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ESTIMATION OF SCOUR DEPTH AT BRIDGE
ABUTMENTS

EXECUTIVE SUMMARY

Problem Statement

The project described hereirtompriseda comprehensivénvestigationconducted to meet the
overall goal of developinga comprehensivemethodfor estimating abutment scour in compound
channels.Themethod isntended to be readily uséy civil engineerswhile beingcognizant of
the diverse combinations of abutment alignment and degignproximity,compoundchannel
form and orientatiorand variations in erodibility of channebundaries

The investigabn reveals abutment scour émtail substantially more compleprocesseshan
envisioned at thepr oj ect 0's conception, or portrayed
Consequently, though tharoject leadsa practicable design methpdhore work is needeto

verify aspects of the methodFor examplethepr oj ect 6 s fnewiadsighisgrgo the h o w
geotechnical nature of abutment scour, a major scour aspect heretofore neglected. The insights
show that geotechnical failure of the approach embankmennoaiy limits scour development

and depth.Hydraulic processes commence scour, but geotechnical instabilities of channel banks

and abutment embankment commonly limit scour extent.

The complexities and uncertainties attendant to abutment scour normailliyeréloe design
practitionerto apply a safety factowhen using an estimation of scedgpth obtained from a
general method for estimatirsgour depth The project, however, is limited to the objectives

listed below and does not expressly address valusafety factor.

Objectives
To produce a practicalpproactor estimating abutment scour, thject pursued the following

series of objectives:



1. Delineate the general features of the flow field in the vicinity of abutments and their

approactembankments in compound channels;

2. Explain quantitatively how variations in compoucitinnel geometry and roughness, as
well as in abutment shape, alignment, and extent, influence the flow field in the vicinity

of an abutment; and,

3. Obtain qualitative insighinto, and formulate, the relationships between abutment scour

andi

i. Abutment flow field;
ii. Variations in the material comprising the compound channel and the abutment; and,

iii. Pier proximity near an abutment.

4. Use the findings from the foregoing objectivesdevelop a set of scedepth estimation
methods or an overall approachreadily useable by engineers designing bridge

foundations.

The project fulfills the first three objectives, and partially fulfills the fourth. An overall design
approach igproposed and detailed. However, the results of work associated with the first three
objectives reveal abutment scour to be considerably more complex than envisioned when the

objectives were set forth.

Abutment Forms and Construction

Theproject considera the following common forms and construction features of abutments:

1. Two common abutment formspill-through and wing-wall. Spill-through abutments
comprise an abutment column at the end of an unconfined earthfill embankment, whereas
wing-wall abutmentomprise an abutment column formed as a vertical wall confining

the end of an earthfill embankmen¥ariations exist for each common fgrm



2. Most abutmentolumnsare supported by piles (circular or H) or shedihg extending

into a floodplain or channéled

3. Thecompacteckarthfill embankment approaching the abutment structure is erodible and
subject to geotechnical instabilities. A portion of the embankment surrounding spill
through abutments may be riprap protected, and the riprap protection mayeiaciud

apron;

4. The floodplain (often extensively comprising cohesive soils) may be much less readily

eroded than the maithannel bed; and,

5. Frequently, the first pier of a mulspan bridge is located close to a bridge abutment.

Prior studies of abutment saofocused on the simpler and perhaps idealized situations of scour
that did not adequately account for important facets of abutment construction. Commensurately,
the prior relationships and guidelines apply to simplified abutment situations, such as an
abutment placed in a straight rectangular channel, and can only be extended with considerable

uncertainty to actual field conditions.

Flume Experiments
Extensive laboratory flume experiments were carried out with-tspdugh and wingvall
abutments. The variab&odibility of floodplain and embankmeat bridge sites were simulated

by means of tests utilizing the following arrangements that bracket th

1. The floodplain and the embankment are fixed, whereby they are taken to be practically

erosion resistant relative to an erodible metiannel bed;

2. The floodplain is as erodible as is the main channel bed, and the embankment is erodible

but ripraparmosed; and,

3. The floodplain, mairchannel bed, and the embankment are essentially equally erodible.

All are formed of the same naiohesive sediment as the maimannel bed.



