe case of sediment
resuspensioandtransport the most impgparametersf the soils are its grain size and iendity
(Van Rijn 1993). To encapsulate the influence of viscosity, density and gravity on soil, the

dimensionless particle diamef@r is introduced with the following expression

- i pQ, (1.1)

: o)

whereg is acceleration due to gravityjs the specific gravitys is the fluid viscosity andso is

the median soil grain size (Van Rijn 1993). In order to find the critical shear stress or the threshold
shear stress initiating movement of particles, the flow past the sediment needs to be analyzed. The
fluid velocity needs to be large enough tor@eene the shear strength to initiate motion and large
enough to overcome gravity to suspend the particle. Thus, suspension of particles-stegp two
process in which the lateral fluid forces surpasses lateral strength and secondly the vertical eddy
velodty surpasses the particle falling velocity (Van Rijn 1993). The fluid forces exerted on a
sediment particle are a combination of viscous shear skin friction and pressure forces. The pressure
forces arise from pressure difference and are composed afidiftirag components. The forces
acting on a single soil graareillustrated inFigurel1.7.
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Figurel.7: Forces acting oa bed sediment partic(&an Rijn 1993)

In Figurel.7 the fluid velocity is directed to the left aglinated the by velocity profile and
streamlines around the sediment. The acting forces due to gfayitit, F., and dragFp, are
illustrated along with the moment arms relative to a point of contact with a neighbouring patrticle.
The angle of repose, is measured from the channel bed normal to the point of contact of particles.
The angle of repose is a functionbaithsoil grain shapeand size. After flowing over the top of
the sediment, Figurg.7 illustrates that there is flow separation ahd production of turbulent
wake where the rotating streamlines are drawr
forces are strong and flow separation is less likely. For large Reynolds number flow the pressure
forces dominate the viscous forcestere is slow separation and more turbulendemoment
balance was conducted on a sediment particle to derive closed form relations for determining when
movement is initiated (Shields 1936). After conducting experiments, Shields (1936), was able to
represent the forces acting on a sediment particle with a single parameter, referred to as the Shields
parameter . Motion was said to occur oncewas larger than or equal to the critical Shields
parameter . TheShields parametas defined usig the followingrelationship

:
A A D (1.2)




where 4 is the density of the soil is the fluid densityand is the bed shear stress (Van Rijn
1993). The Shields parameter represdmsiydraulic conditions near the bed for a particular bed
shear stress. Due to the variability in particle arrangement and size, empirical relationships were
obtained from experiments for determining the critical Shields parainetiiferent situations
Bonnefille (1963) and Yalin (1971) were able to express the critical Shields parametan

terms of the dimensionless particle diam&ewith the following relationships,

— 1m0 for p O 1
— MO ® for 1 O pm
— mwo ° for pm O ¢m (1.3)

— mWipd ® for ¢cTO pum
— m8tuu for punmO

While the elationshipsiescribed irEquation(1.3) are useful they have high levels of uncertainty.
Due tothe empirical nature and limited soil data used to develop the relationshqulitibe used
with caution. After obtaining the critical Shields parameter using Equdfi®), the timeaverage

critical bed shear stredd, can be obtainedith the expression

t —A AD 8 (1.4)

The force balance displayed kigure 1.7 was derived for a horizontdded and needs to be
corrected for the slope of the channel. Redoing the derivation of forces acting on a particle with
the channel bed at angldead to the folbwing formulation for critical bed shear stress,
i Qe

T TT R (1.5)
whereg is the angle of repose ands the channel bed downwards slppadW is the critical
shear stress for a flat horizontal b@tn Rijn1993) The obvi ous | i mitati on
parameter is the lack of many spdrametersuch as gradation, cohesion, water content, and shear
strength, which can have a significanpiacton scour For non uniform soil, the various effects
of gradation must be considered during scour analysis. The most common method for describing

the effects of gradation on the critical shear stress of a soil is using the geometric standard
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deviatin. For soils the geometric standard deviation, is defined using the median gr&gosize

and the 84% passing siBgs as

, 0 7O (1.6)

wherely is used for expressing a soils shear strength and armouring capabilities. The armouring
of a soil occurs after some sorting which leads to the removal of finer soil particles near the top of
the bed resulting in a resilient and coarse armour layer. KRaaad Ettema (1985) investigated

the influence of coarse armor layers on pier scour. They found that although armor layers usually
assist in reducing scour, they can have an adverse impact in the armour break case. The case of
armour break scour calcaur where the entire armor layer is removed then finer unlaying material

is eroded to a larger depth than had there bespmiog effects Raudkivi and Ettema (1985) also
provided empirical formulae based on laboratory experiments for estimatinglspdiuin armour

layer soil as a function of soil grain sizes, flow properties and pier size.

In addition to the effects of grain size, the other paifametersnust be investigated.
Coarse grain soils such as ssace the most understood when it comes to scouring behavior as
they are the most common riverbed material. As sand does not experience any significant cohesive
forces and erodes grain by grain, its shear strength against fluid forces is most significantly
influenced by the median grain size (Richardson and Davis 2001). The lack of cohesion in sand
also impacts the timdepth relationship of scour as equilibrium depth occurs rather quickly for a
given flow state. Finer soils such as clay and silt posseskesive strength and otlparameters
such aglasticbehaviour not exhibited by coarser soils. The cohesion between clay particles also
leads to more complicated erosion patevhere scour holes are dug chunk by chunk as opposed
to individual graingn sand. The cohesion leads to slower scour rates and smaller scour depths,
thus equations developed for sands are usually conservative when applied to clay. The larger
equilibrium depth times imply that understanding the déiptle relationships of scw is more
important for cohesive soils. A comparisohlocal pier scouring in sand and clay is shown in

Figurel.8.
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Figurel.8: Difference between scour gands and clay@®ang et al. 2017)

As seen irFigurel.8, sands will be looser aichnsporteds singlegrainswhile clay with cohesion

will be transported as chunks of graindost existing methods of estimating scour account for
median grain sk, unit weight and gradation while neglecting otpetameters Otherparameters

such as cohesion, void ratio etc. are either too difficult to measure in field or research has not
provided reliable representation of their influence on scouring. Briadéest scour in cohesive
materials including developing the SRICOS method (Briaud et al. 1999, Briaud et al. 2004, Briaud
et al. 2005, Briaud et al. 2011) and the TAMU method for scour prediction (Briaud 2015a, 2015b).
Briaudos resear c ha multude lofvigbdratory destd ofcldcal sopur and
contraction scour in cohesive material to determine the effects gfasaineters The equations
developed by Briaud are discussedSection 1.2.2 Briaud et al. (2011) summarized many
findings includng the critical shear stress and critical velocity of a soil as a function of the grain
size as displayed iRigurel.9 andFigurel.10.
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Figurel.10: Critical velocity as a function gheangrain size (Briaud et al. 2011)

Figure 1.9 andFigure 1.10 display the different empirical relationships used to describe critical

states of soil Wwich arediscussedh detailby Briaud et al(2011) The critical shear stress of soils
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versus grain size on a log plot formed &Mhaped relationship where a median grain size of 0.2
mm had the least resistance. This revealed that the @gaog become larger than 0.2 mm their
increase in self weight would overcome the fluid shear forces and lead to a larger value for critical
shear stress. Interestingly as soils also got smaller thanr.i size Briaud found an increase

in soil resistace against fluid shear stresses. The finer silts and clays saw an increase in cohesive
forces leading to the increase in critical shear stidaike clean coarse sands, soils with cohesion

will experience slower scouring so their erosion rates becoraee important for depth
predictions. With varying flow conditions and flood events, assuming a constant rate of erosion
over long periods of time is not a reasonable assumption in cohesive soils and layered soil profiles.
Briaud et al. (2011) createdqt$ to describe the general erosion rates of different soil types from

laboratory data which is shown fiigure1.11 andFigure1.12.
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Figurel.11: Erosion rates versus flow velocity for soils (Briaud et al. 2011)
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Figurel.12: Erosion rates versus applied shear stress for soils (Briaud et al. 2011)

Richardson and Davis (2001) reviewed the findings of NCHRP reports on scour in the
HEC-18 manual. These reports included investigations on the effetany soilparametersn

erosion. The general findings on how erodibility was impacted were summarizediei.1.

Tablel.1: Soil factor influences on erosidRichardson and Davis 2001)

When this Parameter Increases Erodibility

Soil water content *

Soil unit weight decreases
Soil plasticity index decreases
Soil undrained shear strength increases
Soil void ratio increases
Soil swell increases
Soil mean grain size *

Soll percent passing sieve #200 decreases
Soil clay minerals *

Soil dispersion ratio increases
Soil cation exchange capacity *

Soil sodium absorption ratio increases
Soil pH *

Soll temperature increases
Water temperature increases
Water chemical composition *
*unknown

With someparameterslimited data can reveal contradictory relationships and a low level
of confidence in correlationsThe cohesion due to fines passing the #26@e has been recorded
as describing erodibility as seenTiable1.1. While it is understood that cohesion increase soil
critical shear stresses and reduce scour there is not enough data to include cohesion as a factor in

predicting scour The complex naturef coheson is why scour in clean sands isxderstoodso
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much better than finer soilsThe variety of soil types and composition lead Briaud to develop a
laboratory test to determine the erosmearameter®f a soil sample obtained from the site of
interest. Briaud et al. (2001a) described the development and use of the Erosion Function
Apparatus (EFA). The EFA was developed for testing finer grains soils égb@pplicable for
coarser soils and soft roclBriaud et al. (2001a) stated that finer soils Dso wasnot enough to
describehe critical shear stress. Therefore, tests replicating theldherosion conditions would
provide more meaningful results. The EFA wasanttoacquirea s oi | 6s cr i ti cal
erosion rate as describdxyy the erosion function. The erosion function is defined as the

relationship between the erosion rdieand the hydraulic sheatress)] as seen iffigure1.13.
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Figurel.13: Erosion function plot from EFA (Briaud et al. 2001a)

The EFA was specifically developed for performing site specific scourgti@uistudies
while minimizing sample disturbance. A photo and schematic drawing of the EFA is shown in
Figurel.14.
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Figurel.14: EFA detail (Briaud et al. 2001a)
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The EFA consists of a Shelby tube which can be pushed into the soil to obtain a sample or
have a soft rock core placed inside from the bridge site. The sample should of be taken close to
the expected scour holes on site to be the most representativieetaf soil conditions. The tube
is then attached to the bottom of a rectangular pipe containing the eroding water flow driven by a
pump. The sample is pushed into the channel such that only 1 mm protrudes and then a controlled
water flow isranthroughthe pipe eroding the sample while monitoring how long it takes to erode.
The sample is repeatedly pushed in in further with increasing flow velottiglst the erosion
function in Figure 1.13. Shear stress was obtained using the Moody chart as it proved more
accurate for fine grained soils then manometers or transducers readings. As the water velocity is
controlled and steadily increased throagli testing the plot also reveals the critical shear stress
at which erosion for the sample begins. The shear stress would then be used with the actual channel
dimension to calculate the critical velocity of the channel, and the expected erosion rate of the
channel velocity. The maximum scour depthxis then calculated and inputted with the initial
scour rateJ, into a hyperbolic model describing the scour depth versus time curve, which is
explained in the SCRICOS meth(fsection1.2.2. The erosionate of clean sands and gravels is
measured in tens of thousands of imowrs while for finer soils the EFA reported rates ranging
from 0.3 to 30 mm/hour. Some test on clays reveal that the increase of velocity changed the erosion

of clays from grains tolbcks as thénighershear stress was enough to dislodge larger blocks.

Although limited there had been other studies into the scour behaviour of soil types other
than coarse sands. Debnath et al. (2007) researched-shspension and transportation of
cohesive bedload. Rambabu et al. (2003) conducted experiments on pier scour in cohesive soil
and found that higher shear strengths result in smaller scour depths. Experimental results were
used to develop depth prediction equations as a function ofalweFiloude numbewhile not
considering cohesion as an input. Debnath and Chaudhuri (2010a, 2010&)msdamiteddata
of scour around cylinders in clay and cksand mixed beds to develop a predictive equation. The
equation included soil factors suah clay content in the range ofia00%, water content in the
range of 20%45.92% and the soil shear strength. Debnath and Chaudhuri (2010a, 2010b) found
that higher clay content reduced both the width and depth of scour holes. Higher shear strength
deceased scour depths while larger water content increased scour depths. Sonia Devi and
Barbhuiya (2015) compiled a review on scour in cohesive soils while covering past literature, the

influence of soiparameterand predictive equations. For beds composed of mixed sediments, ad
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hoc engineering judgement is recommended alongside investigative soil testing with boreholes.
In addition to mixed soil compositions, a bed maybe composed of a series of severalHayers.
layered beds, a stdyy-step analysis on the scouring of each layer should be conducted to find the
true equilibrium or maximum scour depths. Debnath and Chaudhuri (2010a, 2010b) investigated
scour in layered profiles due to currents and Sumer €2@07) analyzed scour due to waves in
layered profiles. Briaud et al. (2001b) discussed the application of the SRICOS method to
multilayered soils and muifiood flow events. Briaud et al. (2001b) discussed the importance of
addressing scour in stages accurate predictions.

Rock Scour

Due to bridge foundations being generally binltsoils, and the large variance in rock
behaviour there is a limited number of methods for predicting rock scour. Rock scour is
approached differently from soil due te unique strength properties and failure mechanism during
erosion (Richardson and Davis 2001). A continuously perfect rock could be defined by its mass
strength, but the true strength is variable due to mineral compositions, crystal structures, and
cracks. As opposed to graimy-grain erosion for nowohesive soils, and the erosion by chunks
for cohesive soils, rock erosion involves a multitude of failure modes. For the case of layered soil
profiles, a strong bedrock may act as a protective limitingrléyr the overlaying soil. Scour in
soft rocks may be approached with cohesive soil methods if adequate values for critical shear

stresses and erosion rates are obtained through laboratory testing (Richardson and Davis 2001).

The American Federal Highwaf&dministration FHWA) Hydraulic Engineering Circular
number 18 KIEC-18) manual discusses the compositions and classifications of rocks for the
purposes of scour analysis (Richardson and Davis 2001). The information includes the different
types of rock faure modes along with methods for quantifying rock strength and scour depth. In
a case with constant flow conditions the equilibrium scour depth for sand may be achieved in
hours, for clay it may take days weeks while for rock the process may rangerh months to
years. Bridge foundations built in rock would require extension surveying including boreholes to
identify the composition, orientation, and fractured state of rocks. Data from surveying would
then all ow a quant idstrengihtusing mating systema. erherfooranodesof e r o
rock scour are dissolution of soluble rocks, cavitation, quarrying and plucking of durable jointed

rock, and abrasion with grain scale plucking
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going todissolve in the engineering time of bridge foundations and cavitation is not likely to occur

in typical natural channels. Thus, quarrying/plucking, and abrasion of rock have been investigated

as the most probable failure modes to consider during scdunasai s .

then be compared to the stream power which characterizes the erosive potential of the flowing

fluid to determine the resulting scoured depth.

The

rockos

Rock quality and strength quantification methods in the HBGnanual includehe
Erodibility Index Method (Annandale 1995) and the Rock Mass Rating System (Bieniawski 1989).

The Rock Mass Rating System is used to describe teiuirstrength of rock using individual

ratings of the intact strength of rock, thedR Quality Designdon (RQD), spacing of joints,

cond

i tion

of

j oi nts

and

groundwat er

condi ti

degree of fracturing by examining the length of fractures from a drilled core sample. After

obtaining a sample, the RQD is @alated as the ratio of the sum of rock piece lengths longer than

0.1 m to the total core length. The percentage values for RQD typically ranged from 5% to 100%,

where a higher percentage indicates a higher quality of rock. Apart from tR®Ebcks onige

would need to be tested for their compressive strej@tit status, and the present groundwater

conditions. The numerical Rock Mass Rating is then calculated as the sum of the five relative

ratings prescribed to the five categories aforementioraslizh the ratings can be obtained from

Tablel.2.

Tablel.2: Rock mass classifications (Richardson amiB 2001)

PARAMETER RANGES OF VALUES
Paoint load strength +1.200 psi 600 to 300 to 600 | 150to 300 For this low range — uniaxial
1, Strength of intact rack index ! p 1,200 psi psi psi compressive test is preferred
material Uniaxial compressive 30,000 | 15000t0 | 7,500tc | 3600t0 | 1,500t 500fc | 150 to 500
strength psi 30,000 psi | 15000psi | 7.500psi | 3,600psi | 1,500 psi psi
Relative Rating 15 12 7 4 2 1 Q
2. Drill core quality RQD 90% to 100% 75% to 90% 50% to 75% 25% to 50% <25%
Relative Rating 20 17 13 8 3
3. Spacing of joints =10 f Jto 101t Tto3ft 2in. to 1 foot <2 in.
Relative Rating 30 25 20 10 5
« Slickensided surfaces
+ Very rough surfaces + Slightly rough + Slightly rough -or- * Soft gouge >0.2" thick
+ Mot continuous surfaces surfaces

4. Condition of joints

+ No separation
+ Hard Joint wall rack

+ Separation <0.05"
+ Hard joint wall rock

+ Separation <0.05"
« Soft joint wall rock

» Gouge <0.2 in thick —
or-

+ Joints open 0.05-0.2"
* Continuous joints

-or-

« Joints open =0.2"
+ Continuous joints

Relative Rating 25 20 12 6 0

Infiow per 30 ft tunnel 400 to 2,000

None <400 gallons/nr ! =2,000 gallonsfhr
5. Ground water conditions | length g gallons/hr g

{use one of the three Ratio= joint water
evaluation criteria as pressure/ major 0 0.0to 0.2 02te 0.5 =0.5
appropriate to the principal stress
method of exploration) " Moist only (interstitial Water under Severa water

General Conditions Completely Dry wgtser} maderate pressure problems
Relative Rating 10 7 4 o
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After calculating the base Rock Mass Rating value, it is adjusted for joint orientation by

summing it with the rating frorfiable1.3.

Tablel.3: Joint orientation rating (Richardson and Davis 2001)

Orientations of Joints Fa\\f/ci'r;ble Favorable Fair Unfavorable Unf:fo?able
Tunnels 0 -2 -5 -10 -12
Ratings | Foundations 0 -2 -7 -15 -25
Slopes 0 -5 -25 -50 -60

Lastl vy, the rockods qual it Vyabladle sising the inalon/ c | «
adjusted Rock Mass Rating.

Tablel1.4: Rock mass classes (Richardson and Davis 2001)

RMR 100 to 81 80to 61 60 to 41 40 to 21 <20
(Note 1)
Class No. | Il 1l v W
Description Very good rock | Good rock Fair rock Poor rock Very poor rock

To quantify a rockoés resistance specifical
the Erodibility Index Method. Although the method were designed for both soils and rocks, only
therock portion is discussed herein. The rock erosion process of quarrying and plucking occurs
when fluid force breaks apart jointed and fractured rocks. In addition to the hydraulic shear forces,
rough boundaries with bridge foundations would create tenbwortices intensifying the stress
on rock beds. Water penetrating joints leads to hydrostatic pressure buildup which will also act as
an erosive force. Blocks of rock would then be weakened, dislodged, and eventually displaced
downstream. Continuousisplacement of rock blocks leads to the formation of scour holes. The
Erodibility Index,K, rates a rocks resistance to erosion by multiplying factors from standard tables
using the equation

b DDLUV (1.7)

where Ms is the earth mass strength factél, is the block/particle size factoKq is the
discontinuity/shear strength factor, alads the relative orientation factor. The earth mass strength
factor is a function ofhe unconfined compressive strength and is obtained Tedte 1.5.
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Tablel1.5: Rock mass strength paramety(Richardson and Davis 2001)

. Mass
Unconfined Strenath
Hardness Identification in Profile Compressive 9
Strength (MPa) | Number
9 (Ms)
Very soft rock Matenal_crumbles under firm (njoder_ate) Less than 1.7 087
blows with sharp end of geological pick and
can be peeled off with a knife; is too hard to 17-33 186
cut triaxial sample by hand.
Can just be scraped and peeled with a
Soft rock knife; indentations 1 mm to 3-mm show in 33-66 3.95
the
specimen with firm (moderate) blows of the 6.6—132 8.39
pick point. ) ) )
Cannot be scraped or peeled with a knife;
Hard rock hand-held specimen can belbrok_en with 13226 4 17.70
hammer end of geological pick with a
single firm (moderate) blow.
Very hard rock Hand-held specimen breaks with hammer 26.4-53.0 35.0
y end of pick under more than one blow. 53.00-106.0 | 70.0
Specimen requires many blows with
rE;g:eme\y hard geological pick to break through intact Ii?;ggr than 280.0

material.

The block size factoKy is a function of joint spacing represented by the RQD and the

number of joints sets represented by the joint set nudibeh joint set is defined as a group of

joints with the same dip and strike angle. The joint set number is obtaineddidet.6.

Tablel.6: Rock joint set numbel, (Richardson and Davis 2001)

Number of Joint Sets

Joint Set Number (J,,)

Intact, no or few joints/fissures 1.00
One joint/fissure set 1.22
One joint/fissure set plus random 1.50
Two joint/fissure sets 1.83
Two joint/fissure sets plus random 2.24
Three joint/fissure sets 2.73
Three joint/fissure sets plus random 3.34
Four joint/fissure sets 4.09
Multiple joint/fissure sets 5.00

After determined the values for RQD ad the block size factoKau, is calculated using

the equation
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The discontinuity/shear strength facs represents the shear strengththe discontinuities in
rock as a function of joint wall roughneds and the degree of joint wall alteratiala. Alterations
in rock refers to the amendments of the rock surfaces from weathering or the presence of cohesive

material inrbetween joints. Values fdr andJa are listed inTable1.7 andTable1.8 respectively.

Tablel.7: Joint roughness numbér(Richadson and Davis 2001)

Condition of Joint er;jfnfgg:l‘r}ress

Stepped joints/fissures 4.0
Rough or irregular, undulating 3.0
Smooth undulating 2.0
Slickensided undulating 1.5
Rough or irregular, planar 1.5
Smooth planar 1.0
Slickensided planar 0.5
Joints/fissures either open or containing relatively soft gouge of sufficient 10
thickness to prevent joint/fissure wall contact upon excavation ’

Shattered or micro-shattered clays 1.0

Table1.8: Joint alteration numbek (Richardson and Davis 2001)

Joint Alteration Number (J,)
for Joint Separation (mm)

Description of Gouge 1.0M 1.0 -5.0? 5.0%
Tightly healed, hard, non-softening impermeable 0.75 ) )
filling )
Unaltered joint walls, surface staining only 1.0 - -

Slightly altered, non-softening, non-cohesive rock
- - 2.0 2.0 4.0

mineral or crushed rock filling

Non-softening, slightly clayey non-cohesive filling 3.0 6.0 10.0

Non-softening, strongly over-consolidated clay

mineral filling, with or without crushed rock 3.0 6.0 100
Softening or !ow friction .clay mineral coatings and 40 8.0 13.0
small quantities of swelling clays

Softening moderately over-consolidated clay mineral .

filling, with or without crushed rock 4.0 8.00 13.0
Shattered or micro-shattered (swelling) clay gouge, 50 10.0%* 18.0

with or without crushed rock

Note:

(1) Joint walls effectively in contact.
(2) Joint walls come into contact after approximately 100-mm shear.

(3) Joint walls do not come into contact at all upon shear.

**Also applies when crushed rock occurs in clay gouge without rock wall contact.

The discontinuity/shear strength fackaris calculated using the equation
' 0 1.9
L5 (1.9)
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whereJ; is the joint wall roughness anld is the degree of joint wall alterationThe relative
orientation factarJs, describes the erosive impact of the dip and strike of theretative to flow
orientation. The factor specifically uses the material unit, ahp dip direction of the weakest
discontinuity relative to the flow direction. Rocks dipped against the flow are not eroded as easily
as those dipped in the flow directibacause flow cannot penetrate under to dislodge blocks. The
shape of material unit refers the ratio of length to width between jojntsere a larger ratio or
length results in more resistance. This occurs because longer blocks are more diinatgd
thanequisizedlocks by flow. The relative orientation factds, is obtained fronTablel.9 using

the dip direction, dip angle and ratio ofrjbspacing.