The experiments entailed observation and measurement of abutment flow fieldprecesses,

and scour bathymetryThe ranges of parameters varied for the experiments were constrained by
the flumes, and time, available. The ranges were selected so as to encompass the main trends
anticipated for abutment scour development.

Numerical Experiments

To broaden the range of insight into the flow field around abutments, the flume experiments
were augmented with numerical experiments conducted using aaleptiged numerical model

of flow around a spitthrough abutment. The numerical modeESWMS2D, simulatedwo-
dimensional depthaveraged flow around abutments in compound or rectangular channels; in
this regard, an abutment set well back on a floodplain was treated as in effect being in a
rectangular channel. The insights included imfation on distributions of flow velocity, unit
discharge, and bed shear stress for varying lengths of abutment embankkdelitionally,
information on flow vorticity is obtained. The numerical values of unit discharge extend those

obtained from the lavatory flume.

Scour Conditions and Observations
Abutment form and layout in a channel develop a flow field essentially equivalent to flow
through a short contraction. Consequently, the principal features of scour can be described as

follow:

1. Abutment scar is essentially a form of scour at a short contraction. Accordingly, scour is
closely influenced by flow distribution through the short contraction and by turbulence

structures generated, and dispersed, by flow entering the short contraction;

2. For many,f not most abutments, abutment presence contracts flovunidormly acrossa
bridge waterway.However, n situationsof shortembankmentsadjoinng relatively wide

channelsflow contracton scour decreases in accordance wuith limits:

(i) If channelwidth is constantand embankmentiength decreasescour depthat the

abutment approaches zero; or,



(i) For a full abutment form of constant lengtn a channelof increasingwidth, scour
depth at the abutmenapproachesa limiting value associated witscour around an
abutment in avery wide channel. This scour depth may be estimated approximately in
terms of local flow contraction around the abutment itself.

This second limitan bedifficult to simulateby means of hydraulic modeisplicatingthe
full form andusualconstructionof actual spiithrough and wingvall abutmentsbecause

most laboratory flumes are insufficientlyide;

3. Provided that the approach embankment of an abutment does not breach, so that flow
passes through it, abutmestour principally develops as a local amplification of

contraction scour associated with flow through a long contraction;

4. Abutment scour typically entails hydraulic erosion followed by geotechnical failure of the
main-channel bank and earthfill embankmanbund the abutment column. Normaby)
abutmentcolumnis a pierlike structurebuilt from concrete or steel, around which an
earthfill embankment is formedThe column transfers load from the bridge deck to the

foundation in a similar manner as dogse; and,

5. Abutment scour may involve three distinct scour conditions, herein termed Scour
Conditions A, B, and C. These scour conditions were observed in the flume experiments

and as well as at actual bridge sites:

e Scour Condition A occurs as scour betmain channel portion of a compound

channel

e Scour Condition B is scour of the floodplain, and occurs for abutments set well

back from the main channeind,

e Scour Condition C is a scour form that
embankment fully exposes its abutmenblumn structure such that scour

develops at the abuent column as if it were a pier.

The report extensively illustrates and examines these scour conditions.
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Scour Trends
The flume experiments conducted during the project pesitite scour trends described below
for Scour Conditions A, B, and CThe trends are discussed in terms of flow depth at the location

of deepest scou¥uax, and flow depth associated with contraction scwgr,

For Scour Condition A, a useful analytical framework with which to relate maximum flow depth
(incorporating maximum scour deptiyax, to flow conditions and boundary sediment or soil is

to plot the dimensionless paramet¥igx/Yc andg,/q;. Here,Yc is theflow depth estimated for
live-bed flow through a long contractiog; is the areaaverage unit discharge of flow through
the bridge section; andy is the areaverage unit discharge of flow through the main channel
upstream of the bridge site. At lowallues ofg,/q;, scour depth (an¥yax/Yc) is governed by

the local flow field around an abutment. However, for large valueg/@f, scour development

is governed by flow contraction, so thdayax/Yc asymptotically approaches about 1.1. The
approximatelO percent increase is attributable to local concentration of flow and turbulence

generated by flow around the abutment.