Table1.9: Relative orientation paramet&(Richardson and Davis 2001)

Dip Direction of Closer Spaced Dip Angle of Closer

Joint Set Spaced Joint Set Ratio of Joint Spacing, r

(degrees) (degrees)

o . Ratio Ratio Ratio Ratio

Dip Direction Dip Angle 11 12 14 18
180/0 90 1.14 120 124 126
In direction of stream flow 89 078 0.71 065 0.61
In direction of stream flow 85 0.73 0.66 0.61 0.57
In direction of stream flow 80 0.67 0.60 0.55 0.52
In direction of stream flow 70 0.56 0.50 046 043
In direction of stream flow 50 0.50 0.46 042 0.40
In direction of stream flow 50 0.49 0.46 043 0.41
In direction of stream flow 40 0.53 0.49 046 045
In direction of stream flow 30 0.63 0.59 0.55 0.53
In direction of stream flow 20 0.84 077 0.71 0.67
In direction of stream flow 10 1.25 1.10 098 0.90
In direction of stream flow 5 1.39 123 1.09 1.01
In direction of stream flow 1 1.50 133 1.19 1.10
0/180 0 1.14 1.09 1.05 1.02
Against direction of stream flow -1 078 0.85 090 0.94
Against direction of stream flow -5 073 079 0.84 0.88
Against direction of stream flow -10 067 072 078 0.81
Against direction of stream flow -20 0.56 0.62 0.66 0.69
Against direction of stream flow -30 0.50 0.55 0.58 0.60
Against direction of stream flow -40 049 0.52 0.55 0.57
Against direction of stream flow -50 053 0.56 0.59 0.61
Against direction of stream flow -60 063 0.68 0.71 073
Against direction of stream flow -70 0.84 0.91 097 1.01
Against direction of stream flow -80 1.26 141 153 161
Against direction of stream flow -85 1.39 155 169 1.77
Against direction of stream flow -89 1.50 1.68 182 1.91
180/0 -90 1.14 120 124 1.26
Notes:
1. For intact material take J. = 1.0.
2. For values of r greater than 8 take J; as forr = 8.
3. If the flow direction FD is not in the direction of the true dip TD, the effective dip ED is
determined by adding the ground slope to the apparent dip AD: ED = AD + GS
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The rock strength as evaluated by the Erodibility Index Method or the Rock Mass Rating
System are used in scour depth predictive equations. The equations for depth prediction are further
discussed irdection1.2.1

1.1.3 Fluid Flow Influences onScour

As discussed irbection 1.1.2 soil parameteravere used to describe the critical shear
stresses, critical velocities, erosiyparametersand failure mechanisms. Thus, fluid flow
properties must be used to describe the shear stress exerted edirttens bed and its capacity
for sediment transport. In the cases of contraction and local scour the flow acceleration and
turbulent vortices generation will amplify bed shear stresses and change the sediment transport

behaviour of the flow.
Currents

Most scour research has been focused on current generated scour occurring at bridges in
rivers and channels. Scour in coastal areas would need to consider the effect of waves-and wave
current interactions which is discussed later in this section. The #atdr§ to consider are
density, viscosity, and the acceleration due to gravity acting on the fluid. The simplest factors of
the flow to consider is the depth and veloditycurrents In the process of dimensional analysis
for developing equations pretiing scour, factors are arranged in saimensional forms. For
scouring, a factor of interest is the flow intensitywhich is calculated using the expression

O © 1.10
" (1.10
whereV is the mean flow velocity and; is the critical velocity of the so{Sheppard and Miller
2006) The flow intensity describes the bed condition as live bed when greater than one or clear
water if less than one. A common rdimensional flow factor idie Reynolds numbeRe, which
for a pier can be found using the expression
Ow
Y - (1.11)
whereD is the pier width as the length scalas the mean flow velocity as the velocity scale, and
3 is the kinematic viscosity. Larger Reynolds numbers indicate higher turbulent levels whereas

lower values characterize laminar flow. In addition to structures such asRaieas) be used to
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descrbe the turbulence around soil with a grain size length scale and at vortices using vorticity
sizes as length scales. The formation of the bed shape can alter local flow conditions and thus the
amount of local scour. The existence and shape of upstresesa dan accelerate flow approaching

piers and result in deeper scour (Sheppard and Miller 2006). The formation of dunes can be
attributed to several factors, one of which being the Froude nunitwer Froude numbeF,;, is

the ratio of flow inertia tgravity defined as,

0 — (1.12)

whereV is the mean flow velocity as the characteristic velogig,the acceleration due to gravity

as the externally acting field, agds the water depth asdtcharacteristic length. A flow with a
Froude number larger than one is classified as supercritical and a flow with a Froude number
smaller than one is classified as subcritical. For a given mean velgatyroude number df.0
indicates a length tered the critical depthj. Subcritical flow would result in dune formations

in the bed form and supercritical flow would result in antidune formation in the bedform. Van
Rijn (1993) discusses in detail the formations of dunes and the different beticcmwhich can

exist. As bed shape and dunes impact the near bed velocities and bed shear stsesdastar

to considemwhenpredicting scour.

Using basic channel flow theory, the velocity profile and bed shear stresses can be
expressed. To deteme the bed shear stress, examine the basic representation of shear stress in
a fluid as modeled by Newton's Law of friction

Q0

—_ 113
o4 (113

wheret is the shear stress; is the velocity gradient in the fluid layer, ahds the dynamic

viscosity of the fluid. The fluid viscosity is a function of temperature and pressure. The dynamic
viscositygcan be rel ated to the fluidds kinematic

¥ — (1.14)
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where’ is the kinematic viscosity arid is the fluid density. Shear stresses in open channels are

a function of the fluids viscous properties, channel dimensions and fluid velbcdychannel the

no-slip boundary condition is assumed as sedfigarel.15.

water surfage
turbulent outar Layer Guter layer
wrbulent legarithrmic layer
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Figure1.15: Openchannel flow profilgVan Rijn1993)

Figurel.15displays the different layers of flow occurring in a channel and the expected velocity
profile shape. The shear stress in a fluids viscous sublayer is moddiggidtjon(1.13). In a
channel with a perfectly smooth bed, the flow could be treated as laminar, but the roughness of
sediment will produce turbulence which will be proportionatite degree of roughness. The
amount of turbulence is dependent on the ratio of inertial forces to viscous forces. Any turbulence
will indicate that there are eddies forming and the swirling flow in these eddies contributes to the
suspension of sedimentrtales. The viscous sublayer transitions into the turbulent log layer

which has shear stress governed by the following relationship
Qo
Tt A — (1.15
Qa

where’ ¢ is the eddy viscosity an is the fluid density{an Rijn1993). Equatiorf1.15) looks

very similar to Equatiol.13), but it uses the kinematic eddy viscosity based on turbulent theory.
Past experiments have revealed that the turbulent log layer behaviour dominates the fluid shear
stresses for a channel. To find the kinematdy viscosity, a characteristic velocity, was
introducedwhich has also been referred to as the frictielocity or shear velocityn literature

In turbulent flow the velocity field is complicateshd variablesothe characteristic velocity can
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be used to describe the average velocity in turbulent flow. The characteristic velocity is related to

the velocity gradient by the following relationship
Qo
). —, 116
6 1 Q4 8 (1.16)
Next, Equation(1.16) was substituted into Equati¢h.14) to obtain the following expression,
Tt Al (1.17)

where the shear stress is expressed in terms of the characteristic vélodityriver systems, the

energy was evaluated to obtain the following closed form formula for the characteristityyeloci
6. "xoi Q7 (1.18)

whereg is acceleration due to gravjtyis the water depth andis the slope of the channdh the
case of the open channels, Equatibh8) can simply be substituted inEmuation(1.17), to obtain

the bed shear stress, as

t AQd 0t 8 (1.19)

Equation(1.199i s applicable only for open channel s o
hypothesis is used to relate the characteristic velocity to the kinematic eddy viscosity using the

following relationship

t  ®.a (1.20)

wherek is the Von Karman constant equal to 0.4, arid the distance above the bed. This
relationship states that the level of turbulence is proportional to the distance above the bed of the
point of interest. Then by substitutiggjuation(1.20) into Equation(1.17), and integrating with
respect to u and z the following formula is obtained
6 Lawm 6 1.21
Y & (1.21)
where C is the constant of integration which was sdh@s), andz is the roughness length. The

roughness length is the proportional to the thickness of sediments on the bed and represents the
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value at which velocity is zero. This leads to the general expression for velocity distribution over

depth as
0 == e(x— (1.22)

(Van Rijn 1993). The type of flow occurring is dependent on the roughness of the beduard
1.16 shows the velocity profile for smooth and rough flow cases.

Figure1.16: Channel velocity profiléVan Rijn1993)

This velocitydistribution was found for the log layand describes the entire flow depth
for fully developed flow The average velocity over the deptis obtained by integrating Equation
(1.22) and dividing by the water depth to obtain,

5 &9 g2
=P 7 (1.23)

ol ©

wherey is the water depth. A new parameter called the Nikuradse roughkgessntroduced to

find z0. The Nikuradse roughness is found from conducting a grain size analysis on samples of
soil sediment. In literature there have been numerous formulas pegelor the Nikuradse
roughness as functions of water body dimensions, surface materials and grains sizes. In the cases
of open channel flow, Nikuradse roughness may be approximalxgd ahich is the sieve size at

which half the soil passes through be tmedian grain diameter. It can also be arguedfias

a better representation because the larger grains will sit higher resulting in a larger influence on
the amount of turbulence (Cheng 2015). For hydraulically smooth flow, the size of the roughness
is very small compared to the viscous sublayer thisknthus the roughness does not affect the

velocity distribution (Van Rijn 1993). The equation is,

28



O T p- for - L 8 (1.24)

For the case of hydraulically rough flow, theighiness is so large that the viscous sublayer does
not exist, and the fluid viscosity has no impact on the velocity distribution, only the eddy viscosity
does. The following relationship describes the location of thevadozity level in hydraulically

rough flow,

G mroQ for - X TT. (1.25)

The third flow regime is hydraulically transitional flow where both roughness and fluid viscosity

impact the velocity distribution as seertle following equation

z

G Tp- TBroQ for v X T (1.26)

(Van Rijn, 1993).Instead of examining just the mean flow velocity of a channel with the resulting
bed shear stress, the stream power of a channel is used focalcolations in rock (Richardson

and Davis 2001). The stream power describes the rate of energy dissipation or work done by the
stream on the channel bed. The stream power used in conjunction with rock erosive strength rating
methods for estimating theaur depth in rock. The stream power can be expressed using different

variables as shown in the following equation
0 A JO Tt (1.26)

whereP is the instantaneous stream poveas, the unit weight of wateq is the unit discharg&§

is the slope of the energy grade li€is the energy loss per unit distantes the representative

shear stress, andis the representative velocity. Whte stream power is expressed using the
shear stress and velocity, the values chosen must be representative of the location being evaluated
for local scour. For the cases of local scour at piers, equations have been developed to specially
calculate the igr stream power at the upstream face. Based on rock properties a critical stream
power can be defined and then compared to the pier stream power to attain the degree of scouring.
The stream would erode the rock at the pier and as the depth increamser thieeam power
decreases until it is less than the critical stream power at which the equilibrium scour depth is
achievedRichardson and Davis 2001)
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The basics of flow in channels understood very well regarding the turbulent boundary layer
developmentand log velocity profile. The complexities in flow arise in contraction scour and
especially local scour whefflow becomes significantly turbulent, and vortices impact the bed
shear stress and sediment transport. Research into flow effects on sofienacenducted in lab
settings with different techniques and equipment to visualize the turbulent processes. As these
complex flows are dependent on the structural obstructions, further discussiadesnSection
1.1.4 Experiments have generally consisted of scaled down flume tests where various equipment
is used to measure velocity fields, measure bed shear stresses and track particle paths. Dargahi
(1990)investigatedhe controlling mechanism of scour by experitaéiyp analyzing the horseshoe
vortex and wake vortices. Dargahi (1990) found that varying roughness of bed soil grains
influences the water boundary layers and thus also affects the formation of the vortices conducting
scour. Dargahi (1990) also descshr detail the three phases of scour as initial scour, primary
scouring, and then gradual reduction with the cyclic horseshoe and wake vortex sheading over

time.

Unlike deterministic factors such as structural dimensidhs, true soil and flows
conditions areactually probabilistic. With limited site soil samples and estimates of mean flow
velocities, scour predictions anéten conductedvith approximations and averages. To simplify
the stochastic problem, many design methods are frequently ovedgreative to account for
unknowns. However, the case can occur where a deterministic formula under predicts scour
leading to structural instability due to unexpected soil bed weakness or intense flood conditions.
Brandimarte et al. (2006) conducted achtstic flow analysis which couples a synthetic river flow
simulation technique with a cohesive soil model. The analysis used historical flow records to
create hydrologic series with the same statistical properties as observed flows to perform
probabilistc design and risk analysis of bridge foundations exposed to scour. Briaud et al. (2007)
investigated the probability of scour depth predictions being exceeded due to hydrologic
uncertainty. Briaud et al. (2007) continued the work of Brandimarte @086}, using historical
data to create thousands of future velocity hydrographs all equally likely to occur. Using the future
velocity hydrographs and SRICOS methdgkdtion 1.2.2, scour depths are calculated and
analyzed for the probability of a deptleibg exceeded. Briaud et al. (2014) continued their
investigation of statistical, risk, and reliability analyzes of bridge scour. Briaud et al. (2014) used
scour databases to quantify statistical parameters relating the scatter between predicted and
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measired scour depths. Then the parameters were used to develop a rebalsgityload and
resistance factor (LRFD) design for shallow and deep foundations subjected to scour. Khalid et
al. (2019) performed a reliabiltigased assessment of live bed scaubridge piers the using
Sheppard and Miller (2006) equations combined with a-dirder reliability method (FORM)
reliability analysis. Factors such as the pier diameter, flow depth, flow velocity and median soil
grain size were analyzed for their meamues and coefficients of variation (COV). Results
revealed flow velocity to be the most dominant variable and the flow depth the least infloential
scour depths Results were also used to develop an equation for safety factors in terms of a

reliability index based on the variability of factors
Waves

In the case of structures located in coastal areas, scour occurs due to waves and wave
current combined flow. Waves generated due to gravity and wind will influence the flow field and
thus also the likshear stresses, and sediment transport occurring around structures. Waves mixed
with currents result in very complex flow fields and bed conditions with cyclic properties of
erosion and deposition. The analysis of wave scour involves using the &imépotential energy
within waves along with wave characteristics as factorsy&thodgredictingthe scour depth. In
addition to flow depthy, and mean flow velocity of currents, wave factors for scour include
the wave induced flow velocity¥w, wave periodT, wave heightH, and wavelengtH, (Wang et
al. 2017). A common nedimensional number used in wave scour research is the Keulegan

Carpenter numbekK., which is defined as

. Y

v o (2.27)
whereT is the wave periodD is the length scale such as pier width, &ads the maximum
velocity of the undisturbed wavaduced oscillatory flow. The Keulega@arpenter number
describes the relative strength ohgiforces over inertia forces for bluff objects in oscillatory fluid
flow (Sumer et al. 2000). Different cases of wawerent interactions include waves following
current, waves opposing currents, waves perpendicular to currents or any relative dimection
between. Simpler and conservative methods for predicting scour in waves involve combining the

current velocity Ve, with the wave velocityVw, to obtain an equivalent waxggirrent velocity,
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Vew, t0 use in traditional scour equations like thos8action 1.2 The difficulty in obtaining an

appropriate value fovcw is the norlinearity in wavecurrent interactions.

Sumer et al. (1992a) ran experiments of wave scour around single piles to formulate a scour
depth prediction equation. The lee wake haseshoe vortices were the primary scouring agents,
and their development wa®ainly dependent the on Keuleg&@arpenter number. Further
examining ofK. values revealed that for valueskKi<6 scour was negligible and increasikg
deepened scour depths uiiE100 where scour depth become steady state. Sumer et al. (1992b)
examined the time scale of pile scour hole evolution and the importance of boundary layers on the
velocities and bed shear stresses. Sumer et al. (1993)dexban their prior research and scour
depth equation to include square piles cross sectionshanfiow angle of attack Sumer and
Fredsoe (1998) experimented with wave scour at various group piles arrangbg-sidie, in
tandem, triangular groupandsquare groups. Different pile spacings &dalues were tested
for influence on scour depths. Sumer et al. (2000) conducted a review on scour around coastal
structures while covering sediment transport,-hio@ar waves, wavéhduced pore pressure on
soil, wave kinematics, soil liquefaction, wave steepness effects on scour, scour protection methods,
and numerical modeling of coastal flow around piles. Sumer et al. (2000) stated that scour in linear
waves can be determined as functioKefvhile for non-linear waves a coefficient was required
to describe asymmetry of wave velocity. Sumer and Fredsge (2001) performed rigid and mobile
bed experiments at a large diameter cylinder with progressive waves. Scour at a 1 m diameter
cylinder was found to inease withK: and the diffraction parametdd/L, whereD is the pier
diameter and. is the wavelength. Sumer et al. (2007) investigated soil influence wittdde
wave scour experiments with a pile in sand, medium density silt, anebaigity silt. EBsts
ranged inK values of 0- 20, and results showed scour to be-1260 times deeper and faster in
dense silt when compared to medium density silt and sand. Babu et al. (2003) also performed
flume experiments of wave scour around single piles in ste@esilty-clay sediment. Pile
diameters ranged between Btn - 110 mm and flows tested were varying combinations of
different waves properties and current velocities. Parametric studies were performed on the scour
depths and its nedimensional factorsuch as the Froude number which is a major dynamic factor
causing movement of soil particles. The other factors tested were the wave sté¢hnedsch
influences local vertical flows lifting sediments from bed and the Ursell pararigted] %/D?,

which signifies the magnitude of wave energy transmitted to the soil bed. Scour depth prediction
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equations were developed using the -danensional factors. Zanke et al. (2011) performed
experiments on waveurrent scour in nogohesive sediments and deveddm depth equation as

a function ofK. ranging from 6 105 and flow intensityl, ranging from 0.6 4.5. Qi and Gao

(2014) examined wave and current scour at large diameter monopiles while focusing on the effects
of wave induced pore pressure. In d@ddi to eroding and transporting sediment, fluid can
influence scour through seepage flow within the bEgjure 1.17 shows wavenduced upward
seepage surrounding monopiles which can | ower

degree of scouring.
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Figurel.17: Wave and current coupled scour at a mondieand Gao 2014

Qi and Gao (2014) found that waves following currents produced higher velocity in
boundary layers while waves opposing current reduced velocity. For snalies\wofKc, the
horseshoe vortex effects are lowered and its impact on scour is much less than steady currents
whereK:a D Due to the notinear effects when waves and currents interact, the linear sum of
current scour with wave scour was found to unst@rete the actually rate and depth of scouring.

For a detailed analysis into the effects of wagrent interaction on the current profile,
Olabarrieta et al. (2010) examined the effects of Wweweent on a water column and the free
surface. Results @ve recorded on how the typical logarithmic velocity profile of pure currents
was altered in experiments with following, opposing, and perpendicular waves. Olabarrieta et al.
(2010) analyzed the ndmear effects of waves with a Eulerian wagarrent moel and verified

the model with experimental results. Following waves increased velocity while opposing and
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perpendicular waves decreased velocity in the upper column areas between wave crests and
troughs. Velocity below the wave trough level decreasedbftowing waves and increased for
opposingb6s waves and these effects were seem .

periods.

1.1.4 Structural Influences on Scour

In the case of general scour where no structures are present to obstrutidiéew and
soil parametersare theonly factorscontrolling scour. Structural ontractions andocalized
obstructions acceleraffow while creaing turbulent vortices which amplify bed shear stress and
modify sediment transpoliehaviour This section will cover the experimental and field study
research which has been conducted into understanding and predicting bridge scour. Details on the
prediction equations is further discussedsettion1.2 Unlike the soil bed and flow behavior the

structural factors of interest are deterministic dimensions.
Contraction Scour

The presence of abutments and embankments reduce channel widths at bridge feaundation
and form a contraction responsible for scour as showigurel.2. The contraction would have
a similar flow rate to the approaching flow and teduction in flow widths compensated bgn
increasan flow velocity. The higher flow velocitincreaseded shear stresses which will scour
the bed in the area of the contractions in addition to local scouring effects at the structures. The
primary obgctive of research into the analysis and prediction of contraction scour is quantifying
the level of velocity amplification based on the geometry of the contraction. The factors of interest
for contraction scour are the sparameterschannel approachidth, contraction width, channel
approach depth, channel approach velocity, channel approach flowrate, and contraction length.
The common nofalimensional factor proportional to the maximum contraction scour depth is the
contraction ratio defined as the arinel approach width divided by the contraction width
(Richardson and Davis 2001). Further discussion on prediction methods is dsaotiom1.2,
where the importance of channel types and geometry is emphasized. Depending on whether the
channel a simpgl rectangular shape or compound channel the approach and methods will be

significantly different. The HEQ8 manual (Richardson and Davis 2001) covers theory and some
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methods for predicting clearwater and Hved scour at different types of contractions.
Experimental investigations of contraction scour have been conducted by Laursen (1960), Laursen
(1963), Neill (1973) and Sturm at al. (2011). Methods for estimating contraction scour in cohesive
soils werepresentedby Briaud et al. (2005) and Briaudadt (2011).

Local Scour at Piers

The scour case with the most literature and need for further research is local scour at bridge
piers. Unlike general and contraction scour, the local scouring around piers is caused by the
formations of turbulent horsesé and wake vortices as illustrated Rigure 1.3. The flow
acceleration around piers and the downwards flow of the horsestimeserode the surrounding
soil to form scour holes. In addition to spdrametershe main factors of intesé for pier scour
are the flow depth, flow velocity, pier shape and pier width normal to flow. The eadiarch
into pier scour includes Laursen and Toch (1956), Neill (1964), Melville and Raudkivi (1977),
Jain and Fischer (1979), Jain (1981), Dargdl®i87), Dargahi (1989), Froehlich (1988), and
Ahmed and Rajaratnam (1998). The earlier work consisted of fitting laboratory data to obtain
simple empirical equations for estimating the maximum scour depth at single cylindrical piers.
Over the years witimore experimental and field data, methods for scour prediction have become
more comprehensive by including the effects of flow directions, sedip@m@imetersand
different pier types. Other experimental works have been conducted with a focus omgnhéy/si
turbulent flow field and understanding the behaviour of the primary horseshoe vortex. Breusers
et al. (1977) reviewed pier scour and discussed the effects of different scour shapes on local scour.
The controlling factor for pier scour was foundo®the shape and size of the upstream pier face.
For piers aligned with the flow the length of the pier had no impact as it did not interact with the
primary horseshoe vortex. The tail end of piers would produce lee wake vortices however scour
would bethe deepest at the front face. Round nosed piers helped lower the horseshoe vortex
strength and produce scour depth87090% of those at rectangular piers of the same width.
Sheppard et al. (2004) performed large scale clear water local scour expemviterpiers of
diameters of 0.114 m, 0.305 m, and 0.914 m. Results were recorded for a range of flow depths,
flow velocities and sediments sizes of 0.22 mm, 0.80 mm, and 2.90 mnpieflseourprediction
equations discussed iBection 1.2 were from tle works of Breusers (1963), Colorado State
University (1977), Melville and Sutherland (1988), (Richardson and Davis, 2001), Sheppard and
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Miller (2006), Breusers et al. (1977), Melville and Raudkivi (1997), Melville and Chiew (1999),
Briaud et al. (1999), Baud et al. (2001agndBriaud (2015a2015h.

Experimental studies on local scour flow were conducted by Manes and Brocchini (2015)
to analyze the turbulence effects on sediment. By merging theory and empirical observations of
the fluid stresses on dienent erosion and transport, a prediction formula was developed for
maximum scour at cylindrical piers. Guan et al. (2018) studied the horseshoe vortex in a
developing scour hole with Particle Image Velocimetry (PIV). Measurements were made of
velocityf i el ds, turbulence intensities and Reynol
different stages of scour. The primary horseshoe vortex started as one small vortex which grew in
size and strength before evolving into three vortices. The testsdeaesin a flume with a
cylindrical pier of 80 mm diameter, flow intensity of 0.53, and flow depth of 200 mm. The area
of maximum downflow wagound to be-0.5<y/D<0 upstream of the pier, whe2was the pier
diameter and y was the distance from pier. Tdgion of maximum turbulence intensity and
Reynol ds6s shear stress occurred at upstream
turbulent eddies have the highest probability of occurring. Through some promising results were
obtained they were lirted for the particular scaled setup and the turbulence behavior can greatly
vary for other pier shapes and flow intensities. Further experimental tests and numerical studies
would be required to completely comprehend the vortex system at piers for ésmgh dnd
protection against scour. Chen et al. (2019) statistically investigated the horseshoe vortex system
with time-resolvedPIV. Using flows with varying Reynolds numberkgthorseshoe vortex was
tracked as it traveled downstream and weakened. mEam lifespan was estimated to3ig/V,

whereD is pier diameter andl is the mean approach velocity.

When prediction equations from the formerly mentioned sources were applied to wide
piers, scour depths were significantly over predicted. This occduetb the scale effects arising
in laboratories and limited field data of scour at large piers. As piers get larger, the width influence
on scour depth decreases, so new relationships must be described for the cases of wide piers or
long skewed piersWhitehouse (2004) studied scour around large 20 m diameter monopile wind
turbine foundations. Sheppard et al. (2011) performed-dapth study on scour at wide and long
skewed piers as part of NCHRP REPORT 682. Large sets of existing data on fikeld acour

were compiled to evaluate the performance of common formulae. Two equations with good
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performance from Sheppard and Miller (2006) and Melville (1997), were combined to form a new
equation referred to as the Sheppard/Melville or S/M equatioa.n&w S/M equation performed

better than any other existing equation for predicting scour at wide and skewed long piers. For
consideration of temporal effects, the S/M equation was inputted into the Melville and Chiew
(1999) scour evolution equation tafothe M/S equation. The M/S equation performed very well

in modeling the evolution of scour hole depth over time. Zhao et al. (2012) used experiments to
study the local scour around rectangular subsea caissons in steady currents. The flow skew angle
was evaluated with tests at 0°, 45° and 90°, where 0° represents flow parallel to the long boundary
of the caisson and 90° representing flow parallel to the short boundary of the caisson. Rectangular
shape effects revealed that the horseshoe vortex hadflesie in scouring compared to flow
acceleration at upstream corners where the scour started. Results were also used to develop an
empirical equation where a hyperbolic function fit the data than an exponential function.

Local Scour at Complex Piers andile Groups

Most of the research conducted has been on pier of uniform diameter but many structures
are composed of compound sections. Compound piers as tHeigerial.18 may be composed
of lower foundation sections of larger diameters or multigroup piles as thBgpine1.19, which

will change the flow system and scour hole shape.

Figure1.18: Compound pier shapes (Whitehouse 2004)
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Figurel.19: Single pile, e group and complex foundatioexample(Wang et al. 2017)

Different scour cases can occur based omdlagiveelevatiors of the sediment bed, water
depth, and pier height. The scour caseslafi@ed bywhich section®f structures areexposed to
flow. Scour at pe groups irludefactors such as spacing and arrangement tybésh cause
flow effects such as jetting antislding. Piles at the upstream face will shield downstream piles
from the flow, therefore the scour depth at piles upstream are larger than those shielded behind.
Jetting at pile groups is the acceleration of flow in the contraction between piersindnedses
with closer spacing. Mutual interactions between piles and the pile cap are also important to
consider for close spacings and pile caps exposed to flow (Wang et al. 204/7y. scenarios
with differentshapes, arrangements and relative heigfrggructures are possible. Differestates
of elevation and exposure are illustrated by a pier with pile group foundataomplein Figure
1.20.
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Figurel.20: States of scour at complex piers due to elevations (Atsitiani et al. 2010)

In Figure1.20the water elevation is shown with a solid line, the sediment bed is indicated
with a dashed line, and the expected scour hole shape is drawn. In case (1), scour is controlled by

the top pier, case (2) has a lower sediment bed and a smaller scouratzptbe the pile cap acts
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a protective layer to limit the scour depth. With lower flow and bed degsks,(3) andase (4)

see the cap exposed and scour starting to go underneath towards the pile groups. As the water
elevations goes below the pier witases (5) (7), the piles and pile cap interactions with the flow
control the vortex system and scouring. AtAghtiani et al. (2010) experimentally investigated

pile cap elevation influence on clear water scour at the compound pier types slagured.20.

It was found that scour increased with cap exposure and maximum scouring occurs when pile cap
is undercut, and flow penetrates below as ie¢d3 Common pile arrangements include side by

side rows (normal to flow), tandem lines (parallel with flow), triglag and rectangular grids. If

piles are grouped close enough then scour may be approximated using equations for wide piers by
treatingthe group a single large pier. On the other end, piles spaced far enough such that their
flows do not interact may be treated as single piers. sitiani and Beheshti (2006) observed

that the group acts as a single pier for spacingdk 1:25 whereSis the spacing anD is the

pile diameter

When researching nemniform piers, Melville and Raudkivi (1996) performed
experiments of scour on compound piers with diamnsetfD situated orarger cylinder foundation
of diameterD*. A solution tested was to predict scour with an equivalent diameter as a function
of D andD*. However, the equivalent diameteas found to excessivetyerpredicscourdepth.
Instead, Melville and RaudkiviL96) proposed a method addressing the threes possible cases for
compound piers and using equations specific to the cases as thogerel.20. Briaud et al.
(2004) expanded threngle pielSRICOS method to solve for scour at pile groups in cohesive soils.
Melville and Coleman (2000) published a text on pier and pile group scour with a predictive
equation also referred to as the New Zealand Equaioteman (2005) updated the New Zealand
Equation with new expressions for correction factors obtained from additional experimental
testing. The new equation was applicable for scour at complex piers, uniform piers,-caisson
founded piers, pile groups wittebris rafts, and pile groups with various cap elevations. Ashtiani
and Beheshti (2006) ran 112 experiments of clear water scour aiyssilge and rectangular
arrangements of piles. The case of cap above water was tested with quartz sand of 0.85 mm an
0.98 mm size, varying spacing, and varying flow conditions. The amplification of local scour at
piles in a group was referred to as the interference effect and it was seen reduced for spacings
S/D>2-4, whereD is the pile diameter and S is the pile spgc Relative to single pile, scour

depth increased by a factafr1.5 for two piles side by side with spaciBfpe0.25 a factor of 1.2

39



for two piles in tandem with spacir®/De 2, and a factor of 2 for a 2x4 pile group with spacing
S/De0.25 As with single piers, the width normal to flow dominated the scour depth, in the case
of group piles the width was controlled by the number of piles arranged normal to flow. The
results wereised to derive a correction factor for pile groups and when incorporated with the HEC

18 and New Zealand equation, a good agreement was found when compared with lab scour depths.
Kumar et al. (2012) put together a review on local scour at uniform anglocom circular piers.
Suggestions were given on what methods to select when evaluating local scour with temporal
considerations. Amini et al. (2012) conducted experiments on pile group scour with submerged
and unsubmerged caps. To obtain the maximurarsdepth, flow intensity was set to near
threshold conditions. The shielding effect of upstream piles reduced velocity and coupled with
deposition lead to lower depths at the downstream piles. An equation for estimating scour depth
was developed as a fetion of pile arrangement, spacing and submergence &atib/y, whereh

is the pile height, angl is the flow depth. Scour holes became interconnected forming a larger
scour hole for spacingS/D < 3.5 The interference between piles aotther group efects
diminished for spacingS/D > 3.5 Akib et al. (2014) experimentally evaluated local scour around
complex pier groups and combined piles at siemeigral bridge. Flow and depth measurements
revealed that scour developed faster at upstream fabesgtit the time until equilibrium depth at
upstream and downstream sides was same. Liang et al. (2019) tested the effects of pier widths,
types, and configurations on scour in faohesive soils. Most tests were in deep water and some

numerical models werused to evaluate scour at piers too large to test experimentally.
Local Scour at Abutments, Spubikes and Groynes

Apart from piers the local scour often of concern at bridge foundation is at abutments.
Local scour at abutments occurs due to a combination of lateral channel migrations, flow
contraction, and vortex formation due to abutments obstructing flow as pier&ating as flow
obstructions, abutments form primary vortices upstream running along the abutment toe and wake

vortices downstream as describedrigurel.21.
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Figurel.21: Flow around scoured abutment (Barbhuiya and Dey 2004)

As scour holes begin to form at abutments, the combination of downward flow and vortices
will continue to deepen the scour until a maximum depth is reached provided flow conditions are
steady state.Evaluating local abutment scour ég@mplexas there arenany factorso address
starting with the channel cross section whiehcompound channetsonsiss of a main channel
and flood plains. Scour ia compound channdk illustratedin Figure 1.22, where analyss
includesdifferent sectionsvith their ownflow rates, velocities, and dimensions.

Scour Area High
Turbulence

Rollers

Figurel.22: Abutment scour in a compound chanfiRichardson and Davis 2001)

The next major factor is the geometry of the abutments which influence the level of flow
contraction along with vortices size and strength. The common abutments shapes are spill through

abutments, vertical wall abutments, andgwvall abutmentsasdisplayedn Figurel.23.
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Figure1.23: Abutment shapes (Richardson and Davis 2001

The approach to studies for abutments scour follows the process for any other local scour
as such as local piers scour. Local scour occurs while the shear stress exhibited on the bed from
the flow is larger than the critical value of the soil. Barbhuand Dey (2004) compiled
information on local abutments scour and found that scour is the largest for vertical wall abutments,
followed by wingwall abutments and thiewestfor spill through abutments. Apart from the
abutment shap¢he length normal tow will significantly impact scour as its redirection of flow
causes flow acceleration. The flow field at abutments is comparable to groynes-dikeplas

they are all large walike structure forcing flow around.

Equations for predicting local almént scour are discussed Section 1.2 including
Froehlich (1989), HIRE equation (Richardson and Davis 2001), NCHFRI® 24proach (Ettema
et al. 2010), Melville (1992), Melville (1997), and the TAMU method (Briaud 2015a, 2015b).
Other published literaturencludes Coleman et al. (2003), whonducted experiments of clear
water scour at vertical wall abutments near threshold velocity conditions. An equation was
developed for dimensionless equilibrium time as a factor of flow intensity and relative abutment
length,y/L, wherey is the flow degth andL is the abutment length. Results with short abutments,
y/L>1, revealed a flow pattern similar to piers with downflow at upstream face and a principal
vortex analogous to the horseshoe vortex at piers. For long abutgiests, the downflow was
significant to scour and a large eddy was seen generated ahead of the abutment. Sturm et al. (2011)

reviewed contractioscourand local abutment scour prediction methods, discussed the gaps of
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knowledge, and the need for safe and-effgctive design obridge foundations. Debnath at al.
(2014) investigated abutment scour in a clay/samndd cohesive sediment bed, with 87
experiments at vertical wall abutments and 29 experiments at 45° wing wall abutments. Depth
prediction equations were created ascfions of clay conteniC, water contentyg bed shear
strength, and flow Froude number. Water content was tested in the range of\Wd$® 0.44,

and clay content ranged in between (36 < 1. Results revealed that fdfc< 0.24 the scour

depth deaases with an increase in clay content. War> 0.24 an increase in clay content
decreases scour depth u@iE 0.5, at which point further increases in the clay content increased
scour depth. Pandey et al. (2018) compiled a review on scour at spstrditeres which stem

from banks into stream to deflect flow and defend the bank against stream erosion. The shape and
scour process at spur dikes is very similar to abutments due to their shape and orientation in a

channel.
Debris and Icing

Other tharthe bridge structure itself, local debris and icoamaccumulateand increase
the amount otontraction and local scour. Debris consists of plant material or ice forming a raft
or beconng stuckat bridge foundation components such as pidise presece of debris further
contracts flow and may increase the effective widths of pier which will then enhance the effects of
local scouring. If not accounted for, significant amounts of debris may lead to bridge instability
or even failure. By measuring osteanating the dimensions of debris it can be considered as
extensions of the structures, for example a pier withngar the surfacenay be treated as a
compound pier. Structural design may incorporate considerations to minimize debris and icing
through field monitoring and analysis. The HEE manual (Richardson and Davis 2001)
provides some recommendations for estimating pier selidebris which is covered Bection
1.2.1 Wu et al. (2015) conducted experiments on scour at ice covered bridge abutments.
Abutments with square and seaiicular ends were investigated along with ice roughness effects
on scour. Wu et al. (2016)prducted experiments on ice covered piers to develdpp#h
estimation equatioand found thascour holesizesincreased with larger ice cover. Ice cover was
more influential for shallow flows, as it was more likely to interact with turbulent flow field
causing scour near the bed. Namaee and Sui (2019) studied local scour around-bysisiele
cylindrical bridge piers under iesovered conditions.
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1.2 Scour Estimation Methods

The most common method for formulating predictive empirical equations @ar sc
prediction is fitting experimental data. This section will cover common methods used for
predicting equilibrium depths and time rates of contraction and local scour. General scour, the
long-term degradation/aggradation is expected to have alreadyred@rior construction, thus
its prediction is not necessary. Empirical formulae have generally been rough estimates of scour
depths and limited in their consideration of all factors relating to the soil, fluid, and structure
interaction. The earliestf the empirical equations ontpnsideredtructural dimensions and are
overtly conservative to account for uncertainly in flow andgmiameters Over time with further
research and more experimental data, the empirical equations have been updeligdetéactors

related to flow depths, flow velocities and guirameters

To obtain meaningful relationships and fit measured dditagnsionalanalysis was
conducted in scour studies. The approach to developing equations for estimating scour depth mos
often involved using theTheorem of VaschBuckingham (Buckingham Pi) to perform
dimensional analysis. Papers covering the dimensional analysis of scour include Breusers et al.
(1977) and Chiew and Melville (1987). The dimensional analysis processigdeall possible
variablesor factors impacting scour deptb expressnondimensional pi parameters and then
curve fitting measured data. The equilibrium depth for scour at a pier in function form can be

written as

Q Q" AR AAobio h-R, AV (1.28)
wherej ¢ is the fluid density3 is the fluid viscosity} s is the soil densityh is the pier widthg is
the acceleration due to graviy s the flow velocityy is the flow depthL is the pier lengthDso
is the median soil grain sizd,describes the flow angle of attadk, is the soil gradationSh
describe the pier shapeis the time of scouringandte is the equilibrium scour time. These are
generally the most common factors considered for the formation of local pier scour equations. The
dimensional analysis would require running experiments with different values for each factor to
conduct asensitivity analysis. Once all individual factors are identified, the theorem of \faschy

Buckingham involves rewritingquation(1.28) with the factors in nowmlimensional forms as
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whereq= &} ) i6 gelative submerged density. The left side of the equation has the equilibrium
scour depth normalized with the pier width which is commonly done as is has been proven to be
the most influential length factor. Includediquation(1.29) are classical parameters in studies

of sediment transport, the Froude number and Reynolds number written with the pier width. Also
included are the non dimensionatforstly, Sh and the alignment factéd which would account

for the flow angle of attac. For methods in cohesive soils where flood times are important the
scouring timet, is analyzed relative to an equilibrium scour tiree, As Equations(1.28) and

(1.29) are just examples, many methods for estimating scour focus only on some specific factors
for scour at different structures. For abutments, the channel dimensions become more influential
and for pile groups the spacings would be considered. Some stisdibésze included many soll

factors and scour in waves would involve Kaenumber.

For general scour, contraction scour and some cases of local abutment scows@alarge
evaluation of the channel flow must be performed. Unlike pier scour, a meandiocity and
flow depth is not enough information to describe the flow. Software such as BSDMS (The Bridge
Scour Data Management System) and HEAS (River analysis system) help with simulating
river flow and determining the flow rates at different getd (Richardson and Davis 2001). The
software include data on the bed shapes and water elevations so velocities and flowrates can be
obtained throughout the channel. T$wtwareare used in conjunction with scour prediction
methods to obtain flow rateso i npu't i nto equations such as
contraction scour or the TAMU equation for abutment scour (Briaud 2015a, 2015b). Govindasamy
et al. (2013) created a statistical method for predicting scour called the observation method for
scour (OMS). The advantages of the OMS were that it did not requirgpsitéfic erosion testing
of the soil and it accounted for time dependent scour. The method extrapolated measurements of
past scour depths during floods to predict scour in spedifiegle floods. Past flowrates and
velocities were converted in between each other usingRES. Then the data was used to create
Z-future charts to describe the scour depths corresponding to different flow rates. The OMS was
applied to 16 bridges in#hUS which then revealed 10 were scour critical due to the possibility of

future floods causing structural instability. Govindasamy and Briaud (2014) applied the OMS to
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two additional bridges and found good agreement between predicted depths with Ofiékiand

measurements.

The remainder of this section will describe equations predicting scour obtained from North
American design manuals and newly published research. Over the years, past equations have been
updated to include previously dismissed factareoamprove the performance by including new

scour data in the dimensional analysis.
1.2.1 Scour Estimation Methods in Design Manuals

To review the current state of scour prediction methods used in North America, the
methods in the MTO Drainage Managemeévitnual (MTO 1997) and FHWA HEQS8

(Richardson and Davis 2001) Evaluating Scour at Bridges Manuals are summarized.
1.2.1.1MTO Drainage Management Manual

In Ontario, Canada, the MTO (Ministry of Transportation) Drainage Management Manual
hascompiled the necessary information on designing for and analysing structures with scour. The
manual includes some information on scour theory, monitoring, countermeasures, four methods
for estimating contraction scour and three methods for estimatirigtma at piers. The methods
for determining contraction scour involve making assumption of sceadichent bedhapes and
flow conditions. The limitations to the methods are that they were developed based on laboratory
testing with norcohesive sandgoils. Influences of most sglarameterswaves, complex flow

conditions are neglected and lead to highly conservative estimates for scour depths.

MTO Contraction Scour: Competent Velocity Method

The Competent Velocity Method assumes that a contraateanveould continue to scour
until the flow velocity decreases to a critical velocity. Firstly, the method requires obtaining the
cross section of the channel with a set channel surface level, channel flow rate, and the critical
velocity of the soil bed.The critical velocity is a function of the soil median grain size and scour

depth as seen fRigurel.24.
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Figurel.24: Competent velocity method design chart for critical velo@dyfO 1997)

The flow velocity is calculated from dividing the flow rate by the flow cross section. Next
the channel 6s scour ed c rsaul®rsengneedtgijudgmensshapgpas | S
either trapezoidal, parabolic, or triangular. A parabolic scoured area would be used for relativity
straight channels and a triangular shape would be recommended for sharply curved regions. After
assuming a scourindhape, the scoured area is calculated using the flow rate and critical mean
velocity obtained. Once the scoured crssstional shape is determined it can be compared to the

original cross section to calculate scour depths through the cross section.

MTO Contraction Scour: Mean Velocity Method (Neill 1973)

The second method is the Mean Velocity Method (Neill 1973), is used for channels having
stabilised bed elevations and no longer experiencing degradation or aggradation. The method
involves determining thbankfull mean velocity, assuming a scoured area as with the Competent
Velocity Method and then compare these with the check flood flow condition to determine an

approximate scour depth.

MTO Contraction Scour: Regime Method

The third method is the ReginMethod, which incorporates site specific characteristics of
channels including the basiku | I  f |l ow rate, check flow rate de
The soil is considered in the calculations through the Manning roughness value, obtained from

desgn tables. The equation for the Regime Method is
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Q QnRjn (1.30)

wheredk is the total scoured deptty, is the bankfull depth of flow before scourc is the check
flow intensity,qp is the bank full flow intensity anohis anempirical exponent equal to 0.67 for

sand and 0.85 for gravel.

MTO Contraction Scour: Laursen Method (1960)

The last methodecommended for predicting contraction scour is the Laursen Method
(1960), which is used for narrow flood plains, openings set back from main channels and areas of
sensitive flood plains. The method compares flows through a-sectisn with and withouhe
structural obstruction to solve for the scoured depth using the Laursen equation

x : 8
Q. (1.31)
w

Q Q Q h 2
Q

c-xl [ag]

where,ds is the average contraction scour depthis the aerage depth upstream in the main
channeld: is the average depth in the contracted sec@ans the flow rate upstreanq. is the
flow in the contracted channéd; is the bottom width of the main channel upstream,\&hs
the bottom width of the contracted section or bridge opening.

MTO Local Pier Scour: RTAC (1973)/Breusers (1963) Method

The MTO drainage manual provides three methods for estimating local sparsdtased
on laboratory flumes tests. The methods are limited in their flow considers and only account for
pier width, shape, and skew using empirical factors. Consideration fpasaihetersdebris and
complex flows conditions are recommended ¢oaddressed by geotechnical expert judgements
on sitespecific conditions. The first method for estimating local scour is the RTAC Guide to
Bridge Hydraulics (1973) Method. The method entails using the empirical equations seen in

Figurel.25, to estimate local scour depth as function of pier shape and size.
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Figurel.25: RTAC guide to bridgdnydraulics (1973) method (MTO 1997)
In the empirical equations shownhigure1.25, d; is the scour depth ad, is the width
of the pier normal to flow. The design chart was based off the data collected from laboratory flume
tests by Larras (1963), Breusers (1963) andl KISI73).

MTO Local Pier Scour: CSU (Colorado State University) (1977) Method
The second method for estimating local pier scour is the isaimenonColorado State

University (CSU)(1977) Method. The CSU equation is given as
(1.32



whered is the local scour deptk; is the correction factor for pier shafeijs the correction factor
for angle of attacky is the width of the pies is the flow depthEn=V/(gy)’°is the Froude number,
g is the acceleration due to gravity, avits the mean velocityThe two correction factots and

ko are obtained frorfrigure1.26.
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Pier Shape Factor k1
Shape k1

Square Nose
Round Nose
Circular Cylinder
Sharp Nose
Group of Cylinders

L O o S CPRT NS
cwvwoo=

Correction Factor k2
Angle i
L/a=4 L/ia=8 Lja=12
0 1.0 1.0 1.0
15 15 2.0 2.5
30 2.0 25 35
45 23 33 4.3
90 2:5 3.9 5.0
Angle = skew anglec of flow

Note: The correction factor k1for pier nose shape should be determined using the table
for angle of attack upto 5 J:egrees, For greater angles, pier no: hi : I i
affect and k1should be considered as 1%. it

Figurel.26: CSU (1977) method pier shape and angle of attack factors (MTO 1997)

The method is obviously more detailed than the RTAC as there is incorporation of flow
depth, velocity, and angle of attack. The method is still limited in its consideration of soll
parametersas it was developed for sand it can also be applied to dregel As shown iRigure

1.26, the correction factors include a conservative consideration for pier groups by treating them

as one larger pier.