For Scour Condition B, a useful analytical framework with which to relate maximum flow depth
(incorporating maximum scour deptiyax, to flow conditions and boundary sediment or soil is
to plot the dimensionless paramet¥(ax/Yc andor/c. Here,Yc is the flow depth estimated for
clearwater flow through a long contractiowy, is the areaverage unit discharge of flow
through the floodplain portion of the bridge section; ap@s the areaaverage unit discharge of
flow over the floodplain upstream of the bridge site. The trendYfps/Yc versuso/g is

essentially the sae forYwax/Yc andqg,/q;.
For Scour Condition C, scour depths must be estimated in aesepmical manner similar to

that used for estimating scour depth at a pier of complex geometry. Scour is governed by the

highly threedimensional flow field develagd at an exposed pibke column.
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Pier presence does not dramatically affect scour depth at an abutment. However, when a pier is
at the toe of a spHihrough abutment, pier presence may decrease abutment scour depth by as
much as 22%. This reductiorcaurs because the pier redistributes flow away from the
abutment. Because abutment scour dominates scour at a pier close to an abutrssmpier
equations are not applicable for a pier close to abutments. The flume experiments show that
abutment scoumfluences pier scour when a pier is nominally within 2.5 times bbb

width.

Flow-Field Observations

The flow field around an abutment has essentially the same characteristics as flow fields through
short contractions. Notably, flow distributiannot uniform and generates larggale turbulence
structures. As embankment length increadeelflow be@ame more uniformly distributed across

the main channé through the bridge waterwayThe maximum value of unit discharge around

the abutment, relate to the sectio@average value, peaked at about 1.45. Also, the orientation of
the flow at the abutment swung more parallel to the abutment before passing around it and
entering the bridge openin@he values of flow velocity and unit discharge obtairfieam
numerical simulation concur well with the broader range of trends evident infiéllalv

measurements taken in the flume.

Scour development at abutments altered the flow field. By increasing thesemigmal area of
flow, on average scour developnt reduced flow velocities and values of unit discharge.
However, it also caused flow to concentrate in the region of scour. This flow concentration

locally amplified contraction scour.
Method for Scour Estimation

The observed flow and scour proceskl to the formulation of laydraulicengineeringnethod

for scourdepth estimatiorthat differs fundamentally from that recommended in the current
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leading design guidés The method treats flow around an abutment as flow around a short

contraction, andonsequently estimates

shortcontraction scour

abutment scour

(coefficien} x (long-contraction scour)

Shortcontraction scour is an amplification of long contraction scour. The scour amplification
occurs near the abutment, and is attributable toumsiorm distribution of flow around an
abutment, and to largecale turbulence structures generated byipgssround the abutment.
The coefficientempirically takes into account the amplifying erosive effects (on scour depth) of

nortuniform distribution of flow and of largsecale turbulence.

For a short abutment in a very wide channel, flow contraction sctaeally around the
abutment. Additionally, whena short abutmenrtasa continuous, solidbody foundation (e.g., a
sheetpile skirt) set into boundary material, theneratedurbulence structuremay strengthen as
scour forms around the abutment. Timanner of scour is akin to scour development around a

wide pier.

As abutment length (including embankment) increases, the flow contraction region extends
across more of the bridge waterwa#t tight contractionsof flow through a bridge waterway

shortcontraction scour depth approaches laogtraction scour depth.

The customary approado scour estimatioassumeshat abutment flow fields can be separated

into two distinct parts: a long contraction in which a uniformly wide contracted flow is assumed

to pass through the bridge waterway (givinga&sal | ed Acontraction scour
coherent turbulence structures i mmediately at

Observations of abutment flow field and scour developmemt gshe customary approach to be

lRichardso n, E.V., and Davi s, SHybBraulicE@gh€edny CirciiaBo. 88l uat i ng
4™ Ed., Federal Highway Administration, Arlington, VA.
Melville, B.W., and Coleman, S.E. (200@ridge ScourWater Resources Publicatigi@lorado, U.S.A
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physically unfounded.Several prior studies allude to this weakness in the customary approach,

and one existing meth8disesa similarapproactto thatadvocated in the present study.