MTO Locd Pier Scour: Melville and Sutherland (1988) Method

The third method for predicting local scour at piers is the Melville and Sutherland (1988)

equation. This method is the most complete of the three it is the only one to account for the saill
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gradation, man grainsize, and armoring abilities. The method was derived from experimental
data which demonstrated a maximum scour dep#difor clear water scour, whelds the pier
width/diameter. Then using correction factors for flow and sedipar@metes the maximum
depth is adjusted for the specific conditions. The local scour depth equation is given as

% fofokoXoXoXo! (1.33
whered is the local scour depthy is the pier width normal to flowk; is the flow intensity
coefficient,ky is the flow depth coefficienkq is the sediment size coefficiett, is the sediment
gradation coefficients is the pier shape coefficient, akgis the pier alignment coefiient. The
method is based on the theory that bed paving would occur over time and through a sorting effect
an armour layewould prevent further scouring. Consideration of the armour layer is part of the
process for determining the flow intensity factdme flow condition past which armoring does
not occur is referred to as the limiting armour conditions. The coarsest or most stable armor bed
occurs for a mean velocity &fca associated with a median grain sRe The first step is
calculatingDsoa=D max1.8, whereDmaxis the maximum grain size in the soil. Next using both the
grain sizesDso and Dsoa, Shear velocitiess and @ are respectively determined with the
relationship

6, W ® (1.34)

whereu*c is the shear velocity corresponding to a grain sizBsef Using the shear velocity
representing the bed shear stress, the corresponding mealflaned/c. are solved for using the
following logarithmic \elocity profile

& U T @ Goﬁ (1.35)

wherey is the flow depth and:c is the shear velocity corresponding to a grain siZ@saf It was
found from sedimentecirculating flume tests that a mean valueVet0.8Vca was the best
characterization of the limiting armour layer and the transformation fromwkstar to live bed
scour conditions for neaniform sediments. The physiaanstraint oVa would imply that it be
checked to be less th&f, otherwise it is set equal Y& in which the sediment behaves as uniform.

Sediment gradation effects were evaluated concurrently with the flow intensity, where larger
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geometric stander diations (g = Dss Dso) lead to lower scour depths. The method takes the
gradation factokg as 1.0becausehe gradation effectareconsideredn the flow intensity factar

ki, by including the armor potential. The flow intensity fadtds determired using the following

equation
SO ¢ T O IV SR ¢\ B ¢ B O
8 5 h 5 p3t
ko) L (1.36)
o & R 22 2 o
N, ° e

whereV is the mean flow velocity. The flow depth factor relationship was found from previously

conducted experiments, and the relationship is including the upper limit described as

T w(b R 9 ®
0 W @ (1.37)
P8t h 7, @

wherey is the flow depth and is the effective pier width. The sediment size factor considers the
relationship between median sediment sizes and the pier width. Larger sediments were found to

reduce the scour dep#ls described in the equation

¢

T Y € & T © ® CVL
ko) © OT (1.38)
[y o8t i W
O

. V]
i C
whereDsgis the median grain size. The procedure states thag fatues larger than 1.3, tieoa
grain size should be used to determine For the pier shape factor, published relationships are

used as displayed ifablel.10.
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Tablel.10: Pier shape correction factor (Melville and Sutherland 1988)

Reference
Laursen
and Chabert and
Length/ Toch Engeldinger
Shape in plan width Tison (1940) (1956) (1956) Venkatadri (1965)
(1) (2) (3) 4 (5) (6)
Circular 1.0 1.0 1.0 1.0 1.0
Lenticular 2.0 —_ 0.97 — —
: 3.0 — 0.76 — —
4.0 0.67 — 0.73 —
7.0 0.41 — — —
Parabolic nose — — — — 0.56
Triangular nose, 60° — A e — — 0.75
Triangular nose, 90° — — — — 1.25
Elliptic 2.0 — 0.91 - —
) 3.0 — 0.83 — —
Ogival 4.0 0.86 —_ 0.92 —
Joukowski 4.0 — — 0.86 —
4.1 0.76 — — —
Rectangular 2.0 — Lil .= —
4.0 1.40 — 1.11 —
6.0 e 1.11 — e

It was recommended to use any of the shape factors, however for flow alignment angles
larger than 10° the shape fackeshould be taken as 1.0. Lastly the flow alignment faktonas

based on the pier dimensions and angle of attack as shaovigurel1.27.

7 ] I 1 1 I T I I I | 1 T T i T
B b . '(/b =/6 ..o/l':;,
b ¢ e e Tl
e
A |6
] -
2 =
] 1 1 1 1 i 1 1
30 45 60 75 90

ANGLE OF ATTACK — a (Degrees)
Figurel.27: Flow alignment correction factor (Melville and Sutherland 1988)
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The procedure is further discussed by Melville and SutherlaB88j1 with details

addressing turbulent boundary layer velocity profiles and shear stresses on soil beds.
1.2.1.2FHWA HEC-18 Evaluating Scour at Bridges

The Federal Highway Administration of the US provides three manuals on sco18EC
Evaluating Scouat Bridges, HE€0 Stream Stability at Highway Structures, and HEBridge
Scour and Stream Instability Countermeasures. The-HE@cument includes the recommended
methods for estimating scour. HEXD discusses techniques for analysing steam inisyasiid
scour problems for designs of new bridges and evaluation of existing bridges23+4#iGvides
insight on bridge design recommendations with methods for scour countermeasures. Richardson
and Lagasse (1996) discuss the state of scour at bridtjes WSA and methods predictions and
monitoring scour depths related to the FHWA manuals. All three documents are meant to be used

collectively in the design and analysis of bridges as showigurel.28.

HEC-20 > HEC-18 > HEC-23
Stream Stability and Hydrologic, Hydraulic Bridge Scour and Stream
Geomorphic Assessment and Scour Analysis Instability Countermeasures

Hydrologic Analysis
Hydraulic Analysis

| Office Data Collection & Site Visit ‘

s Sufficient
Data
No

————»| Develop Plan of Action

Evaluate CM
Options with Matrix

A

e smetal
Field Data Collection Structural
Geotechnical onitoring
In
Define / Classify Stream Rt Design CM/
7| Monitoring Plan |
Evaluate Stream Stability i ‘L
Environmental

Multi Disciplinary Evaluation Considerations | Permitling

Hydraulics/Structures/Geotechnical

Assess Stream Response
Establish Level of Analysis

(New Bridge
revise design)

oy (Existing Bridge)
| Scour Critical: Plan of Action Required |

|| Replace | Mo Yes
Bridge

Figurel.28: HEC-18, HEG20, and HEE23 manual summary chart (Richardson and Davis
2001)

Install CM/
Implement Moritoring Plan

Inspection & Maintenance
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The HECG18 (Richardson and Davis 2001) manual provides methods for estimating
contraction scour, local scour, and other considerations. Two methods are provided for local pier
scour with additional methods and adjustment factors for scour dealing wetpieics, complex
groups, erodible rock, and cohesive soil. The recommended method for local pier scour is the
TAMU -Scour Method which is discussed$action1.2.2 (Briaud 2015a, 2015b). The manual
also provides some information on evaluating scour imesa There are four approaches for
estimating contraction scour dependent on the type of contraction and whether there is overbank
flow or relief bridges. For each case, an equation is provided for bothdiv@nd cleawater
bed conditions, where dem#ing on the case the flow rates are calculated differently. The four
cases are differentiated by the cresstional shape of the channel, whether there is bank overflow
and the locations of embankments. The first step is to compare the upstreamaciitiozean
flow velocities to determine which bed condition equation to use. TheHEd@cument also
provides contraction scour depth equations specific for -bp&#iom culverts and vertical
contractions at decks/weirs. The equations are similar thsexkefar bridges but are tailored to
suit the different channélow geometry. In addition to the two methods for estimating local pier
scour, the FHWA HEE8 manual provides methodology for predicting scour at pile groups and
pile caps exposed to the floDne method by Jones and Sheppard (2000) follows similar steps to
those for single piers and using superposition of the scour at piles and pile caps while applying
correction factors for spacing effects. Another method for estimating scour at diff@eent
grouping was based on the work of Salim and Jones (1995, 1996, 1999) and Smith (1999).

FHWA Contraction Scour in LiveBed Conditions

The livebed equation for contraction scour is a modified version of the Laursen (1960)

equation written as

x

) )
0 0 W h — — (1.39)
W ()]

c~1| (af]

whereys is the average contraction scour depths the average depth upstreamis the average
depth in the contracted sectign,is the existing depth in the contracted section before sQaur,
the flow upstream transporting sedimépt|s the flow in the contracted channél is the bottom

width upstreamy\- is the bottom widtlof the contracted section, akgis the exponent based on

55



sedimentparameters As the livebed scour equation includes deposition of material at the
contracted section from upstream, the fall behaviour of soil must be considered. The elponent
is obtaned fromTablel1.11.

Tablel.11: Laursen (1960) Equation Sediment Exponent

@ x| ki Mode of BedMaterial Transport

<0.50 0.59| Mostly contact bed material discharge

0.50to0 2.0| 0.64| Some suspended bed material dischar

>2.0 0.69| Mostly suspended bed material dischar

In Tablel.11, w is the frictional velocity upstream andis the fall velocity obtained from

Figurel.29 as a function of the median grain si2e(Dso).

o

o1

0.004

01

®, mfs

Figurel.29: Sediment fall velocity versus grain size (Richardson and Davis 2001)

The changes from the original equation included removing thedesrm t ai ni ng Mann

coefficient which did not accurately reflect recent test results.

FHWA Contraction Scour in Cleatwater Conditions

For the case of cleavater bed conditions a modified version of the Laursen (1963)

equation is recommended as
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(1.40)

whereys is the average contraction scour depths the average depth in the contracted section,
Yo is the existing depth in the contracted section before sQusithe discharge through the bridge,
Dnmis the diameter of the smallest Amansportable particle in the bed material in the contracted
section W is the bottom width of the contracted sentiandKy is a constant equal to 0.025 for SI

units.

FHWA Contraction Scour in Cohesive Soil

The recommended clearater equation for contraction scour in cohesive soil was based
on the analysis of laboratory data (Briaud et al. 2011). The equatiotifioate scour depth is

given as

(1.41)

wherey: is the upstream average flow depth,is the average flow velocity in the contracted
section,n is the Manning roughness coefficiettjs the critical shear stress of the soil, #ads
valued at 1.0 for Sl units. The critical shear stress for the cohesive soil would be obtained using

experimental methods such as the EFA.

FHWA Local Pier Scour;: HEG18 Method

The FHWA developed their own method for local pier scour called the-HEE€uation
which is applicable for both livbed and clear water conditions. By modifying the CSU equation,
the HEG18 formula was developed with the inclusion of a bed form factor. The HEGrmula
is

O,J—Q c8rQ Q0 g i Oi © (1.42)

whered is the local scour deptk; is the correction factoof pier shapes: is the correction factor

for angle of attackks is the correction factor for bed conditiob,is the width of the pier,
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Fri=V1/(gy1)°®is the Froude numbeg,is the acceleration due to gravi¥, is the mean velocity,
andys is the flow depth. Thé; andk. correction factors can be obtained from Figlir2g or

using the equation fde

»n 8
- ~ .. - U .
Q Ai-O ?bo EL (143

wherelL is the pier length aneHs the angle of attack. THe bed condition correction factor is

obtained fronirable1.12 to account for the effects of flow acceleration over upstream dunes.

Table1.12: HEC-18 dune correction factor (Richardson et al. 2012)

Bed Condiion Dune Height (m) k3
ClearWater Scour N/A 11
Plane bed and Antidune flov N/A 1.1
Small Dunes 3 > H (¢ 11

Medium Dunes 9 > H |12tol1
Large Dunes H O 9 1.3

The dune correction factors indicate that even for pkstk conditions, in field scour
depths may exceed the estimate depth fEmmation(1.42) by up to 10%. Therefore, the dune
correction factoks lead the HEE18 method to be a more conservative version of the original CSU
equation. Additional notes for the method state for angles of attack largerthamSequal to

1.0, and fol/a values larger than 12, the factor forL/a=12 is used.

FHWA Local Pier Scour: Florida DOT Method

The second method discussed for local pier scour is the Florida DOT method which takes
the consideration of many factors. A National Cooperative Highway Rédeargram (NCHRP)
study in 2011 had been conducted and found though the-Il8E€guation for local scour
performed well, the Sheppard and Miller (2006) equation was found to be more accurate in most
cases. Then in a later NCHRP study, the Sheppard aner NED06) was modified to improve
performance by including the flow angle of attack along with the pier geometry and shape. The
improved method was expanded to form the Florida DOT method for estimating local pier scour.

The Florida DOT relationship beegn scour depth and flow intensity is plottedrigure 1.30.
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Figure1.30: Florida DOT pier scoucurve (Richardson and Davis 2001)

The method starts with calculating preliminary values using solil, flow,sandtural
properties. Firstly, the characteristic or shear veloailyis calculated using the following
empirical equation

. T TTITPLo X Xyt 18 VETMPAA O pda

™ nTHoe mic @@ 2 QEpaa O pmda (149

whereDsg is the median grain size in mm. Next the critical velocity andbee peak velocity

are calculated using

@
W LV O'aEé B & (1.45)
R V[ 146
w awwr@ o (1.46)

whereuc is the characteristic velocity,is the flow depthg is the acceleration due to gravity and
Dso is the median grain size. The effects of angle of attack of the flow on the pier ackeoeahsi

by using the normal or projected width of the pier calculated using

&) DOEF 0AT-© (1.47)
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wherelL is the pier lengthb is the pier width, and is the flow angle of attack in degrees. The
method was tested for circular and square piers where the shapedacémd the effective width,

b*, are calculated with the following equations

o T @ T8O X ouUnT vh QEiI I‘]OEJHISQQ QQi i (1.48)
P8t h Q¢ wQi wd&iRQQI i
HZ U B (1.49

whered is the angle of attack in degrees. Once all the preliminary variables have been obtained
the scour curve frorfigure1.30is addressed. The scour weiwas broken up by flow intensity
values to distinguish between live bed and clear water scour. The curve is described using the

equation

Of T8 — h = /' AAQ
o p G q
S &) W w (1.50)
ey O © 0 ,‘Q&ap o OO
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where the variables, f, andfs are defined as
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W
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whered is the scour depth/ is the mean velocity. is the critical velocityVyp is the livebed

peak velocity b* is the corrected pier widtly,is the flow depth an®so is the median grain size
diameter. The steps to calculate the scour for a specific flow velocity is to first calculate the
variablesVe, Vip, b*, fi, f, andfs. Next the mean velocity, must be compared ¥ andV), to
determinewhich scour zone the velocity intensity lies in. Using théidhld velocity intensity,
Equation(1.50) is used to calculate the corresponding scour depth. If the mean velocity is such
thatV<0.4\, then the scour depth is said to be equal to zero for the initial clearwater conditions
designated as zone |kigure1.30. Howeverthere were some recorded rpgro scour depths in

the field and lab for zone I, thus some ad hoc decisions should be made when designing using th
Florida DOT method. Zone Il was for large velocity intensity clear water scour conditions leading
into Zone Il livebed scour. The final zone IV starts with the Ibed peak velocity, after which
scour depth decreases with increasing velocity irensi

FHWA Local Pier Scour: Wide Pier Correction Factor

The FHWA HEG18 manual also provides additional information on predicting scour at
wide piers and long skewed piers. For the case of wide piers in shallow flows the local scour was
often overestimatethecause as the width of piers increased its influence on the scour depth
decreased. Analysis of flume experiments conducted by Johnson and Torrico (1994) lead to the
formulation of a wide pier correction factd€y, applicable for local piemethods. A pier was
classified as wide if the ratio of flow depth to pier width was less tharyM8Q.8), the ratio of
pier width to medium grains size was greater than BDs¢), and the Froude number was
subcritical Er=V/(gy)°°<1). The equationof Ky, dependant on the flow intensity is

COYUi®O ®0i8 "QEwWw p

g 1.54
p8rgj w 8 "0id Qe Wyw p (159

wherey is the flow depthp is the width of the piefr=V/(gy)°® is the Froude numbeg, is the
acceleration due to gravity,is the mean velocity, and is the critical velocity.

FHWA Local Pier Scour with Effects of Debris

For certain channeldebrisaccumulatiorat bridge faindations is of concern as it increases

the degree of local scour at piers. Debris would consist of wooden logs or ice surrounding piers
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increasing the effective width for scour calculations. A NCHRP study was conducted to obtain an

equati on efcotri vtehewi @efhfo of piers with triangul
described irFigure1.31.
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Figure1.31: FHWA pier debris dimensions (Richardson and Davis 2001)

The debris would need to be evaluated on site to obtain the dimensions, and the debris is
assumed to be floating at the water surface which is the most conservative case for calculating
scourdepth. Rectangular debris was found to produce significantly more scour thaol&iasg
the disturbance to flow was much larger. The effective width equation was validated with the
HEC-18 method but not the Florida DOT method. The equation for the effective width with debris
bd is

W ; (1.55)
wherey is the flow depthb is the width of the piell is the height of the debrigVis the width of

debris perpendicular to the flow direction as describeéignre 1.31, andK is the debris shape
factor equal to 0.79 for rectangular debris and 0.21 for triangular debris. This effective width
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would then be used in conjunction with the HEE method to providan estimate of scour depth

with debris effects.

FHWA Local Pier Scour in Coarse Bed Materials Armour Layers

Sectionl.1.2discussed how coarser soil beds would produce an armored layer after some
sediment sorting which would provide some protection agasoour. A FHWA study was
conducted on clear water scour conditioNs;\(c), where laboratory and field data were used to
include the effects of armour layers into the HE€equation. The modified HET8 equation

for coarse armor layers is

(1.56)

whered is the local scour deptly,is the flow depth upstrearik; is the correction factor for pier
shape from the original HEC8 methodk: is the correction factor for angle of attack from the
original HEG18 method,b is the width of the pier{l = Ds4/Dso is the sediment gradation
coefficient,Dsp is the median grain siz8g4 is the 84% passing grain sizé,is the densimetric
particle Froude number defined as

0O —w— (1.57)

Qi p©O

whereV is the mean flow velocityg is the acceleration due to gravity, asid the specific gravity
of the soil. This modified equation replaces the factor accounting for bed @ginggh a term
containing the densimetric particle Froude number to encatedhie effects the flow on the coarse
grains. Due to the limited testing of the equation, it is only recommended for clear water conditions
with a coarse bed wheso> 20 mmandid > 1.5,

FHWA Local Pier Scour in Erodible Rock

There are two different methods for calculating rock scour presented in the FHWA HEC
18 manual based on the two prevalent failure modes for rock scour discuSeetiinl.1.2 The
first method predicts scour due to quarrying/plucking using the Erigibidex Method

developed by Annandale et al. (2006). In the case of quarrying/plucking erosion, rock
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discontinuities have the greatest influence on scour depths. The quarrying/plucking scour of

fractured rock around a pier is illustrated-igure 1.32.
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Figure1.32: Rock quarrying scour around bridge pier (Richardson and Davis 2001)

The Erodibility Index Method starts with surveying and testing rock samples to determine
the Erodibility IndexK using the methods discussedettionl.1.2 TypicalK values range from
0.1 for poor rock to greater than 10 000 good quality rock. The stream power which initiates rock

scour is defined as the critical stream power is calculated using
(1.58)

0 08

whereP; is thecritical stream poweandK is the specific gravity of theock. The stream power

of the approach flow at a pielis is found using the equation developed by Annandale as
T
(1.59

. t

0 X&v'o-
wherej is themass density of watet] =yoSis the bed shear stress of the approach fiow the
flow depth,ais the unit weight of water, arfglis slope of the energy grade line. The equation for
the local pier scour depth was developed for piers of any shape as
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s @ ° (1.60)

C‘ll C-i

whereP is the stream power at the bottom of theusdmwle,Pa is the stream power of the approach
flow, d is the scour hole depth, abds the pier width perpendicular to the flow. By substituting
in the critical stream powét; for P in Equation(1.60), thend can be solved for as the equilibrium

scour depth.

The second method for estimating local pier scur in rock deals with the slower abrasion of
rock surfaces caused by flowing bedloadkelquarrying/and plucking failure of rock, the vortices
created by piers increases the amount of abrasion and thus the local scour depth as well. As the
process of abrasive erosion is very slow and gradual, the design times of flood durations are very
important The stream power over a long period of time would need to be compared to the abrasion
resistance of rock when predicting scour depth. The ASTM slake durability test evaluates a rocks
resistance to weakening and disintegration caused by cyclds/iaf/wetting with abrasion.
Though for the case for bridge foundations founded in rock the test simableas the rocks
would not experience a drying stage. To adapt the slake test for scour practices, Keaton et al.
(2011) modified the test byleging the rock mass lost during testwgh applied stream power.
Keaton (2013) further discussed the modified slake test and its applicability in predicting rock
scour. The modified slake durability test removed the oven drying step amongst other
modifications to make the test more reflective of scour conditions so only weight loss due to
abrasion was recorded. Keaton (2013) then related the weight loss data to an equivalent scour
depth \ersusstream power relationship. The test provides a plot & paints for Equivalent
Hourly Stream PowerarsusEquivalent Hourly Scour Depth, where the slope is the Geotechnical
Scour Number (GSN). Lower values of GSN indicated a more resilient rock, and a relationship
was developed for predicated scour deptiistae GSN. For different values of GSN, the scour

depth is dependent on the duration of the stream power as summakgarel.33.
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Figurel1.33: Pier scour in rock as a functiél and GSN (Richardson and Davis 2001)

The work done on rock by fluid is the product of stream power and time, so integrating a
time series of stream power can provide the most meaningful representation of flow work done.
The integral was termed as Cumulative Daily Stream Power and was desiotgg [KW-hr/nm?].

The equation for pier scour in erodible rock due to abrasion was
Q "OYOm (1.61)

whered is the scour depth, GSN is t@e&otechnical Scour Number, ands the Cumulative Daily
Stream Power. Having obtained a daily dischaegsustime chart for the design pier it must be
converted into an effective discharge where effective discharge above a threshold value where
bedload motion would occur. The effwet stream power chart is then integrated over time to get
the Cumulative Daily Stream Powgr The difficulty of this method that a value for Cumulative
Daily Stream Power representing future events would need to be predicted for design. Engineering

judgement is of upmost importance for coming up with an estimate for the future Cumulative Daily
Stream Power value.
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FHWA Local Abutment Scour: Froehlichoés (1989)

The FHWA HEG18 manual provides insight on analyzing abutment scour and methods
for depth estimation. Three methods were provided for estimating scour depth at bridge
abut ments, the first of which was Froehlichos
on 170 livebed scour measurements Froehlich developed the equation as

(f); & YU iae i 0i¢ p (1.62)

W W
whereys is the scour deptlya is the flow depth of the floodplaih, @ the length of active flow
obstructed by the embankmeRt=V J(gya)*? is the Froude number of the approach flow at the
abutmentVe = QdAe, Qe is the flow obstructed by the abutment and approach embankiaént,
the area of the approach cross sectibstructed by the embankmeHt, is the abutment shape
factor obtained fronTable1.13, andK>= ( P¥3i9tBe)angle of embankment factor whdiie

measured as describedrigurel.34.

Tablel.13: Local abutment scour shape factor

Abutment Shape/Type K1

Verticalwall abutment 1.00

Verticalwall abutment with wing wallg 0.82

Spill-through abutment 0.55

ya

—_—

/v\e

4

Figurel.34: Abutment orientation angle (Richardson and Davis 2001)
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FHWA Local Abutment Scour: HIRE Abutment Scour Equation

The second method for predicting abutment scour in the FHWA-HE®lanual is the

HIRE equabn. The method was based on a previous equation used to predict scour at the end of
spurs in the Mississippi River. The HIRE equation is applicable for cases where the ratio of
projected abutment length, to the flow depthys, is greater than 25. €hHIRE equation is
defined as

20— (1.63)

() T® U
whereysis the scour deptly; is the flow depth at the abutmeRt=V/(gy1)*?is the Froude number
of the approach flow at the abutmeMtis the flow velocity at the abutmen; is the abutment
shape factor obtained frofable1.13, andK,= ( & Fi®tbe)angle of embankment factor where

dis measured as describedrigurel.34.

FHWA Local Abutment Scour: NCHRP 220 Abutmeat Scour Approach

The third method for predicting the total scour at abutments is the NCHR® 2dutment
Scour Approach (Ettema et al. 2010). The method considers abutment types, abutment locations,
flow conditions, and sediment transport conditiondie Tethod first calculates the contraction
scour and then applies a factor to include effects of local-&ugle turbulence at abutments for
local scour. The scour equations for both-lbexl and clear water conditions are
Q€ @ "Qu @'beg € 'QQ0 Q¢ ¢ i
MQEDO QA WO QE ¢ QQO Q€ ¢ i

O ® (1.65)

®
R |' o (1.64)

whereymax is the maximum flow depth due to abutment scguiis the flow depth including
contraction scourlh is the amplification factor for liwed conditions|k is the amplification

factor for cleaswater conditionsys is the abutment scour depth, ands the flow depth prior to

scour. The approach differs depending on which of the three abutment conditions is applicable;
A(a) scour occurring when the abutment 1is in
when the abutment is set back from thainmchannel, and (c) scour occurring when the

embankment breaches and the abutment foundation acts a®@§Riarardson and Davis 2001).
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Condition (a) is meet when the projected length of embankmgistgreater than or equal to 75%
of the floodplainwidth, Bf. The contraction scour equation for condition (a) is a modified version

of the livebed scouEquation(1.39), and is dahedas

o7
w0 re (1.66)

whereyc is the flow depth including lived contraction scouy; is the average depth upstream,
q: the upstream unit discharge, agpds the unit discharge in the constricted opening accounting
for nonuniform flow distribution. The livebed amplification factoth is obtained from the solid

line in Figure1.35for spill through abutments and fraangure 1.36 for wingwall abutments.
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Figurel1.35: Scour amplification factor for spithrough abutments and lised conditions
(Ettema et al. 2010)
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Figure1.36: Scour amplification factor for wingwall abutments and-bexiconditions (Ettema
et al. 2010)

The next condition (b) is meet when the embankment projected léngghless than 75
percent of the floodplain widtlg;. Condition (b) contraction scoured is calculated using the-clear

water equation

n
v 0!

W (1.67)
wherey. is the flow depth including cleavater contraction scourpqs the unit discharge in the
constricted opening accounting for roniform flow distribution,Ky is a constant equal to 6.19
for Sl units, andso is the median soil grain size. Equat{dr67) is recommended for coarse soils
larger than 0.2 mm idiameter, whereas for finer soils with cohesion the following alternative

clear water equation can besd
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o fr_ ¢ EU_” ! (1.69)
wherey. is the flow depth including cleavater contraction scourpqs the unit discharge in the
constricted opening accounting for roniform flow distribution Ky is a constant equal to 1.0 for
Sl units,n is the Manning roughness of the channel ldd,the water unit weight, and is the
soil &8s criti c a lbedsamgifcationdactoteisabtained fiomm the dolid line on

Figure1.37 for spill through abutments and fraaigure 1.38 for wingwall abutments.
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Figure1.37: Scour amplification factor for spithrough abutments and cleaater conditions
(Ettema et al. 2010)
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Figure1.38: Scour amplification factor for wingwall abutments anebewater conditions
(Ettema et al. 2010)

For condition (c) the abutment is separated from the bank and its local scour is estimated
using any of the suggested methods for piers. This method includes more details in th8 HEC
manual and recommendationsather factors geotechnical engineering should consider during
design for scour. Ad hoc decisions are required as this method for estimating abutment scour
considers flow, soil, and structural conditions along the entire channel width. Some of these
addtional factors to consider include channel bank/embankment stability, specifics of unit
discharge calculations, and variation of critical shear sinedifferent areas of the contraction.

1.2.2 Other Methods for Contraction and Local Scour
Sheppard anaMiller (2006): Local Pier Scour

Sheppard and Miller (2006) developed an equation for estimatingdigescour at single
circular piers, which has been often modified with new data to form other equations. The data

used was obtained from a multitude of tilting flume test with varyiog filepths, flow velocities
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and two cohesionless sediments. Tests were running with flow intensity\fAftasp to 6, near
where the peak livbed scour occurred for the examined sediments. The results of the tests were
used to determine the generaktainship between the flow intensi/Vc and normalized scour
depthdsdD, wheredseis the scour depth aridlis the pier diameter. The general scour curve found

from testing is shown ifigure1.39.
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Figure1.39: Normalized scour depth versus flow intensity (Sheppard and Miller 2006)

Figure1.39illustrates the transition from clearater to livebed scour, and the curve can
be broken up using three differaguationgslepending on the range of flow intensity. It was found
that the ive-bed peak scour occurs at a mean flow velocityigfwhich is denoted as the Ineed
peak velocity. Sheppard and Miller (2006) define the-tied peak velocity as when the flow
Froude number=V/(gyo)*? is greater than 0.8 and the sediment transport pararheget})/
W], is greater than 25. In the former condition statem&his,the flow velocity,yo is the flow
depth,g is the acceleration due to gravityjs the critical shear stress of thail, andljis the bed
shear stress. The velociyy, which satisfies both conditions is the lived peak velocityyip, for
the given flow depth, and soil critical shear stress. After performing regression analysis, the scour
depth curve described Figurel.39 was fitted with the following equation

8 © h 0 Q ® Q o 5 8 (1.69)
Xd) P 0 G 0 o p ps(uaa(b .
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wheredse is the scour depth/ is the mean velocity. is the critical velocityV, is the livebed

peak velocityD is the pier diametesj is the flow depth an@®so is the median grain size. For

some validation of the new method, it was tested against engra|l results and compared to

three other common methods. The three other methods were the CSU (1977) equation, a method
devel oped by Breusers et al. (12977), and Melyv
of the Melville and Sutherland (1988)thod. The Sheppard and Miller (2006) method performed

well with the smallest error amongst the four, although it under predicted scour for extremely low

and high values of flow intensity.
Breusers (1977): Local Pier Scour

Breusers et al. (1977) invegdited the turbulent flow occurring at circular piers and
summarised the findings. Breusers also analyzed the existing equations for estimating local pier
scour and provided their own recommended method based on different components of existing

eguations.The equation provided by the Breusers (1977) method is defined as

Q W P\ I P
= QO+ BOALEQI®N @ | Fr (1.72)
W W W ()]

whereV is the flow velocity V¢ is the critical velocity of the soid is the scour deptln is the pier
width, y is the flow depth, antllis the angle of attack in degrees. The bed condition féaci®r
defined as
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whereV is the flow velocity, and/c is the critical velocity of the soil. The pier shape faios

defined as 1.0 for circular/rounded piers, 0.75 for streamlined shapes such as lenticular, and 1.3
for rectangular piers. The angle of attack faiaes obtained fronfigure 1.40 for noncircular

piers as a function of the angle of attaicknd pier shape ratidb, whereL is the pier length and

b is the pier width.
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Figurel1.40: Angle of attack correction factor (Breusers 1977)

Breusers (1977) found that the relationship betwdferandy/b was best described by a
tangent hyperbolic function as opposed to exponential relations used in the past. As shown in
Equation(1.73), lower velocity intensity was found to produce insignificant amounts of scour,
while the cleaswater bed conditions were demonstrating a linear relation with velocity and scour
depth. In live bed conditions the transport of soil extd out othe scouhole was assumed to be

in equilibrium. Thus, for flow intensities above one, the scour hole depth was not expected to
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increase at the time. A coefficient c02vas placed ifcquation(1.72) as a safety factor to account
for unknowns and provide a conservative estimate. At the time, no significant findings for the

influence of bedforms or sediment size were included within the method.
Melville (1992):Local Abutment Scour

Melville (1992) evaluated lab data and used dimensional analysis to develop equations for
estimating the depth of local scour holésat bridge abutments. The length of the abutménts,
was found to be the largest contributing éador shorter abutments, however for long abutments,
the flow depthy, the most influential factor for scour depths. Therefore, equations for local scour
at short and long abutments were written in termd/lofandd/y, respectively. Melville defined
short abutments as those witlly ratios less than 1, and long abutments as thoselwitratios
greater than 25. Written in the same manner as the pier local scour equations developed Melville

and Sutherland (1988), the equations for local scour atahdibng abutments are

Q
5 QQQ0QQQ0Q (1.74)

Q
= @oehn0n (1.75)

whered is the local scour deptijs the flow depthl. is the abutment length, is the flow intensity
factor,ky is the flow depth factok is the abutment length factdg, is the sediment size factdg,

is the sediment gradation factkgjs the abutmershape factokyis the pier alignment coefficient,

and kg is the approach channel geometry factor. The shape factors were obtained through
regression analysis of laboratory data, where the vertical wall abutment is used as reference as it

produces théargest scour depth. The shape faktdor abutment shapes is listedTiable1.14.
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Tablel.14: Local abutment scour shape factor (Melville 1992)

Abutment Shape Ks

Vertical wall 1.00

Vertical wall withsemicircular end| 0.75

45° wing wall 0.75
Spill-through abutment{:V)

0.5:1 0.60

1:1 0.50

1.5:1 0.45

The shape factors ihable 1.14 include spilithrough abutments of three different slope
ratios whereH:V is the width to height ratio of the sloped walls. The reduced flow restriction of
abutments shapes other than vertical walls is captured in the shape factors. The shape factors in
Table1.14 are to be used only for short abutments and it was proposed that shape effects were
negligible for long abutments. To distinguish between short, long, anetiveen abutments, a

corrected shape factky was prposed as

0 .
—0,0 pT h Q Q
6 o L7 7 b
pt cv F@ Q@ p 0 - e (1.76)
0 .
o GU hQ p

whereks is used in place dé in Equations(1.74) and(1.75). The alignment angle of abutments
relative to flow was evaluated using praysty recorded laboratory data from other researchers.
A perpendicular abutment at 9@as used as reference for the alignment factor as shdvigure
141
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Figure1.41: Abutment alignment angle factor (Melville 1992)

As seen inFigure 1.41, for smaller angles the abutment becomes more aligned with the
flow reducing the scour depth and for angles larger thafi®@® produced larger scour depths. It
was found that the impact @butment alignment was diminished for short abutments, so a

corrected alignment factég was recommend as

0 .
- 0 h 0] Q
w
U h G @ 0 8)118)0 1.7
P o O P P 3 (1.77)
0 ..
o P had p

whereks " is used in place dfsin Equations(1.74) and(1.75). At the time there was a lack of
research and laboratory data on the effetsoil grain size and gradation. Thus, both soil factors,

kg andky were set equal to 1.0. Testing results indicated the maximum scour depth ratios for the
short and long abutments2isand10y, respectively. As most abutments are neither short gr lon

but fall in between, the effects of both flow depth and abutment lengtiedtrete addressed.

For those abutments lying in between short and long, Melville (1992) found an envelope to

describe the maximum depth as
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Q cwbh?d (1.79)

where d is the maximum scour depth for the given flow depthand abutment length..
Investigating the effect of flow intensity, Melville there was not enough data to express a strong
relationship, so thlke factor was set equal to 1.0. The channel shape fagtaccounts for channel
geometry by evaluating the ratio of depth in tlo®d plain to the main channel and the ratio of
floodplain width to abutment length. Once again due to the complexity of possible channel shapes
and limited data at the time, the shape faktovas recommended to be taken as 1.0 as well. The
remaining &ctors address were the depth and length fagjoasd k.. There was no explicit
expression foky andk, as the method uses the different shape and alignment factors to account
for the effects. With the final expressions for the correction factorsithplified form of

Equationg(1.74) and(1.75) becomes

0 . .
- h Q Q0
= P Qb
i‘) ) TR ron
P = GU hQ ¢Q0C wi?® (1.79
0 v hQ pfo 8
= G p

In summaryEquation(1.79) is used to predict local abutment scour while considering flow depth
and abutment length ratios, which then in turn include how shape and alignment factors are
applied. Factors relating to ik®ize, soil gradation, channel shape and flow intensity were

recommended to be further investigated in later research.
Melville (1997): Local Pier and Abutment Scour

Melville provided a method to calculate both the local scouring at piers and abutinents o
bridges. The method was a follow up to the Melville and Sutherland (1988) local pier scour
equation and the Melville (1992) local abutment scour equation. Using newly acquired laboratory
data, Melville and Raudkivi (1997) were able to update the pusvequations with new correction
factors for soil and flow conditions. In addition to local single pier scour, some factors are

provided for determining local scour at pile groups. The same general depth estimation equation
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is used for both local scourpiers and abutments where the two are distinguished by the structural

shape factors. The general local scour equation for the integrated approach is written as

0 0 QN0 (1.80)

whered is the local scour depth, the depth size factdeuis= ky for piers andkyw = ky. for
abutmentsk; is the flow intensity factorkq is the sediment size factor, the foundation size factor
isks = ks for piers andks for abutments, the flow alignment factorki§ = kq for piers andkq for
abutments, and the channel geometry faktasnly applies to abutments. As with Melville and
Sutherland (1988nethod t he soi |l 6s critical velocities
procedure starts with calculating the critical shear velocity, and the critical armor shear

velocity, U«a, With the equation

@t p p LT p OF Fr: ™ad O pda (181)

™t o IOF T8t T U pda O pmda

whereDso is the median grain sizBsoa= Dmax1.8is used to obtain:ca, andDmaxis the maximum

soil particle size. Next the critical velocityg, and critical armour velocityyca, are calculated
using Equation(1.35) and the mean approach flow velocity at the armor peak is calculated as
Va=0.8Vca. The flow intensity factok; is determined using the following equation

¢

P8t
(1.82

. W W

eleele

p8t

whereV is the mean flow velocity. The sediment size fadtarjs calculatedequation(1.38),
where for abutments the abutment lerigikiused instead of pier widkth The different foundation
component classifications are describe#igurel.42.
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Figurel.42: Pier and abutment classifications (Melville 1997)

The base shape factdg, is 1.0 for round nosed piers, 1.1 for square nosed piers, 0.9 for
sharp nosed piers and for abutments the shape factor is obtainéchfstath.14. Fa nonaligned
flows where the angle of attacH, is greater than 5°, the shape factor is takek=k0. For
simple pile groups the shape and alignment factors are taken together and displapbellii 5,
where$; is the spacing between piles dbglis the pile width as illustrated FFigurel.42.

Table1.15: Multiplying factors KsKq) for group piles (Melville 1997)

KK,
Type S./0, 8<5° |8=5~45°| & =00
() (@) (3) 4) 5
Single row 2 1.12 1.40 1.20
4 1.12 120 1.10
6 1.07 1.16 1.08
8 1.04 1.12 1.02
10 1.00 1.00 1.00
Double row 2 1.50 1.80 —
4 1.35 1.50 —

In addition to different crossectional shapes, Melville (1997) alsmyded a technique
for estimating scour at nonuniform piers or piers with debris as display@dure1.42. From
laboratory test data, an equivalent pier widtftan be used in the method, whBxds calculated
using the equation
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whereD is the top pier section widtl* is the bottom pier section widthjs the flow depth and
Z is the height of the bottom pier section above the bed. For effects of floating debris, another

relationship was developed for determining an equivalent pier width with the equation

™ YO w ™ Y O

= (1.84)

whereTq andDg are the thickness and diameter of the floating debris raft. For abutments, the base
shape factoks obtained fromTable 1.14 is adjusted based on thehaviour of short and long
abutments. The modified shape fadtgris calculated using the following equation, which has

been updated from the Melville (1992) method as

0 - .
o P h G Q
i‘) WY 7 iy i‘)
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wherelL is the length of the abutmenyds the flow depth ankksis the base shape factor. The base
alignment factokq is interpolated fromTable 1.16 for abutments and piers as a function of the
width to length rao, L/b.

Table1.16: Melville (1997) Flow Alignment Factor

Foundation K ()
type 6=0| 15 30 | 45 {60 | 90| 120 | 150
(1) @ || @ |66 || B | (9
.9

As with the Melville (1992) abutment method, the impact of abutment alignment was

diminished for short abutments, so a corrected alignment factaas recommend as
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whereky is the base alignmerit,is the abutment length, aids the flow depth. For local pier
scour the channel geometry is unimportant as the only local flow effects matter for pier type
obstructions, thuks=1.0 for all piers. However, for abutments the channel geometry will impact
the local scouring as thedation puts them at the floodplain, and to account for the effects of the
compound channel design tkefactor is used. The channel geometry factor is the ratio of scour

depth at the actual abutment to the scour depth at an abutment in a rectanguiak cHan

equation fokg is

07
Q P T P w3 (1.87)

o 7
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where n and n* are the manning roughness coefficient of the main channel and floodplain
respectivelyy andy* are the flow depths of the main channel and floodplain respectively,*and

is the width of the flood plain as describedrigure1.42. The last factor to address is the depth
size factoy kyw, which is also defined differegtfor pier and abutments. As for pieksy = ky,

and the equation fdgy is as follows
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whereb is the effective pier width anglis the flow depth. Equatiofi.88) demonstrates that for
deeper flows the pier width dominates scour depth and for shallow flows the flow depth is more

influential on scour depths. For abutments, the flow depth fagtpr ky is obtained using the
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same relationships based on abutment geometry from the Melville (1992) method, thus the

equation is
0 h Q 0
o p C
i‘) N~ T n
P o ¢uvu hQ ¢ wv (1.89
0 v h Q m
o C p

wherelL is the abutment length arydis the flow depth. Using all appropriate fact&cguation

(1.80) is then used to calculate local pier and abutment scour depths.
Melville and Chiew (1999): Local Pier Scour Evolution with Time

Melville and Chiew (1999) used laboratory test datddtermine a time scale and time
depth relations for local scour holes at cylindrical bridge piers. The purpose was to observe
temporal effects due to flooding events in order to create relationships for equilibrium scosir depth
and times. An expressioarfscour depth as a function of time, for constant density and negligible

viscosity can be written as

Q L wwmO0 .0
- Q- h——h— (1.90)
w Www wo

wherete is the time for equilibrium scour depfiis the pier diameter, ardi is the scour depth at
timet. Melville postulated and then confirmed franmeirfindings that the equilibrium scour depth,
de, and equilibrium scour timés, areindependent but rely on the same factors. To solve for the

time, the following expression was written

R R NARS
Qi e (1.92)
W W w w

wheret =VtJ/D wastermed the equilibrium time scale. Thedadtory data evaluated was limited
to clearwater scour conditions, uniforms sedimeatsl cylindrical shape piersAs the true
equilibrium scour depth is approached asymptotically over infinite time, a new definition for a

reasonable equilibrium time idefined so a value can be achieved in experimental settings.
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Melville and Chiew (1999) defined the equilibrium time as the time at which the increase of scour
depth does not exceed 5% of the pier diamétewrjthin a 24hour period, the condition written
as an expression is
QQ T8I O
Q0 ¢ TQ

(1.92)

Findings from tests of various velocity intensities revealed a relationship between equilibrium

depths and times as

Q . .0 8
— — 1.93
- A @b 8t o—1 I0 ( )

whereds is the scour depth at tintedse andte are the equilibrium depth and time respectively.
Next the effects of flow shallownesgp, were investigated and the following relationship was

established
PH p T ©° 5 9 )
& @ e (1.94)
C® pm h 5 (0]

wherey is the flow depthb is the pier width, antl the equilibrium time scale. Flow shallowness
was found to not be very influential for values larger than 3hattho significant impact for
values larger than 6. Using the remaining data, a relationship between velocity intensity and the

equilibrium time scalevas found as

nad) gt h o d)na 1.9
= P ¢ TdXPT (1.99)

whereV is the flow velocity and/. is the critical flow velocity. The data revealed that equilibrium
depth was achieved the fastest near threshold conditions. Live bed scour led to longer equilibrium
times as seen iRigure 1.43, which likely would have been due to tbgcles ofdeposition of

sediment in scour holes.
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Figure1.43: Influence of flow intensity on equilibrium time scale (Mi#dvand Chiew 1999)

Melville and Chiew (1999) stated that the data set was not sufficient to provide a
relationship between grain sizes and equilibrium scour depths at the time. To develop an equation
for scour depth predictions, Melville and Chiew condadl the time dependent relationships
discussed herein with the Melville and Sutherland (1988) method for local pier scour. The new

equation for timedependent local scour depth at cylindrical piers is written as

Q 0 00 (1.96)

wherekyp is the flow shallowness factok, is the flow intensity factorky is the sediment size
factor, andk is the time factor. The flow shallowness fadtgs, sediment size factdg factors
are obtained usingquationg(1.88) and(1.38) respectively. The flow intensity factor is obtained

using a simple relation without considering bed armouring with the equation

=
|
¢

(1.97)

l
g e
¢
el e g e-

whereV is the flow velocity and/c is the critical flow velocity. The time fact&ywas relative to

the equilibrium scour deptlde, as shown in the equation

0 = (1.98)



whered is the scour depth at timigand the factor can be solved for uskEguation(1.93). The
equilibrium time e, must first be found using the relationships between the equilibrium time scale
with flow intensity and flow shallowness. To solve tor Equations(1.94) and (1.95) are
combined to form

© o hovsoitae S m o

W W W W

(1.99

™ 8

c¥ e
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—J)q) ho Quwi o

The range of velocity intensity for which the method is applicable is betwedn().ds suggested

by earlier research scour inception generally occuthahrange. The method can be used to
estimate scour depth over time and during flooding events provided accurate flow condition
predictions.

Sheppard/MelvilleEquation: Local Pier Scour

Sheppard et al. (2014) conductedamalysis of 23 existing pier aar equations for their
accuracy in predicting experimental and field scour deptAkng with analysisof existing
equations, anew equationwas developed bgombiningt he Sheppard and Mil |
Mel vill ebs (1997) met hneedtheSheppdrdiMelvile ®@®/M methodh od wa
which wadoundto be the mostccuraten the study by Sheppard et al. (201%he S/M equations

for pier scour depth are

® 0 W w
W W Q w PR
o P o P
w w ﬁ Q 20
W (@) G
where the functionfy, f» andfs are defined as
... W 8
Q OAI % (1101
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whereds is the scour depth/ is the mean velocityy. is the critical velocityV, is the livebed
peak velocity D is the pier diametew is the flow depth an@so is the median grain sizeThe

live-bed peak velocity is determined using

s VO 10
w dow T Qo (1.109
whereg is the acceleration due to gravityhe critical velocity was estimated using
3 g ’ rzy 7 X 6)(b
U Y XmThw &0 |— — (1.209
O Y¢uv @Y 12 ming2— @
Y xmh o ¢®6° Tcg_m (1.106)
where the frictiorvelocity, u*, andR are defined as
WBriw pT T
6 p@&O —5 — O J9&o ofp 1 D TSI T v (1.107)
L (1.108)
C&C pTm

SRICOSMethod: Scour Rate In COhesive Soils

To investigate the time dependent scouring occurring in fine soils with significant
cohesion, Briaud et al. (1999) proposed the SRICE8ur Rate In COhesive Soitgethod. The
method involves the formation of an etjaa to describe the scour rates and maximum depths of
scour while including the effects of cohesion in sodsionbehaviour. To capture cohesive effects
on scouring the SRICOS method uses erosion rates obtained through testing with the EFA
(Erosion Fuction Apparatus The basic methods for local pier, complex pier, and contraction

scour are discussed hereumnile Briaud has continuously expanded the method. One of these
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expansions was the creation of the Exter8BICOS method which evaluates scouth a
random velocitytime history and a multilayer solil stratigraphy (Briaud 2001b). The methods
stars with using formulae to estimate the maximum shear sttdss,andthe maximum scour
depth,zmax After which the EFA is used to the obtain the initial scour{aterresponding tGhax

Lastly, {J andZmaxare used to find the scour depthafter timet, with a hyperbola relation.