In accordance with the three Scd&wonditions A, B, and C, two maximum depths of scour are of

interest for abutment design

(). Maximum scour as neaabutment amplification of contraction scour The flume
experiments show that the maximum scour depth develops essentially asabuteant
amplification of contraction scour, the amplification caused by the increased flow
velocity and turbulence local to the abutment and its approach embankment. This depth
occurs when an abut ment 6s embankment has

contracted around the abutment.

For an abutment in a compound channel, the deepest scour should be checked at two
locations: in the main channel if the abutment is close to the main chandglon the
floodplain if the abutmenis well set back from the nra channel. The two locations

coincide with Scour Conditions A and B.

(i). Maximum scour as local scour at a fully exposed abutment colunifhe experiments
show that the deepest scour at the abutment column itself occurs when the embankment
has breachedo that the abutment column (e.g., standard stub or-wally is fully

exposed as if it were a pier; i.e., for Scour Condition C.

Analysis of the flume data produced design curves for estimating scour depth-abuteant
amplification of contractiorscour (Scour Conditions A and B) and for local scour of a fully
exposed abutment column. The design curves are readily used by engineers estimating scour
depth. Additionally, they produce scedepth estimates that concur well with the few field data

onscour depths at actual bridge abutments.

2Chang, F. and Davi s, S., (1999) . fiMaryl and SHA Procec
Li ve Bed Skeam Stability and $caur at Highway Bridgésds) Richardson, E. and Lagasse, P.,
American Society of @il Engineers, Reston VA, pp 461011; and,
Chang, F. and Davis, S., (1998). iMaryl and SHA Proce:
Clear Water Scour. o I n Proc. Water ResourResom Engi neer
VA, pp 169173.



GeotechnicalLimit to Maximum Scour Depth
The maximum scour depth and width attainable at an intact abutment are limited by the
geotechnical stability of the channel bank upon which an embankment may be sitby,thad

earthfill approach embankment to the abutment.

It is possible to formulate an approximate geotechnical limit to maximum scour depth at an
abutment. For pilsupported abutmenthis limit occurs when scour leads to the geotechnical
collapse of theembankment earthfill such that the abutment column becomes exposed. Further
scour results in embankment breaching, relaxation of flow through the bridge waterway, and
thereby reduced maximum scour depth. For abutments on footing foundations, a limiting
maximum scoudepth coincides with the undermining of the footing and the possible
geotechnical collapse of the earthfill embankment behind the abutment column. The present
report suggestdesign relationships indicatingow these geotechnical limits cae estimated.

An important consideration in this respect is the location of deepest scour relative to abutment

column position.

Of considerable practical, design importance, the design relationships associated with the
geotechnical limit provide a novalirect approach tecourdepth estimation. This approach sets
aside hydraulics considerations, and thereby simplifies stepth estimation. Further work,

involving verification using field data, is needed to confirm this approach.

Field Verification

Though the number of wetlocumented field cases of abutment scour is rather limited,
comparisons of existing scour illustrations and scour depths indicate that the proposed
relationships for estimating scour depth produce scour forms and depth estivaateasonably

concur with those observed at actual bridge abutments. The estimated scour depths do not

excessively exceed the actual scour depths, as do prior methods for estimating abutment scour
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depth. There remains a great need for further docuatiemtof scour forms and bathymetries at

abutments.

Scale Effects in Flume Experiments on Scour

The project included an auxiliary set of experiments aimed at determining the extent to which
similitude of largescale turbulence is an important consideratitfluencing equilibrium depth

of scour at abutments and similar hydraulic structures. The experiments involved a set of
circular cylinders whose diameters varied in size so as to encompass the width of abutments and

piers used in the abutment scour expents conducted for thigroject.