SRICOS: Local Pier Scour

Briaud et al. (1999) first develed the SRICOS method for determine the local scouring
over time at cylindrical piers. The method involves obtaining a site soil sample and utilizing the
EFA to obtain the erosion function with initial scour rétevhich would correspond with the
maximumshear stress in the fielthax To determine the maximum shear stress exhiblied,
where the scour hole would form, numerical simulations were conducted to find an empirical

formula forGhax  The relationship for the maximum shear stress as$ pias found as

p p

.’.[8.[ { [ — L
f W OEYQ pT

(1.109

where} is the water densityR = ( V b is the Reynold numbeb is the pier diametery is the

flow velocity, andv is thewater viscosity. Tdind an expression for the expected maximum scour
depths, laboratory flume tests were conducted with varying soil grain sizes, pier diameters, and
flow velocities. During testscour depth was measure and plotted over &éintea sample result

is shown inFigure1.44.
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Figurel.44: Example test results stourdepth versus time (Briaud et al. 1999)
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Figurel.44 also notes the initial scour rate and asymptotic maximum scour depth. Sets of

experimental data was curve fitted to find the best fittiyygenbola equation as

, o
“ 5 o (1110
a a

wherezis the scour depth at timiglis the initial scour rate correspondingti@yx andzmaxis the
maximum scour depth at tinte= B. An empirical relationship from the experiments was found

for the maximum scour depth as

a aa Yy (1.112)

wheeRe= ( V bis the)Reynolds number for the flow past the pier. With the scour depth versus
time curve, the scoured depth for fleahn be determined using the associated flood duration and
mean flow velocity. Additional findings from the research indicated tretmbximum scour
depths for sands and clay weretbgery similar even though thegrosionrates were drastically
different. The Reynolds number was included over the Froude number as the viscous forces

influenced scour much more than gravitational farces

SRICOS: Complex Piers Scour

Briaud et al. (2004) adapted the SRICOS method using additional flume tests and
numerical simulations for estimating local scour at complex piers. The method was extended to
include grouped rectangular piers with flows of different angles of attack ifieangepth. The
method can also consider nraniform velocities by transforming flow hydrographs into velocity
hydrographs to describe the velocity over time. Firstly, a site soil sample is tested using the EFA
to obtain the initial rate of scouring, corresponding tdhax Nextthe maximum scour depth,

Zmax, and maximum shear streka, Must be addressed for complex piers. The original SRICOS
method was limited for the de@yater condition where the depth ratio values gie>2, wherey

is theflow depth andb is the pier diameter. Briaud et al (1999) found that larger depth ratios
during laboratory tests had less of an impact on maximum scour depths. Shallow water depth
effects on maximum scour depths were investigated for complex pieesédnaklaboratory flume

tests to develop a depth correction fadky, defined as
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wherey is the flow depth and is the pier diameter. This and ethcorrection factors would be
applied to thezmax calculated from the original SRICOS method to account for complex pier
effects In addition to the maximum scour depth, the maximum shear stress exhibited by, the bed
Uhax is required to be computed and compared to the critical shear irédse effects of shallow

water on the maximum shear stress were also investigated by running numerical simulations and
performing a regression analysis to find a correction fdotathe Ghax valuecalculated from the

original SRICOS method. The correction factor for maximum shear stres&s defined as

Q p p@— (1113

wherey is the flow depth and is the pier width. These two correction factors reveal that if the
shallow water condition lowers the maximum depth, then the maximum shear stress increases.
The velocity versus depth test results for shallow water produced \eigeity gradients near the
bed hence the larger shear stresses. As discussed in the formation of the erosion function, the
initial scour rate is related to maximum shear stress, thus in shallow water, scour holes will develop
faster, but the maximumaar depth will be lower Additionally, for multigroup piers the spacing
effects on the maximum scour depth and maximum shear stress must be considered. The scour
depth at pier groups increased due to the interaction of horseshoe vortices enlarging each other
and flow acceleration caused by the contractions between the piers. The type of grouping
examined in the study was single rows of piers lined perpendicular to flow with-tectatre
spacings ofS. The testing of up to four piers in a flume revealed that the ratio maximum scour
depth for a group versus a single pier was proportional to the ratio of the width of the obstructed
channelersusthe unobstructed channel. This oawas labelled the contraction ratio, and is also
the spacing correction factd€sp, for which the equation is
W
W ¢t

(1114

whereW is the unobstructed channel widthis the number of piers, arxlis the pier diameter.
As seen irEquation(1.114), the controlling factor was not the spacing between the piers, but the

contraction effect created by multiple piers. The effects of pier spacing on the maximum shear

91



stress as investigated pgrforming a regression analysis on the shear stress reported by simulation
as a function o8/h The correspond correction factor for maximum shear stress due to pier spacing

effectkspwas found as

_ 8
Q. p vQ (1119

wherey is the flow depth ant is the pier width. Next the pier shape effectddnandzmaxwere
investigated for piers using theb ratio whereb is the width perpendicular to flow ardis the

length of the rectangular pier. A cylindrical pier with a diameter equal to the width of the
rectangular piers was used as a point of reference for flumes tests conducted using varying pier
lengths. The sdpe effects on the maximum shear stress were expressed using the correction factor

ksh defined as

0 U ¥Q— (1116)

wherelL is the pier length an8 is the pier width. The last consideratiamr the rectangular
multigroup piers is the angle of attatleffects onlhaxandzmax The angle of attack is a more
complex factor to consider as it is simultaneously interacting with the effects of the pier geometry

and spacing. Firstly, the effectivedth b 8hown inFigure1.45, is calculated as

w O0O0ET ®AIIO (1117

whereL is the pier length is the pier width, antllis the angle of attack.

4 4
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Figurel.45: Projected width of rectangular pier (Briaud et al. 2004)
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The angle of attack correction factor for maximum scour déptt defined as the ratio of
maximum scour depth for the angle of attack greater than zero to the maximum scour depth for an
angle attack of zero. By using the effective width of the Ipiés opposed to the actual width b
in the method, there is no need to calcukat@s usage of the effective width inherently accounts
for the effect of the angle of attack. The results of flumes tests on varying angles of attack also

revealed where the desgi scour would occur on a rectangular pier as showigure1.46.
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Figurel1.46. Scour hole shape egctangular piers (Briaud et al. 2004)

As shown inFigure 1.46, the four corners of the rectangular pier are numbered, and the
deepest scouring occurs at corner 1 for smaller angles and gradually moves to corner 3 as the angle
of attack increases. Thegle of attack correction factor for maximum shear stilessyas also

determined through regression analysis of simulation results. The equatewés found to be

whereUis the angle of attack. Next the correction factors and the effective width were integrated

onto the original equations fthaxandzmax to form the final equations for complex piers as

o ™Y O L Y?S (1.119
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whereR = ( b Gs\the #owthe Reynolds numbey,is the waterdensitg o s t he pi er 6s
width, V is water velocity, and is the water viscosity. For the maximum scour depth, the shallow
water correction factdfw and the spacing factétsp are calculated using @vhile the shape factor

Kshis calculated using. For the maximum shear stress, the shallow water correction kactor

and the spacing factég, are calculated using @vhile the shape factden and the angle of attack

kaare calculated usirly Once the correctddaxandznaxvalues ar@btainedhe rest of the process

of SRICOS for complex rectangular piers follows the same steps as the original method by using
Equation(1.111) to predict scouring over time.

SRICOS: Contraction Scour

The SRICOS method was adapted by Briaud et al. (2005) to be applicable for clear water
contraction scour at bridges. The method was made to be used toggthbe SRICOS method
for local pier scour and through superposition, obtain the total scour depth at a bridge foundation.
The contraction scour here is defined as the maximum scour depth occurring in the centre line of

a channel usually a short distarficen the start of the contraction as seefigurel.47.
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Figurel.47. Contraction scour detai(Briaud et al. 2005)

Figurel.47 also defines channel features such as the width upstreBiyvelsile the width

at the contraction i8,. Other dimensions of concern are the contraction adgleontraction
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length L, the flow depth before contractiorHi, and the upstream mean velocits. The
maximum scour deptinaxoccurs at a distancgaxdownstream of the contraction and the uniform
scour area has a depthzafi. The width ratidB2/B: was investigated through flumes test and the
results revealed how the ratio impacted the location of maximum scour depths. As the width ratio
increasedhe maximum contraction scour depth location moved further downstream and was less

likely to overlap with local abutment scour as showRigure1.48.
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Figurel.48: Location of maximum contraction scour (Briaud et al. 2005)

In addition to the flume tests, numerical simulations were conducted to investigate the
effects of contraction ratio, contraction lémgcontraction transition angle, and water depth on the
scour characteristics. As with the SRICOS method for complex piers, new equations were
developed for the maximum scour depthxand the maximum shear strdgsxat contractions.

Firstly Briaud et al. (2005) examined a simple contraction, where the contraction dngées
90°. Using dimensional analysis and regression of the flumes tests a relationship was found for

the maximum scour depthaxand uniform scor depthzynit as

+ 7
5 W L
a PRTO P& Y- —== 7 (1129
+ x
5 W -
o p& PO pP® P+ — (1.122
6 TO i
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where} is the water densityB: is the channel width upstrea; is the contraction widthl is

the flow depth before contractiow; is the upstream mean velocityjs the acceleration due to
gravity, andd is the critical shear stress obtained using the EFA. The Egptitiong(1.121) and

(1.122 were meant for straight and rectangular channels so Briaud et al. (2005) also developed
additional equations foromplex channel shapes which are detailed in the original .pajies
location of the maximum scouring depthsax, Was defined asmaxin Figure 1.47 and was

calculated using

o BV e (1123

0

whereB; is the channel width upstream, a@gds the contraction width. UsSirghax Xmax andzuni,

the general scour profile is known and can be used in the design of the abutments and piers. The
effects of the contraction angle were tested and revealed tfzt no significant impact on the
depths of scour. However smaller contraction anglesasedxmaxand the correction factor for

the contraction angldq ; x misxcalculated using

0 7 p ™j O A+ (1.124)

whered is the contraction angl&K§; x mak.0 ford = 90°). The contraction length effects were
examined and revealed no significant impact on the scoured depths or correlation with the location
of maximum scour depth. Next an equation for the maximum shear stress was required while
considering the effects the contraction angle, contraction length, water depth and the contraction
ratio. A preliminary value of interest was the reference shear stress at the bed of a channel without

a contraction(ks, and its expression is
T e @'y 8 (1.125

wheredis the unit weight of wateni s t he Manni ng o6 s Visthaingehndepths c o e
velocity, andRs is the hydraulic radius. Thelks, is modified to solve fokhax with correction
factors obtained using numerical simulations as they provide more accurate stress measurements

than measuring equipment in flume tests. The equation for the maximum shear stress is

~

t Q0QQt (1.126)
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whereky is the contraction angle correction factkrjs the contraction length correction factor,
ku is the water depth correction factor, akgdis the contraction ratio correction factor. The

correction factor equations are
8

N p ™ _ (2.227)
WT
R 0

) P ) 55 Ti® L
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whereB; is the channel width upstrea; is the contraction widthl; is the flow depth before
contraction,V is the upstream mean velogityis the acceleration due to gravity, adds the

critical shear stress obtained using the EFA. The water depth correctiorkiasts simply set

equal to 1.0 as the effects of the water depth are captured in the hydraulic radius used to calculate
.

TAMU-Scour Method(Briaud 2015a,2015b)

To understand and describe the influence of importanpaociimeter8riaud conducted
94 laboratory flume tests to find some relationships between the values opdnaseterand
the corresponding scouring (Briaud 2015a, 2015b). The methodsdest is the Texas A&M
University or TAMU-scour method and was an improvement to the CSU (1977) method with the
inclusion of additional sopparameteras inputs. The TAMU method can calculate local scour at
single piers, multigroup piers, abutments, aodtractions. As with the SRICOS method, the
TAMU method also includes depth over time relationships for scour. The method starts with using
the EFA to test the soil on site and obtain the erosion function and critical shear stress. The EFA
should be otained locally at the abutment, pier, and contraction centre line to ensure accurate
scour estimates as soil compositions on site may differ throughout the channel. Equations were
developed through regression analysis of flume results for the maximumdsgih,znax and
maximum shear stresGhax Once calculated, the values afzand Ghaxare substituted into the
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time depth curvéquation(1.110). Using the time depth curve the scour depths would then be
estimated for varying floods and soil layers with velocities and duration of floods. The equation

for maximum local pier scour depthyaxpiery Was found as

o cgé®2 0 U U ¢®O "0 (1.131)

whereb s t he pierdos ef f &tl® Kwisthewated depth ififlueacenfactoq u at i
Kpshis the pier shape influence factiipais the aspect ratio influence facti§pspis the pier spacing

influence factorFpien= V / (°§ib the)pier Froude numbefgpien=Vd ( ¢-tisdthe critical pier

Froude numbeg is the acceleration due to graviwis the velocity, andl; is the critical velocity

of the soil. The aspect ratio influence factor is similar to factors correcting for the flow angle of
attack and in this method is into account by using the effective Widb Kys=1.0. The flow

depth and pier spacing influentactors are determined using the following equations

8
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whereb © s t he pi er 6Ssthe tehte totcantreespaesing df pidrs, and the flow
depth at the pier. The pier shape influence fadfgss, is obtained fromFigure 1.26. The
contraction scour equations were simplified by defining a few useful variables. Firstly, the

contraction ratiorCr reflects the conéction of flow rate and is defined as

0

o
C Cr

(1.134)

whereQ is the main channel discharge before the contractionQgasdis discharge blocked by

the abutments. The critical Froude number for the main chdhrglgontains an expression for

the critical velocity as a function of the critical shear stress of the channel and is defined as
(b .'. J ” 8

0 == ome (1.135




whereVicis the critical velocity of the main channbhm: is the main channel water depthjs
the critical shear stressjs the soil mass density,is the acceleration due to gravity, amis the

Manningds roughness coeffi ci ent Znaxconyi® bbtaineada x i mu r
using the equation

a PE X2  pgJO O (1.136)

where hym1 is water depth before contractiofm=(V/Cr)/(ghwm)®® is the main channel
contraction zone Froude numb€gis the contractions ratiémcis the critical pier Froude number
defined previouslyg is the acceleration due to gravity,is the velocity, and/ is the critical
velocity of the soil. The abutment scour researched in the study was for typical abutment types
and the details of geatry are described iRigurel.49.
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Figurel.49: Abutment parameter details (Briaud 2015a)

For the abuhent scour some variables were identified to simplify the final equation for the
maximum scour depth. For abutme@iss is the flow in half the channel, calculated as half the
upstream flow in the main channel such tQe&=0.5Qm1. The area in the camicted zone is
denoted); and the flow area on the floodplain at the contracted sectian iés labeled irfFigure
1.49, Ltis the width of the floodplain in the approach zone, lanid the length of embankment
leading to the abutment. The local velocity near the abutment in the floodplain is dependent on

thefoundation geometry and is calculated using the following relationship
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wherehwmt is the water depth in the approach channel near the abutment and the other variables
were previously defined. Next the Reynolds number, Froude number and critical Froude number

at the toe of the abutment were computed using the following relationships

Y TQ (2.138
o 9

ol (1.139
- W

O (1.140

whereVs, is the local velocity near the abutme¥i,is the critical velocity of the soihus is the
main channel water deptB s the kinematic viscosity of water, agds the acceleration due to

gravity. Finally, the equation for maximum abutment scourtdepk@anuywas defined as
o ¢ta@ 0 O O UV Y ?® p®UO O (1.141)

wherehu is the floodplain water depth next to the abutmEa#, is the shape factoKaskis the

skew angle influence factdkag is the geometry of channel influence factdy, is the proximity

of the abutment to the main channel influence fag&iis the Reynolds number around the toe of

the abutmeng. is the Froude number around the toe of the abutmenEaistthe critical Froude

number around the toe of the abutment. The shape tagioaccounts for geometry effects on

scour as the equations was originally developed for wing wall abutments. The proximity of the
abutment to the main channel influencetdacKa, is used because testing revealed an increased
scour depth when the abutment was closer to the main channel bank. The channel geometry factor,
Kag, Was included because rectangular channels produced significantly less scour than compound

channels The equations for maximum abutment scour depth influence factors are

101



P8t h AIxET GAAAOOI AT O
h AICAOOMMAAOOI AT O

P& ¢ s IS Y AN L,
v W o h AEIGCDEDEOIOCEODIxEIeHO! 1 pA (1142

Mmwh MEIOCPEDEOIOCEOIxAEIoGOI T PA

. p8t TITe— wrel h Algdtd] pgmd

v @) U h T OEAOxEOA (1143
L Qe Qe

P8t £/ 0 QIQ

, mcgh QI Q00 dEHDHEDG (1145

P81 h "Qédmé an @R ¢ Qa

wherehws1 is the floodplain water depth next to the abutmdiis, the skew angle as measured in
Figure 1.49, Ltis the width of the floodplain, anlde is the legth of embankment. After the
equations for the maximum scour depth, numerical simulations were conducted to obtain the
equations for the maximum shear stress in the cases of pier, abutment, and contraction scour. As
with the SRICOS method, the values Zax Unhax, and erosion function from the EFA can be used

with Equation(1.110) to solve for scour depths over time. The TAMU method uses thelgame
relationships as the SRICOS method thereforelkaefor piers and contractions is determined

using Equations(1.120) and(1.128), respectively. For the maximum sha&ress at abutments,
Ghax@buy the TAMU method uses the equation

t PR Q0 0N Q Q'wy 8 (1.146)

wherekacr is the contraction ratio influence factég, is the influence factor for the aspect ratio
of the abutmentkasnis the influence factor for the abutment shdggjs the influence factor for
water depth or Froude numbésgskis the influence factoror the skew angle, is the influence
factor related to the location of the abutment in the floodpjaisithe mass density of watéf

is the mean depth velocity of the water in the approach B(®;W,) /isthe abutment Reynolds
number, W, is the top width of the abutment, amglis the water kinematic viscosity. The
contraction influence factdecr is used to correct for the fact that the approach veldtity used
instead of the contracted section velocitfEquation(1.134). The equation fokacr is

. 0
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whereQt is the total discharge, af@hiockis the parbf the total discharge blocked by the approach

embankments. The equations for the other influence factors are
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wherehw is the floodplain water depth next to the abutmenis the top width of the abutment,
Ltis the width of the floodplain,e is the length of embankmerf=V/(ghw)®° is the Froude

number at the abutmerd,is the acceleration due to gravity, avid is the water velocity in the

approach zone in line with the abutment. For the effects of the skew, the influence factor was set

to unity as the most conservative caserdfore for all caséss=1.0. Once the maximum shear

stress values for piers, abutments and contractions are obtained, they are substituted in the SRICOS

hyperbola Equatio1.101), and then scour depths corresponding to different floods would then

be calculated. To deal with varying water velocities and soil layers, Briaudis¢sssedoftware

tools and algorithms kich aidsin the use of the TAMscour method.

1.2.3 Performance of Scour Depth Prediction Methods

Determining the most accurate methods for scour depth prediction is vital for ensuring

structural stability and costffective designs. Some research hashbeonducted into comparing

the depths predicted by common methods with those measured in laboratory settings and in field
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to determine which methods provide the most accurate estimates. Laboratory flume tests are often
used because a variety of for saitd flow conditions are easy to test and many measuring
instruments can be implemented. Field data measurements may be more difficult to measure but
provide the best results with accurate scaling effects as scour around large structures can be
investigatel. This section will discuss the performance of existing scour prediction methods when
compared with laboratory and field datdfhe HECG18 manual (Richardson and Davis 2001)
provides some comparisons of local pier scour prediction equatiingure 1.50 shows a

comparison of normalized scour depths versus normalized flow depth for a set Froude number of
0.3.
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Figurel.50: Pier scour equation relationship comparison (Richardson and Davis 2001)

The Ahmad and Chitale curves showed rapid increase in predicted scour depth with flow
depth, leading to significant overestimations for wide pidree Breusers equations, like those
same from the RTAC guide, are only functions of pier width, and will underestimate scour depths
for larger flow depths. The Colorado State University (CSU) equation addressed the most factors
and provided the best resuttf those methods compared.

Mohamed et al. (2005) validated some bridge pier scour formulae using field and
laboratory data. The equations compared were Colorado State University (CSU) (1977), Melville
and Sutherland (1988), Jain and Fisher (1981), auniden and Toch (1956). Laursen and Toch
(1956) and the CSU (1977) equations provided more accurate estimates while Melville and
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Sutherland (1988), and Jain and Fisher (1981) over estimated scour depths. The Melville and
Sutherland (1988) equation wasetimost accurate when compared with field measurements.
Sheppard et al. (2014) performed an extensive evaluation of 23 equations for local scour at bridge
piers with 441 lab and 791 field data sets. The study also reviewed results reported in NCHRP
Report 682 (Sheppard et al. 2011) and focuses on the underprediction error by equations.
Underprediction of scour depths is much more of issue than overconservative estimates simply
because bridges failures are devastating. The primary objective in estis@ingshould be to
eliminate all cases of under predictions for safety and then address cost efficiency associated with
overestimation. The underprediction error of the six best performing equations was plotted for
laboratory and field dat@igurel.51 - Figure1.54.
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Figure1.51: Underprediction error of dimensional scour depth versus total error for laboratory
data (Sheppard et al. 2014)

105



N

Jain 1981
Froehlich 1988
Melville 1997
HEC18

HEC18-no wp corr
S/IM

-
[ed

Froehlch 1988

=
o
O AL+ x Off

=
»

-
N
T

o
@

Jain 1981

Underprediction Error (%)

o
o

0.4}
O 2 SIM -NO Wp corr
0 Melville 19917\ =
0 10 20 30 40 50

Total Error (%)

Figure1.52: Underprediction error of dimensionless scour deptiusetotal error for laboratory
data (Sheppard et al. 2014)
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Figure1.53: Underprediction error of field dimensional scour depth versus total error for

laboratory data (Sheppard et al. 2014)
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Figurel.54: Underprediction error of field dimensionless scour depth versus total error for

laboratory data (Sheppard et al. 2014)

The best performing equations were Jain (1981), Froehlich (1988), Melville (HRQ),
18, HEG18 with wide pier correction, and Sheppard/Melville. The Sheppard/Melville (2011)
which was a combination)ahdSMeppat tdeasd ( BB ¢
the most accurate of the 23 equations examined. Qi et al. (2@8b&Jidla study on pier scour
equations with comparisons to results of 126 laboratory and 408 field data sets. The equations
studied were HEA18,the 651 R equati on proposed by the Minis
Republic of China, the 638 equatione c o mmended by the Ministry of
Republic of China, Melville and Sutherland (1988), and Melville (1997). The results of comparing
the equation predictions with the lab and field measurements was summafiguarel.55 and

Figurel.56.
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The two Chinese equations were the masturate for field estimates but underpredicted
laboratory scour depths. The HHE@, also referred to as the CSU equation in the study, was the
most accurate in predicting laboratory pier scour depths. The Melville and Sutherland (1988), and
Melville (1997) equations were generally conservative by over predicting scour in both field and
lab. A parametric study was also conducted on the inputted factors and the resulting scour depth
from the five equations. The influence of flow velocity, depth, pielthyiand sediment size on

the predicted scour depth were plotted and discussed in a similar maRigered.50. Liang at

al. (2017) evaluated the permance of equations for predicting local scour at pile groups.
Experiments were done with single, tandem, side by side and 3x3 pile groups with different
spacings, flow velocities and flow depths. Baghbadorani et al. (2017) also compared pile group
local scour equations and proposed a new approach which had 10% less prediction error than

existing equations.

1.3 Numerical Research into Scour

Studies into analyzing and predicting scour at bridge foundations has been primarily
conducted with laboratoryldme experiments. A constraint with using laboratory sized
experiments is that bridge foundation must be scaled down to fit in flume tanks.e@bagpns
developed with data from laboratories incletaling effects when findirsgare applied to larger
foundations in the field The lack of field scour data and scaling effects have both resulted in
overly conservative estimates of scour depth with the empirical formulae meniioSedtion
1.2 Some experimental investigations have attempted to byipasssue of scaling effects with
Froudesimilarity, but thattechniquedoes not address Reynolds and turbulence scale effects. The
future of scour research requires methods of predictions which incorporate as many of the factors
discussed irsectionl.1and provide accurate depth estimates. The best means to approach future
studies is with numerical modeling of the fluid and soil phases. Scour has been numerically
modeled with tools such as computational fluid dynamics (CFD), finite voluntgooh¢F\VM),
finite element method (FEM), and the discrete element method (DEM). Numerical methods allow
researchers to overcome the scaling issue by modeling full sized simulations while measuring

scour developmerih real time.

A major obstacle to oveoene is the limited availability of software capable of coupling

the complex fluid and soil interactions during scour. Additionally, the CFD models which can
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accurately depict the field conditions are computationally expensive with lengthy simulatian times

CFD tools involve using the FEM or FVM to solve the Naaéokes (NS) equatiergoverning

fluid flow. The soil phase is modeled with a sediment model coupled with the fluid to allow fluid

forces to erode the soil bed amibdel sediment transport. Siegent models used with CFD

include morphodynamic models such as DEM or dynamic meshing techniques incorporating

t heory such as Shielddbds <criteria. l deal |y t|
parametersuch as cohesion changing the erosmde from particles to chucks for clay. Cases

of live bed scour also requires simulation of sediment transport with the use of equations such as
Van Rijndéds formulas or the Exner mass conser\
would solve the nsteady compressible NS equations with direct numerical simulation (DNS) and

a coupled soil DEM model. However, this approach is unreasonable in most studies so some
assumptions must be made to reduce computational cost. Simplifications to reduce teamaputa

costs include using the incompressible form of the Reynolds Averaged {$aoiers (RANS)

equations. This would remove terms with varying fluid density and approximate the turbulence

with models such as thedpsilon or komega model. The meshiofflow past a pier would be

optimized with a coarse general mesh with refinements around the bed and pier to capture the
horseshoe vortex and flow turbulence around sediment. An example of the numerical boundaries

for scour around a bridge pile in curteis illustrated irFigure1.57.
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Figurel.57: Numerical model boundaries of flow around a pile (Rodlahal. 2005)
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Different types of boundary and initial conditions can be used depending on the context of
the simulation. For the cases of wave scour, aduetace modek required especially for shallow
flows with larger velocity variation near thedba~igure1.58 displaysthe development of a scour

hole around a bridge pier with a numerical simulation.

Figurel.58: Numerical model of scour hole arountradge pier (Afzal et al. 2015)

Richardson and Panchang (1998) used FL-8IWto simulate scodnducing flow at
bridge piers and verified findings with the experimental results of Melville and Raudkivi (1977).
As with some of the earlier studies limitegldpftware capabilities this study was only of the fluid
phase. Instead of an erodible soil bed, the bottom boundary condition was set as a rigid bed to
evaluate the flow field at three different stages of scour. The scour stages included a flat bed, a 5
cm deep intermediate scour hole, and a 7 cm deep equilibrium hole from the results of Melville
and Raudkivi (1977). Comparing the velocity field of the model with experimental results showed
a good agreement. Wu at al. (2000) investigated the geneualasnd sediment transport in open
channels with their own numerical model. The suspetuladl transport was simulated through
the general convectiediffusion equation and the free surface was determined from a 2D Poisson
equation. The model was tested net entrainment from a loose bed and with net deposition

leading to a good match with experiments. Salaheldin et al. (2004) numerically modeled scour at
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piers with Ansys-luent to investigate which modeling parameters best match results from
experimeits. Bed shear stresses and velocity fields were compared with results from Melville and
Raudkivi (1977), Ahmed and Rajaratham (1998), and Dargahi (1987). The influence of turbulence
model choice was studied by comparing five different models includengriBequation Spalatt

Al l maras model, Reynol doé-epsi®imodelsrenormediziteon groupR S M) ,
(RNG) k-epsilonmodel, and realizable-&psilonmodel. The onequation Spaladlimaras

model was the simplest option and performed wogrly in modeling the thredimensional
separated flows around a pier. The RSM model provides closure of the RANS equations and the
best results buivas computationdy expensive. The three-dpsilonturbulence models have
similar transport equations rfdurbulent kinetic energy and dissipation rate but use different
expressions for the turbulent viscosity. Thegdsilonmodels overestimadevelocity neathebed,
especially the realizabledpsilonmodel which provided the least satisfactory resulthefthree
k-epsilonmodels. The fluid domain also included air for the free surface modeling and the
recommended composition was a 1:2 ratio of air layer thickness to the water layer thickness. Ge
and Sotiropoulos (2005a, 2005b) used a chimera oveiddtayv solver to model the flow around

a complex bridge foundation. Just the fluid phase was simulated to see how wetickege
simulations capture vortex sheading in the-falhle setting. Results of the mean flow velocities

and turbulent intensés showed good agreement with field measurements. Roulund et al. (2005)
conducted experiments of cylindrical pier scour to validate numerical simulations with EllipSys3D
CFD code. Transient models captured complex flow structures with vortices marat@gdout
required a long time to simulate. Stealgte simulations were completed quickly but
underpredicted maximum pier scour by 15%, and downstream scour up to 30%. Of the turbulence
models tested, the-&megaShear Stress Transport (SST) modelfqgrened the best due to its
accurate simulation of near boundary flows. The turbulent flow around piers arshdxsad
stresses are the most important processes for scouring, thusothege SST model was
recommend over the standarebiegaand kepsilonmodels. Additionally, a comparison was
made between smooth bed and rough bed models where roughness was approximated as the
median soil grain size. The smooth bed simulation reported inaccurate flow velocities and

directions, so the rough bed was deemetkessary fonumericallymodeling scour flows.

The numerical fluigsediment coupling is very complex and the range of morphodynamic
soil models provide many options. All partiparticle and fluigparticle interactions are still
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difficult to capture relsstically within current computational limits. For example, the seepage
flow in soil has the possibility of lowering the buoyant weight and increasing how susceptible the
bed is to scour (Zanke et al. 2011). Bierawski and Maeno (2006) used eéFBEMnoctl to

study highly saturated soil motion due to seepage force. The numerical model combined FEM for
porewater pressure fluctuations, poroelastic equations for soil, and DEM to simulate the transport
phenomena inside highly saturated discrete soil. Zhal.e(2007) reviewed the theory and
literature on discrete particle simulation. They discussed the acting forces on particles in a fluid
with the influence of different time and length scales. The scale effects on particle modeling were

summarised ifrigure1.59.
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Figurel1.59: Particle modelingipproaches at different time and length scales (Zhu et al. 2007)

The level of analysis and choice of discnetesus continuum particle modeling at different
scales are described bigure1.59. Zhu et al. (2011) continued their study into linking discrete
paricle simulation to continuum process modelling for granular matter. Zhu et al. (2011)
recommended using the continuum approach at a macroscopic scale and the discrete approach at
a particle scale. A novel hybrid particle model was proposed and apphepatdicle flow in a

hopper and partictduid flow in an ironmaking blast furnace.

Huang et al. (2009) studied CFD modeling of scale effects on turbulence flow and scour

around bridge piers with Ansyduent. Escauriaza and Sotiropoulos (2011) usedsaited eddy

113



simulation (DES) to examine the initial stages of erosion around a pier due to the horseshoe vortex.
A novel morphodynamic model was comprised of the Exner equation coupled with a new bed
transport model integrated with the effects of theamsineous flow field. The model included
nonlinear effects between the flow field and the bed while providing a better description of bed
load transport flux. Bed ripples and velocities in the simulation closely matched experimental
results. Zhiwen andZhenqing (2012) modeled the sediment bed around a pier with a boundary
adaptive mesh technique to modify the grid system with changeebeddboundary. Comparing
results with Melville and Raudkivi (1977) showed a good agreement in flow velocities and
maximum scour depth at the pier. However, the boundary adaptive mesh technique provided a
different scour hole shape due to not capturing the slope collapses in the hole accurately. Dynamic
meshing compacktt he bed shear st r ehsastosiulatk thd enosionsviale | 6 s

excluding some soil phenomena such as avaiagch

Abdallah Mohamed et al. (2013) numerically and experimentally researched into effects of
contraction ratios and entrance angles on bridge abutment scour. The nutoekinakd was
SSIIM (sediment simulation in water intake with multiblock option). Testing entrance angles
between 10° anélO°revealed that smaller contraction ratios and smaller entrance angles groduce
less scour. Local abutment scour was seen reduced by 92% after changing the entrance angle from
90° to 10°. Karami et al. (2014) verified SSIIM 2.0 simulations of non submerged spur dike scour
with experimental data. The structure arrangement consiktiecee parallel spur dikes where the
horseshoe vortex produce the deepest scour as the at the first spur dike and wake vortices procured
the second most scour at the third spur dike. As the second spur dike was shielded by the other
two, recommendatiawere to prioritize scour protection at the first spur dike and then the third
or last

Ehteram and Meymand (2014) compared experimental and numerical results obtained
using SSIIM 2.0 for scour depths at side piers of bridges. Comparing turbulence imtidated
that the kepsilonRNG model performed better than the standaegsilonas the RNGlid a better
job of capturing turbulence at a range of scales. The results for maximum scour depth from
numerical simulations were 15% less than experimardg;ating a significant error and room for
improvement of simulation. However, numerical results provided satisfactory predictions for

location of scour holes, water levels and velocity profiles. Xiong et al. (2016) employed a
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dynamiemesh updating tecique with AnsysFluent code to analyze clear water scour around
piers. The mesh updating througtt simulations was node by node as opposed to a general
boundary condition for a more accurate riverbed model. Jiang et al. (2017) analyzed how
simulation @rameters influenced the results of flow past a circular cylinder. Different boundary
conditions and domain dimensions relative to the cylinder dianiztevere tested to ensure that
wake vortices were not restricted in development. A span lengtheafsiitOD was recommended

for accurate modeling of unrestricted wake structures and hydrodynamic forces. Alemi and Maia
(2018) investigated numerical simulation of flow and local scour around single and complex bridge
piers. As large times steps can @ase computation time, they hinder the accuracy by excluding
unsteady flow structures. Using SSIIM, multiple tests were performed for different pier
configurations to find the steady state solution for maximum scour depth. Up stream scour
geometry was atirately predicted but depths at downstream sides of the pier were underpredicted.
Alemi and Maia (2018) assumed that tmplied that the horseshoe vortex may not have been
accurately represented using the turbulence models. Ahmad et al. (2018) &$&DR& model
waveinduced scour around piles in a stoleside arrangement. The level set method was used to
simulate the free surface along with the Exner formula to model evolution of the sediment bed.
Zaid et al. (2019) used Ansyduent to perform teadystate simulations of flow past a pier
mounted on a rigid bed. Circular and square piers were tested with the numerical results compared
to the experiments by Daragahi (1989). Nagel et al. (2020) developed aithexesional
sediment scour model §&d within the framework of the opeource CFD platform OpenFOAM.
Nagel et al. (2020) discussed the formation and coupling of their morphodynamic model for
sedi ment with OpenFOAM6s fluid modeling. The
accessil# and versatile sedimefitiid coupled software for scour simulation.

The bulk of numerical research has been limited and with the goal of simulating scour
rather tharusing results to form predictive methodEarlier simulations were conducted solely
with rigid beds to examine the flow around obstacles such as piers. For example, Briaud et al.
(1999) used CFD results to develop an expression the maximum bed shear stress around a pier in
the SRICOS method. As numerical flows were well represented t@mdlem was including
a mobile bed. Research into morphodynamic models and dynamic meshing techniques was
performed to simulate the sediment bed erosion. For live bed scour, sediment transport equations

were used to model the bed load transport. Busb coupled fluicsediment model should be
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developed to account for all soil and water interactions. Optimizing simulations require testing of
parameters such as bed roughness, turbulence models, domain sizes and boundary conditions.
Recent numerical stlies have replicated the development of scour hole very well. The next steps
involve using a capable software to run multitude of simulations with varying fluid, soil, and
structural properties. A parametric study of fthle numerical scour would fugot in the

development ohovelreliable scour prediction methods.

1.4 Computational Algorithms for Predicting Scour

As an alternative to traditional dimensional analysis, the use of artificial neural networks
and gene expression programming have been used to study the relationships between scour depths
and influencing factors (Lee et al. 2007). A benefit to the useraputational algorithms is that
the physical scour theory does not need to be analyzed to provide accurate predictions of scour
depths. Artificial Neural Networks (ANNs) haven proven useful in overcoming the complex non
linear relationships between scdactors. ANNs process data sets of inputs and outputs using
algorithms based on a simplified version of the biological nervous system. In the case of scour,
the outputs are scour depths and inputs are the factors relating to flow, structure, @ntypuél

threelayer ANN with an input layer, hidden layer and output layer is illustrat&igure 1.60.

X.,

Figurel1.60: Threelayer artificial neural network structure (Lee et al. 2007)
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The initial inputs are entered into a transfer function and the inner hidden layer contains
more functions describing the relationships between inputs atpmits. Each layer contains
severalneuronsandtheselayers are correlated with weights. Like an artificial intelligence, as
data is feed into the ANN it willearn toadjust weights, node connections, and functions. The
learning process is referrea as training, and more data sets wilprove the performanaa the
ANN in predicting futures scour depths Lee et al. (2007) used BackPropagation Neural
Network (BPN) to estimate pier scour depths. Lee €2807)used nordimensional forms of
inputs and outputs where the scour factors considered included pier widths, flow velocity, critical
velocity, flow depth, soil grain size, and soil gradation. In the BPN, errors at the output layer
propagate backwards into the input layer though the hitldest to train the ANN. The BPN
model 6s scour predictions were found to be
equations. Kaya (2010) used Levenb®grquardtbacipr opagati on al gor it hm
Neural Network Toolbox to study scour deptiround bridge piers. A FHWA data set of 380
measurements at 56 bridges was used to train the ANN with dimensional data inputs. A portion
of the data was used to train the ANN and the rest was used to predict and compare the depth
values with those obitzed from the HEEL8 equation. The ANN performed well with live bed
scour but had overpredicted clear water scour with coefficient of determinat®®@.60. The
overpredictions were suggested to have occurred because experimental scour deptbistingere n
peak depths for the given conditions. A sensitivity analysis was conducted on the inputs to
examine the influence on depth prediction accuradyer thesensitivity analysis, the number of
inputs would be reduced to those which primaritgntroling scour. Kaya (2010) found that
reducing the number of variables from 14 to 9 had a negligible impact on the coefficient of
determination, (0.73ersud.72). The optimal number of inputs was four, consisting of pier width,
skew angle, flow depth and flow velocity. The four inputs provided the highest coefficient of
determination oRR? = 0.81 overall and?? = 0.89 for live bed scour. The two most irdhtial
variables of flow depth and flow velocity provided a coefficient of determinati®i ©0.66. Pal
et al. (2011) applied the use of support vector machines and two other ANNSs to study and predict
pier scour. The results of the models were coetgpavith four traditional pier scour equations
including HEG18, where the support vector regression performed the best. From a sensitivity
analysis of the support vector regression, dimensional inputs were recommended ever non

dimensional, and the mostflmential factors were flow depth and pier width. Toth and
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Brandimarte (2011) used a muikiyer feedforward network to predict pier scour which performed

better than traditional pier scour equations.

Khan et al. (2012) used tragtificial intelligencebased soft computing technique gene
expression programming (GEP) to predict bridge scour. GEP is a search technique that
incorporates mathematical expressions, decision trees and logical expressions. The primary
advantage of GEP over ANN is that GEP pdaa an explicit mathematical expression for
calculating pier scour. The GEP expression can be readily used in engineering design and
performed well against an ANN and traditional empirical formulae. Ismail et al. (2013) used a
feedforward neural networlith an adaptive activation function to predict the evolution of scour
depth at piers. With temporal considerations the model performed slightly better tNseivitie
and Chiew (1999) method\ajafzadeh et al. (2013a) used a new application of gmethod of
data handling (GMDH) to predict scour at piers in cohesive soils. The properties inputted into the
GMDH were initial water contentWC, shear strength, compaction of cohesive bed materials,
clay percentageCp, and the flow Froude number. Timdel performed well for soil in the range
of 36.3%6< IWC <42.28%and 35% < Cp < 100%. A sensitivityanalysis revealed that clay
percentage was the most influential factor on scour depth whilgineensional shear strength
had the least influence. Najafieh et al. (2013b) expanded their studies and applied the GMDH
model to predict abutment scour in cohesive soil. After testing two types of montmorillonite and
kaolinite clay soils, the GMDH model had the higher performance for unsaturated montmerillonit
clay with IWC < 25% than ANNs and empirical formulae. Park et al. (2017) discussed the
importance of training ANNSs to prevent scale effects and accurately predict scour at both thin and
wide piers. With both laboratory and field data sets, differgresyof training and testing were
evaluated for the ANN. The ANN model trained with laboratory data overestimated field scour
depths just as traditional empirical formulae. The ANN trained with field data produced severe
scattering of results when attenmgf to predict scour depths of the laboratory experiments. The
best performing ANN was trained with 50% of laboratory and 50% of field data. The large range
on inputs of pier size and flow depths trained the ANN to be robust and applicable for all scales

1.5 Scour Monitoring Technologies

An important part of controlling scour and ensuring adequate performance of bridges is

monitoring the depth of scour. Monitoring and measurements of scour depths can be done in
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person with equipment or remotely with tingnentation installed on site for real time data.
Research and development have been done into creating various devices which can be
implemented to record the depth of scour holes over time. Monitoring can be vital for bridges
which are scour criticalreexpected to experience large levels of flooding. Monitoring can be used

to determine locals scour depths, exposure of footings, and the conditions of scour
countermeasures in case of disturbances. In person equipment for measuring bottom elevations
include probes/rods, surveying, underwater sounding, and Ground Penetrating Radar (GPR). In
person monitoring may provide better confidence in measurements but is not continuous and
difficult during floods. Monitoring devices fixed to structures providetlhlepeasurements in real

time without requiring on site personal. Fixed monitoring devices include sonar devices, buried
rods, sliding magnetic collar devices, and float transmitters (Richardson and Davis 2001).
Studies into monitoring equipment seéekmprove accuracy of real time readings, cost efficiency

and norinvasive implementation.

Zheng et al. (2017) conducted a study using rladam echo sounders (Seabat 7125) to map the
riverbed topography around bridges. The sonar devices were usettkoetosion and soil
deposition in various parts of the Yangtze River Estuary. The sonar devices provided high
resolution data for tracking the change in scour hole depths which would then be used to determine
the structural state of bridges. Yankielumd&abilansky (1999) used tirtkomain reflectometry

(TDR) sensors as a method to constantly monitor scour depth with the ability to detect sediment
depth changes smaller than 5 cm. A probe at the location of interest has a signal sent through wires
and rdlected in a measured time period. Then using the knowledge on the conduction of the
surrounding soil the scour depths were determined. Using a computer an alarm can be triggered
once a critical scour depth has been observed. TDR has the potentaitte peal time and
accurate results even during highergy flow periods such as floods. Chen et al. (2015)
investigated the use of magnetic sensafedsmart rocks for monitoring the depth of scour holes.

The dnmasted smart rocks were attached to piers to serve as a reference point to displacement
measurements. Then other spherical smart rocks were placed on the riverbed adjacent to the pier,
where the distance from the master smart rock would be measured in rebhsiate using a
magnetometer within the smart rocks. As the scour hole grows the spherical smart rocks would
move further down in elevation allowing for monitoring of the erosion rate and scour depth. Issues

arise in managing the alignment of the magimetise rocks and losing the smart rocks due to-high
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speed flow. Lu et al. (2008) performed field measurements and simulations of scour dtdhe Si
Bridge in the lower Ch&hui River, the longest river in Taiwan. Multiple monitoring devices

were evaluat@, the findings summarized Table1.17.

Tablel1.17: Comparison of existing instruments for measuringd®iscour (Lu et al. 2008)

Instrument Advantages Disadvantages or limitations Relative cost

Bridge mounted sonar Continuous and accurate record of riverbed Mild slope river/estuary Medium

Acoustic Doppler current profilers Portable; measuring both velocity profile and Not applicable to high sediment concentration High

(ADCP) water depth conditions

Ground penetrating radar (GPR) Continuous record of riverbed Time consuming in operation; High
specialized training required

Fiber Bragg grating (FBG) sensor Continuous monitoring of riveﬁbed Limited successful field tests, tests for High
extreme environment needed

Numbered bricks Commercially available; Excavation of riverbed required,; Low

applicable to highly turbulent or rapid flows suitable for ephemeral rivers
Sliding magnetic collar (SMC) Easy to operate Excavation of riverbed required; Low

high maintenance/repairing cost

Steel rod Easy to operate Excavation of riverbed required; Low
high maintenance/repairing cost

Lu et al. (2008) also used the data measurements to propose a method for simulating the

general, contraction, and local scour to determine the total scour at bridge foundations.

1.6 Scour Countermeasures

When designing with sew in mind, an adequate foundation depth can be supplemented
with protective measures to mitigate and reduce scour. The types and implementation of scour
countermeasures are discussed in designualssuch as the MTO Drainage Manual, the FHWA
HEC-18 manal, and the FHWA HE@3 manual. Further studies have been conducted to
evaluate the effectiveness of existioguntermeasureand develop novelcountermeasures.
Protective measures against scour are divided twiw categories of active and passives
courtermeasures (Richardson and Davis 2001). Passive countermeasures are those which provide
a physical barrier against scouring forces such as coarse armour layers, riprap, gabions, and collar
plates. Active countermeasures seek to reduce the strengtlowfngcforces such as the
downward flow and horseshoe strength vortex. Active countermeasures include manipulating the
channel shape, aligning piers with the flow to reduce effective widthsseladtinglow scour
structural design choices such maind nosed piers. It is recommended to prioritize active
countermeasures during preliminary stages of design and supplement with passive

countermeasures if necessary (Richardson and Davis 2001).
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A common method of scour control is metal plate collaech#d at to bridge foundations
for protection against local scour. Theses collars, as sdégure1.61, would surround a pier

and sit near the bed wire down flow and the horseshoe vortex are active.
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Figurel.61: Circular and hooked collars for piers (Chen et al. 2018)

Jahangirzadeh et al. (2014) investigated the effectiveness of circular and restangul
shaped collars using experiments and numerical simulations. Using SSIIM 2.0, laboratory tests
were numerically replicated and the CFD simulations were found to accurately predict the amount
of scour. Square shape collars were found to be most effetducing scour as they lowered
the horseshoe vortex strength more than circular collars. Testing the elevations of collars revealed
that undetbed collars reduced scour much more than collars placed on or above the sediment bed.
The most effective with of collars fell into the range 8D - 3.5D, whereD is the pier diameter.
NasrAllah et al. (2013) investigated different dimensions of collars for bridge abutments by
comparing numerical and experimental results. Numerical simulations were condusgitM
with noncompressible flow,iJ t ur bul ence model and Van Rijné
revealed an optimal collar of lenditiv3Lrelative to the abutment length reduced the maximum
scour depth by 69%. For validation, results from SSikidtched experimental results with
average correlation coefficient of 95%. Chen et al. (2018) tested the use of hooked shaped collars
where the outer edge of the collar bends upwasdseen irFigure 1.61. The hooked collar
dimensions were set to a width bR5D and a height 00.25D, whereD was the pier diameter.
Collars with hooks were proven to further reduce the strength of the harsestex and turbulent

kinetic energy thus leading to reduced scour depths. The optimal collar arrangement was found to
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be a double collar setup with one buriecaatepth of0.25D and a second collar placed at bed
level. Nielsen et al. (2013) investigdt the flow, bed shear stresses, and different layer
configurations of stone scour protections around a pile in a current. The scour protection consisted
of a coarse stone layer covering a filter layer with fine stones, analogous to a coarse armour layer.
Nielsen et al. (2013) discussed how bed sediment transport around scour protection can lead to
misalignment of the protection and potential structural instability. Usintgerical simulations in
FLOW-3D, Nielsen et al. (2013) developed a method forrdeteng critical stones size used in
protection to prevent motion of the base sediment.