The results show a direct trend between equilibrium scour depth (normalized with cylinder
diameter) and the intensity and frequency of lesgale turbulence shed from each cylinder. The
values of normalized scoutepth increased when cylinder diameter decreased. Therefore,
similitude of largescale turbulence is important in scour experiments. The writers offer a scour
depth adjustment factor to account for this trend, which essentially is a scale effect inadtirred
experiments involving three independent length scales: cylinder diameteraftiete diameter,

and flow depth. The consequent similitude consideration, or scale effect, has general
significance for laboratory studies of local scour associatedhydhaulic structures in sediment
beds. However, the model scale of abutment widths (i.20;stale of twelane road) used for

this project is sufficiently large so as not to lead to substantial exaggeration of scour depth.
Additionally, the strong r@ played by flow contraction in abutment scour further minimizes the
experimental uncertainty associated with a scale effect owing to-soakng of largescale

turbulence.
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ABSTRACT

This report presents the findings from an extensive, laboramsgdoroject focused on bridge

abutment scour, a common cause of bridge failure. The findings lead to a pegticacHor

estimating scour depths at abutmeniBhe approachfor scourdepth estimation discards the
commonly heldhotion of linearly combining bridgesaterway constriction scour and local scour

at the abutment structure, a notion that ghejecb s f i ndi ngs bhsieadntet SuUpr¥
approachentails estimating abutmeimduced local amplification of contraction scour at the

bridge opening, and separately estimating a maximum local scour depth at the abutment when
exposed by embankment failure. Verification with field observations data confirms the efficacy

of the new apmrach.

An important feature of actual bridge abutments is that they comprise-supperted structure

set amidst an erodible earthfill embankment. This feature has a pronounced set of influences on
scour processes at bridge abutments. TPhgect is tke first major effort to include
considerations of abutment construction, and to consider how these considerations affect scour
processes. Ther oj ect 0 s findings show that abut ment
embankment geotechnical stability as of huticaerosion of the bed or floodplain upon which

the abutment and its embankment are placEde geotechnical stability of an embankment or

floodplain bank limits scour depth.

The project entailed experimentation conducted with two laboratory flumesalaminents of
realistic design that were subject to the scour for a range of abutment and flow condihiens.
experiments were conducted with abutments with approach embankments configured in a range
of erodibility conditions: fixed embankment on fixetbddplain; riprapprotected erodible
embankment on readily erodible floodplain; and, unprotected readily erodible embankment on
readily erodible floodplain. The flume experiments were supported by numerical simulation of

depthaveraged flow around abutnisn
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CHAPTER 1
INTRODUCTION

1.1 Preamble

Bridge abutments commonly border swift, turbulent flow through bridged waterways, and
therefore risk failure by scour. Though abutment scour is an extensively studied topic, the
prevailing perception among many hydraulic engineers is that the existigm dektionships

(derived almost entirely from laboratory flume experimersighnificanty overpredict scour

depths; the scour depths observed at actual abutments typically are much less than those
predicted. The present report, which focuses on scoabw@ments in compound channels,
suggests that the processes causing scour failure of abutments have been inadequately
understood heretofore. The report presents new insights about the processes, and recommends a
substantiallynew method for estimating arimum depth of scour at two common forms and
construction configurations of abutménspill-through abutments and wisvgall abutments in
compound channels. Both abutment forms usually are constructed as a fabricated abutment
column supported by pilesnd are set amidst @mpactedearthfill approach embankment.

Figures 11 and 12, respectively, show representative sgiitough and wingvall abutments.