1.7 Conclusions

An exhaustive review on bridge scour analysis and predictions is coveredéhdpier
The influences of factors from the soil, fluid, and strudturgeractions are discussed in detail.
The most influential factors for scour include flow depth, flow velocity, flow direction, structural
dimensions, median soil grain size, soil gradation, andcebiésion Further parametric studies
must be conduet on soilparametersis the current scour data is limited for cohesive soils. The
need for further investigations into stochastic scour analysis with varying soil compositions and
flow rates is highlighted. Common equations for estimating contractidhoaal scour at piers,
piles, and abutments are discussed in detail. The disadvantage of the empirical formulae is their
basis on limited laboratory data which has led to overestimates of field scour. Most scour
prediction methods were developed forrseasand at laboratory scales, thus further research into
field scour at all soil types and rock is recommend8tudies comparing predictive equations
revealed the best performing pier scour equations to be thel8EQuation based on the CSU
eqguation ad the Sheppard/Melville (2011) equation. Other methods for analyzing scour depths
examined are soft computing techniques like A¥INd GEPs which have been shown to perform
better than empirical formulae. Although ANIEnd GEPs do not provide informati@n the
physics behind scour they are powerful statistical tools for identifying patterns in data. GEPs are
recommended in addition to traditional dimensional analysis as they can provide a compact
equation for depth prediction€urrent methods are lkiag in accuracy due to scale effects from
the lab data used to develop equations and due to the exclusion of mapgragikters In

addition to accurate scour predicting, scour monitoring and countermeasure are vital for scour
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critical bridges. Reseen into the testing of monitoring technologies and proposed

countermeasures designs were discussed.

Techniques and studies conducted mimerically modelingimulating scouwerereviewed.
Numerical techniques are the future of scour studies to overcome scale issues in laboratory and
difficulty of obtainingfield data. Earlierstudies focusing ocapturingthe flowfield at piers while
newerwork hadookedto include sediment modelingostexistingnumericakesearciinto scour
has focused on thealidationof numericalalgorithmswith experimentakcourdata asoupling
realisticsedimentmodels with fluidss extremelydifficult. Sediment algorithmsapturingall soll
vital behavioursuch as cohesiorgritical shear stress, slope behavioand transporare still in
development Future work is recommended into developing coupled numericaidtiicdolvers
with ability of simulating scour hole development and sediment transportse Thels should
include a detailed morphodynamic model with all partpaeticle interactions, fluigharticle
interactions, and influential sgilarametersuch as clay content, shear strengtigle of repose
and water content. The robust numerical software should serve as the basis for performing a
multitude of fulkscale simulations to investigate the influence gaikmetersn scouto develop
novel scour depth prediction method3f the available copescour software SSIIM appeared as
the best choice fgoreliminaryinvestigationsnto theinfluenceof soil parametersn pier scour.
Theobjective in this thesis is ttonductasedimenparametric study with different soils to quantify
the effectson per scour depthsevaluate the performance of current equationsddiparameter

consideratiorand discuss theumericalmodelingof sedimentand fluidin SSIIM.
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Chapter 2: Modeling andvalidatingPier Scour in SSIIM

2.0 Introduction

Scour is a very complicated issue to quantify due to thdinear interactions between the
structural, fluid and sedimentterfaces In addition to the large number of parameters, scour is a
probabilistic problem duedtpotential variations in flows and sediment bed compositions (Wang
et al. 2017). The ideal investigative method would be measuring scour at fnedgéut it is
impossible to control all field conditions concerning fluid and sediment characteri&ipsovide
control over all input parameters, laboratory flume experiments has been the primary method of
obtaining scour data. However, with laboratory investigations all structures must be scaled down
to fit within laboratory and install measuring eguunient. Smaller laboratory models introduce
scaling errors which create discrepancies when conducting dimensional analysis. To safely
account for these limitations, empirical depth prediction equations based on laboratory data are
inherently conservationScour prediction at bridge foundations needs significant improvement to
provide reliable estimation while considering the influences of alpspdmeters Accurate scour
depth prediction methods will reduce the construction costs of bridges foursdatidmprevent
possiblebridge failures due to underprediction of scour depths. Thus, to control all parameter
inputs and avoid scale effects, numerical scour simulation is the recommended tool. The numerical
modeling of scour is still incredibly challeing due to the large number of inputs when coupling
sediment transport and fluid flow models. Numerical scour simulation is still in its novel stages
where the emphasis is on creating reliable numerical sediment models which consistently replicate
laborabry and field results. Scour has been numerically modeled with tools such as computational
fluid dynamics (CFD), adaptive meshing techniques, and the discrete element method (DEM).
CFD is used to model the fluid phase while morphodynamic models sucENMsobdynamic
meshing techniques describe the sediment bed. A discrete particle model such as DEM may
provide more precise simulations, but the soil phase modelled as a continuum with adaptive
meshing techniques provides a computationally cheaper op@éiD solves a flow field with
prescribed boundary conditions reporting the bed shear stresses on a sediment bed and the velocity

field which influences sediment transport. A mobile sediment bed boundary conditions would
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compare t he s drésswitlsthedluid bédistear stress &nd then the adaptive meshing
techniques would update the bed shape with erosion and deposition efRchkardson and
Panchang (1998) used FLOBD to simulate scotinducing flow at bridge piers and verified
findings with the experimental resulpsiblished byMelville and Raudkivi (1977). Salaheldin et

al. (2004) numerically modeled scour at piers with ArsSlygent and their own adaptive meshing
algorithms Roulund et al. (2005) conducted experiments of cylindpea scour to validate
numerical simulations with EllipSys3D CFD code. Roulund et al. (2005) discussed how transient
fluid models captured complex flow structures with vortices more accurately but were
computationally expensive. Steastate simulationsvere completed quickly but underpredicted

maximum pier scour by up to 158tie to the exclusion some of non steady turbulent behaviour.

With powerful computers and robust numerical scour modeling, tpatametric studies may be
conducted to develop novel scour prediction equatimnsipdate currenmethods Depth
prediction equations would be based on simulations wittsdale structures, soils of various
compositions, sizes, cohesive strengths, aposeangles. The present objective was to a perform
preliminary investigation into the effects of sphrameteron numerical scouand evaluate
current methods A decision was to be made on which tool to use for numerical modeling scour.
Presently thee exists a limited number of available CFD software coupled with sediment transport
models. SSIIM (Sediment Simulation in Intakes with Multiblock option) was selected as it was
an open source CFD software with bult sediment transport modeling ideadr fscour
simulations. Over the years Olsen had updated and improved the software with more capabilities
and a newer version SSIIM@ which is used in thithesisto model scour. SSIIM is capable of
modeling sediment transport with various soil sizesdgtions, repose angles, and cohesive
strengths amongst other sedimpatameters Before SSIIM could be used for the parametric
study, it was to be validated for its performance by verifyangulationswith published
experimental results. Three SSliModels of flow past piers were simulated with rigid beds to
validate the flow field and then with a mobile sediment bed to validate scour hole depths. SSIIM
was able to accurately replicate the flow field around a pier in a rigid bed with good matches
aganst published experimental resudts seemhaterin Chapter2. During validations of the SSIIM
models tests were conducted to determine the best performing numerical parameters. Model inputs
for domain sizes, mesh refinement, solver settings and sedmuadeling were optimised for

accuracy and computational efficiend.total of four models were created in SSIIM to compare
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with published experimental data. Cases 1, 2 and 3 were used for rigid bed valihtie@sases

2, 3 and 4 were used for thehile bed validations

2.1 SSIIM Theory

SSIIM is a CFD (computational fluid dynamics) program coupled with solvers for
sediment transport making it an ideal tool for simulating scour (Olsen 2888M has been used
to model complex flows, sediment trast, and differentypes ofscours SSIIM, specifically
SSIIM 20, was selected because it was a readily available CFD-smene tool with built in
sediment transport solvers. SSIIM solves the fluid flow field described by the 3D-(three
dimensional)mc o mpr essi bl e Rey nSioked RANSpequatioasged Navi er

19 2.1
o T (2.1)
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wherei andj =1, 2and3 represent the dimensions &j,((y) and ¢) spatial directions respectively,
xi andx; are the spatial coordinatesandui are the timeaveraged velocity componen@@and;
are the fluctuation components of velocRyis the norhydrostatic pressureg,is the fluid density,
+ is the kinematic viscosity, artds the time (Olsen 2018). The Reynisidtress ternQi®;dvas
modeled with the Boussinesgproximation as
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wheret tis the eddy viscositi is the turbulent kinetic energgndd; is the Kronecker delta equal
to 1 ifi=j and O otherwise (Olsen 2018). SSIIM uses the standapsikon turbulence model to

estimate the eddy viscosity as
T8 — (2.4)

whereC; is a constant coefficient, atiiis rate of dissipation of turbulent kinetic energy. Through
the uses of the Boussineapproximation and a turbulence model some minor errors are

introduced for the sake of computational efficiend o solveEquations?2.1and2.2the SIMPLE
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(Semilmplicit Method for Pressure Linked Equations) algorithm was implementedsialIM

for computationally efficient steaestate simulations (Olsen 2018). Further details on the
formulation of the SIMPLE mthod aredescribedoy Patankar (1980). The SIMPLE method is a
numerically stable technique for solving the flow with the unknown pressure field while excluding
some transient flow effectsThe flow effects neglectedare relatedto turbulencegeneration
advectionand dissipatiorsuch as wake vortices sheddinfhe SSIIM models were constructed

as rectangular channels with a solid cylindrical pier as illustratEgyure2.1.

Figure2.1: Case Imodel mesh and boundary conditions

SSIIM employed an unstructured grid with hexahedron shaped cells for solving of
Equations(2.1) and (2.2) with the control volume methodThe mesh was generated by first
creating an orthogonal grid of the channel and then defining the pier area with a smooth elliptic
grid around a circular cylinder. The meshing options in SSIIM were limited in geometry
generation and localised refinemeiithe ideal grid would consist af coarse mesh of the entire
channel with a refined nested block at the pwaich provides accurate result while reducing
computational costs. However, the nested algorithm in SSIIM 2 lead to poor results when
compared tahose from the single refined bloskownin Figure2.1. Thus, the uniformand
moderately refined grid was used in 93&ll To improve stability and convergence, bleck
correction was employed in SSIIM. With block correction the solution is first solved for on a

coarser grid and then iterated further on finer grid starting with interpolations from the coarse grid
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solution. With block correction many instabilities may be avoided with fine grids and complicated
geometries (Olsen 2018). To prevent additional instabilities and solution oscillations common in
nonstaggered grids, the Rhie and Chow (1983) interpolation was impilediato SSIIM (Olsen
1999).

The model shown ifrigure 2.1 hadinlets prescribed as a Dirichlet boundary condition

with a flowrate calculated using aean flow velocity and the crosectional area of the model
(Olsen, 1999). The outlet and side walls were set to zero gradient boundary conditions. The top
surface was also set as a wall with zero gradient boundary conditions as opposed to a free surface
model to save on computational time. The lack of a free surface was justified as all models were
of low-Froude number flows which experience negligible vertical velocities near the surface.
Roulund et al. (2005) stated that for flow Froude numberghess0.209, the free surface may be
removed with no substantial impact on scour depths. The pier and sediment bed were set as solid
walls with smooth and rough surfaces, respectively. The velocity field near the wall boundaries
were modeled with the stdard wall functions equation

O PgelP (25)

0 U Q
whereu is the velocityu- is the shear velocity is the von Karmen constant equal to B«s the
wall roughness, angis the distance from the wall to the cell centre (Schlichting 1979). The bed
shear stress on the sediment hg¢dsed for sediment transport calculations was determined using

T M6 " Q (2.6)
wherek is the turbulent kinetic energy s the fluid density, an@s is a constant coefficient. The
shear stress exerted by the fluiddquation(2.6) was compared with the critical shear stress of
the soil for the sediment transport calculations. The sediment transport solver in SSIIM is coupled
with the fluid Equations(2.1) and(2.2) to solve for the sediment concentrations near the bed and

suspended in the fld. The concentration of the suspended load is governed by the transient

convectiondiffusion equation
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wherec is the sediment concentration,is the sediment fall velocityy; is the fluid velocity

and x are the space dimension for dimengieh, 2 and 3, andi is the turbulent diffusivity (Olsen

2018). For the sediment bed boundary to exhibit both sedliev@sion and deposition, an
equilibrium concentration in the cells close to the bed was required to be defined. To describe the

equilibrium concentration near the bed, Van R

Tt 8
. o f (2.8)
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wherecnedis the concentration of sediment near the Bedjs the median sediment sizeis the
distance from the concertation point to the ldid,the bed shear stress frdquation(2.6), W is
the critical shear stress of the sediment, @&nis the dimensionless particle diameter found using

L PRy 2.9)
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whereg is acceleration due to gravityjs the specific gravityands is the fluid viscosity (Olsen

1999). To describe the threshold of sediment motion, SSIIM obtains the critical shear stress of

soils based on a version of Shiel dsodsFigiéd agr am
2.2.
7 ) I ) i e b 800 0.8
T in gm
per cu cm
o Amber 1.06
e Lignite ’ 1:27
|
o Granite (Slysids) 27
© Barite 4.25
i I loci il
Fully developed turbulent velocity profile % Sand (Casey) 265
1.0 I + Sand (Kramer)’ 265 _|
. 08 ‘; x Sand (U.S. WES.) 265
12 06 ; & Sand (Gilbert) 265 ]
£ L_ 0.5 ~ 1 m Sand (White) 261 —
g 04 N Turbulent boundary layer {0 Sand in air (White) ~ 2.10 ]
& 03 N | T 111 (s steershot whitey 7.9 7
g 0.2 \\ d, s
s { Value of 5£/0.1(2 —1)gd, | ‘ |||
i . 1 1 1!
s PR 2 < | 6|8l 2 (g4 6]100 2 4 |6|1000
= 0.1 NT—7 7 7 2o
A JAWAVATA L L Y 5 B 4 Y ¥ A FARWAWAVAVA
«» 008 N7 YA AV AV g 8 B AR Y A
£ 006 Z /// 717 // // // A[ ///// Z /%/
S X,
§ oo ST
Bhiss X YA °f [¥
a 0.03 © S Shields curve
5 1T
0.2 04 06 1.0 2 4 6 810 20 40 60 100 200 500 1000

U,d,
Boundary Reynolds Number, R ,=—5—

Figure2.2: Shieldsdiagram examplévanoni 1975)
129



The Shields Diagram plots Shields curve based on laboratory tests exaniiairfgpw conditions

caused sediment to begin motion. Thaxis in Figure 2.2 is the Boundary Reynolds number
whereU:- is the shear velocity is the viscosity, andsis the particle diametear Dso. The yaxis

is the Shields parameter or the dimensionless shear stresslisetes bed shear stresds the

fluid density,s is the soil density, ands is the particle diametddso. The pants making up the

curve with different soils describe the critical Shields parameters for those soils and values lower
than the curve indicate no motion. The critical Shields parameter may be used to solve for critical
value of bed shar stress for giveediment and fluid properties. The diagram at the time was
limited in the types of soils and flows tested so it has been modified by many researchers over the
years to create curves with new data. MDet ai l
is not mentioned in its manual. A limitation to the Shields diagram is that it was developed using
a flat horizontal bed in a flume with no consideration of ripple effecteed slope Soil stability

and resistance to flow decreases with steepedskpéhere is less unlaying material to provide
support. To improve the accuracy of numerical scour hole shapes, SSIIM includes Brooks (1963)
slope correction factor for the critical shear stress obtained from a Shields diagram. The Brooks
(1963) correaon factor,K, for the bed shear stress is defined as
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whereUis the angle between the flow direction and a line normal to bed plas¢he bed slope
anddis an empirical parameter based on flume studies. The default values for Brooks parameters,
inverse ot a n, ih 89IIM are 1.23 and 0.78 for uphill and ddwhslopesrespectively Different

values of for Brooks parameters were tested during validations to find the best values for clean
sands. In additions to Brooks (1963), a correction for transverse slopes by Dey (2003) was also
implemented into SSIMWi t hout the Brooks (1963) <correctd.i
resistance the scour depths in SSIIM were significantly underestimated. Another important aspect
of sediment slopes in scour holes is avalanching or sand slides occurring due to sydeyins

The sediment transport described EByuations(2.7) and (2.8) do not account for steep slopes
collapsing and filling the scour hole. Without sand slides, numerical depths overpredict scour hole
depths with very steep spike shaped scour holes. SSIIM implemented a sand slides algorithm to

smooh out steep slopes and provide realistic scour hole shapes. The sand slide algorithm takes in
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a stable slope angle where steeper slopes are adjusted to the stable slope angle. The algorithm acts
as a grid correction iteratively searching the bed to cbslepes and then the adjacent areas to
ensure all slopes are stable (Olsen 2018). The stable slope angle is often related to the angle of
repose of the sediment but may vary as discussed in literature aoklapisr

As the numerical modeling of scoisrin development and computationally demanding,
there still exist many limitations on the accuracy of numerical scour simulations. The grid
generation in SSIIM was limited in its refinement ability so the most computationally ideal grid
pattern was ngpossible. Ideally a coarse orthogonal channel grid with an elliptic refined zone
around the pier would provide efficient computation times while capturing the complex flows and
a realistic scour hole at the pier. In SSIIM a moderately fine grid wasageld was too fine in
areas away from the pier and not quite fine enough at the pier. However even with-itheahon
grid pattern the flow fields and maximum scour depths at the piers in SSIIM matched experiment
results well enough. The SIMPLE algorithwas also selected in SSIIM for its steady state like
modeling which provides quicker computation times than algorithms capturing all transient flow
behaviours. The upstream flow field of flow past a cylinder can be considered mostly steady state
but thedownstream flow consists of cyclic nonsymmetric wake vortices sheading. The wake
vortices shedding is the main scour agent at the downstream of the pier, so SSIIM is expected to
drastically underpredict the scour at the downstream side of the pier. &lpwas\the maximum
scour depth occurs at the upstream face of the pier, the downstreanasit® of importance.
Roulund et al. (2005) conducted steady state numerical simulations which underpredicted
maximum pier scour by 15%, and downstream scoun 80%. For the scope of this study, SSIIM
predicted the maximum scour depth to withih8% of experiment values thus it successfully

modelednumericalpier scour.

2.2 Rigid Bed Validations

To verify and optimise SSIIM models of flow past piers, three cases were compared with
published experimental and numerical results. The SSIIM models used in the rigid bed validation
were Case 1 from Roulund et al. (2005), Case 2 from Melville (1975)Case 3 from Ahmed
and Rajaratnam (1998). The experimental results provided measurements of the velocity field and

bed shear stresses around the pier which were compared with results from SSIIM for validation.
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To setup the rigid bed experiments tiltedinfles with pumps were used to control inlet velocities

and soil grains were glued to solid bed surfaces to mimic sediment bed roughness without erosion.
2.2.1 Rigid Bed Parameters and Inputs

The numerical models in SSIIM were setup with the solvers anddaoyirconditions
discussed irpection2.1 SSIIM is hardcoded with water properties at 20 degrees Celsius for the
fluidds viscosity and dpamamsetetuyed to aréate ehe rigd®dds e n

models were the pier diametér, flow depth,y, mean inlet velocityy, and bed roughneds, In

addition to the aforementioned parameters some decisions remained for the model dimensions and

grid cell sizes. For the width of the SSIIM models the scour hole was to be fully captured so the
experimatal scour hole widths were used as reference. The ratio of scour hole width to piers
diameters for Cases 2, 3 and 4 was 2.6, 1.3 and 1.5. Thus, a conservative domain/idtasof
selected wherB is the pier diameter. During validations the inleigéh and grid cell sizes were
tested for to find the ideal values. The minimum distance from inlet to pier to ensure the turbulent
flow was fully developed was found &3y+4D, wherey is the flow depth. For the grid refinement
various cell sizes weredted to reduce computational time but also capture the scour hole shapes
well. The minimum ratio of horizonal cell size to pier diameter was determined as 10. Vertical
cell refinement was tested to also ensure accurate results with computationalogffidiewas

found that 14 vertical cells was adequate in predicting pier scour depths for Casesl 2. The

inlet length and grid refinement conditions are further discussed with the validation results in
Sectiors 2.3and2.4.

2.2.2 Case 1 Rigid Bed

Roulund et al. (2005) conducted experimental and numerical investigations into the flow
at a single cylindrical pier in a rectangular channel. The purpose was to evaluate how well their
EllipSys3D CFD code modeled flow past a pier when compared to exp¢aimesults. CFD
models were ran with both smooth bed and rough bed conditions where the rough bed matched
better with experimental results. SSIIM models were created to replicate rigid conditions and then
compared with the reported results of Rouluhdle(2005) rough bed experiments to verify the
results of SSIIM. The reported results included velocity plots in the centre plane vertical plane

along the flow direction, an upstream velocity profded the bed shear stresses around the pier.
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Case Moel Parameters

The SSIIM CFD model with its mesh was presentedrigure 2.1 with the labelled

boundary conditions. The modeling parameters and dimensions for Case 1 are Tiatdd2ri.

Table2.1: Case 1 Rigid Bed Mod&arameters

Parameter Value

Flow Depth:y [m] 0.54

Pier DiameterD [m] 0.536

Mean Flow VelocityV [m/s] | 0.326
Channel Width [m] 4
Inlet Length [m] 12
Channel Length [m] 20

Bed Roughnesks [m] 0.007

Froude Numberfr [-] 0.142

Reynolds NumbeiRRe[-] 174127

Upstream Velocity Profile and Minimum Inlet Length

Roulund et al. (2005) provided experimental results of an upstream velocity profile in the
centre plane. The purpose of the comparing the upstream velocity profile was to verify three
components of the SSIIM CFD model. Firstly, if the law of wasadegquately modeling the bed
roughnessvith alogarithmic velocity profile and secondly if the flow was fully developetbre
reaching the pierThe inlet in SSIIM is prescribed a mean or uniform flow rate, therefore the flow
needs to development into thelulent boundary layer flow after some length with the influence
of the rough bed. The third component to the inlet length was the distance of influence for the
pierbés adverse pressure gradient upstream.
thus has a zone of influence on the upstream flow. The minimum inlet length would be the sum
of development length as a function of flow depth and the areas of pier influence based on the pier
diameter. The goal was for the SSIIM model flow to be fdéyeloped before reaching not only
the pier but also the zone of influence. A fully developed flow entering the pier and scour area is

indicative of what may be seen in the field with a lapgtreanthannel. The inlet length of the
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Case 1 model was skt an extendedlistance to determine at what length into the model was the
flow development and how far upstream the pier influenced the velocity profile. The SSIIM
velocity profile at various distances downstream of the inlet was plotted along side the

experimental velocity profile ifrigure2.3 andFigure2.4.
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Figure2.3: Case 1 Velocityrofiles flow development
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Figure2.4: Case Welocity profiles pier influence

Although the experiment reported higher velocities the error was not of concern as the
profile shape matched well near the bed. As seéigire2.3, the velocity profile isobviously
transitioningfrom 2m7i 6 m into the channel but seemgdi® near fuldevelopment aroundr@ i
9 m. An acceptable development length was estimatedrasr7l3y for Case 1 wherg is the
flow depth. Fronfigure2.4 there is little change fromm to 10m but at 10.5m the effects of the
pier are noticeable with the lower velocityanghe surface. A conservative estimate for the pier
zone of influence was set 4B, whereD is the pier diameter. Thus, the recommended minimum
inlet length was determined d48y+4D. The recommended inlet length was not completely
analyzed as the ddepment length may vary with the bed roughness, pier sizes, and inlet
velocities for the different cases. However, the estimate was justified for the study as the scour

depths were accurately predicted in SSIIM as discusssecion?2.3,

Velocity Plots

For a precise analysis, Roulund et al. (2005) compared experimental and numerical

velocity plots at varying depthg in the centre planeThe velocity plots allowed examination of
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the piets effect on flow including the upstream downflow responsibles¢our. The horizontal

Vx, and vertical velocitiesVz, from Roulund et al. (2005) are compared with the SSIIM results in

Figure2.5 andFigure2.6 respectively.
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Figure2.5: Case Iigid bed horizontal velocities
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