The design method presented is not entirely new, as is indicated subsequently. However, the
method conveys a more comprehensive approach to abutment scour estimation than proposed in
prior publications. In developing a new method for scedepth estimation for abutments in

compaind channels, the followingpintsmust be considered

1. An emphasis igiven to thereasonablapproximate estimatioaf scour depth rather than
the accurateprediction of scour depth. Too many practical factors impede accurate

prediction of scour depth;
2. Scourdepth estimation should take into account how an abutmentsgrected,;

3. The diferent erosion susceptibility (erodibil¥yf the bed and floodplain of a compound

channel can leadtseveral scour conditions;
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4. For abutments at most bridge waterwaysjtement scour cannot lkssociatefrom sc

called contratton scourat a bridge waterway; and moreover,

5. The depth to which scour develops is limited by the geotechnical stability of the earthfill
embankment at typical abutments. eTieport indicates (in Sectiord) this geotechnical

limit to abutment scour.

By and large the existingmethod and guidelines for estimating abutrhestour depth
inadequately addresthe complexities associated with reabrld channel geometry and
boundary material, as well as actual design of abutment. Research to date on abutment scour has
focused on the simpler and idealized situations of scour. Commensurately, the existing
relationships and guidelines apply to simplified abutment situations, notably abutments placed in
straight rectangular channels. Such relationships can be extrdpoldte with considerable
uncertainty to actual abutment sites. Extrapolation potentially causes existing scour relationships
to be questionable, predicting substantially greater extents of scour than actually may occur at
many bridge sites. A degree afrservatism in scotgtepth estimation is understandable (e.g.,
basing a design on an upg®yund estimate), but foundations placed substantially deeper than
necessary (for load support) incur unwanted additional expense. However, when existing
relationshps or guidelines inadequately take into account some scour processes, there is a risk
that the location of scour failure differs from that assumed for the estimation relationship or
guideline. Moreover, none of the current methods accounts for the ligatedchnical stability

of the earthfill embankment, for instance.

It is necessary to recognize that numerous practical and seemingly mundane considerations
potentially complicate accurate prediction of maximum scour depth and its location relative to an
abutment. Many abutments are sited in compound channels whose geometry and hydraulic
characteristics are markedly sgpecific, and whose boundaries are formed of several types of
soils and sediments occupying different locations within a bridge s#tedsSand/or gravels may

form the bed of a main channel; silts and clays may predominate in riverbanks and underlying
floodplains; lenses of clay, rock, and alluvium may interleaf over the depth of a foundation site.
Rocks and assorted concrete elementy mave been placed as erosion protection for the

abutment, as well sometimes along adjoining riverbanks. Vegetation, too, may affect site
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conditions, both as growth around an abutment or as debris accumulated against part of a bridge.

Moreover, the abutemt foundation arrangement may differ from site to site.

Because of the numerous variableat may influence the depth and location of scour at most
actual abutment sites, it is important to realize that any quantitative relationship for use4n scour
depth prediction inevitably must be based on a simplification or idealization of the scour type
under consideration. Consequently, accurate prediction of scour depth incurs considerable
uncertainty. To ensure that the uncertainty errs conservatively f@stahdpoint of abutment
design, quantitative relationships for scour prediction should aim to give upper bound or upper
envelope values of scour depth. The values must be realistic, taking into account the major
geometric, flow, and soil features of tldutment site, but cannot be expected to take into
account secondrder features reflecting local variability in, say, riverbank condition or

floodplain roughness.

The complexities and uncertainties attendant to abutment gcooesses shoulcequire the

design practitioner to apply a safety factor when using an estimation ofdeuihr obtained

from a general method for estimating scour depth. The Project, however, is limited to the
objectives listed below and does not expressly address values of feafier. The design
relationships proposed in Chapter 12 of the present report do not include a safety factor, but
rather are envelopelationships fitted to data obtained from experiments conducted for the

Project.

1.2. Scope and Objectives

TheProjecbs scope entailed a comprehensive effort
the overall purpose of developing acceptably accurate, and suitably comprehensive methods for
predicting abutment scour at abutments sited in compound channels. Wislciopiesthe Project

aimed to produce a practicalethodfor scourestimation and scotmonitoring for use by civil

engineers. Thenethod link to parallel guidelines developed by companion NCHRP Projects:

Scour at Contracted Bridge SitédCHRP Project 24.4), Bridge Scour in Cohesive Material

(NCHRP Project 24.5), andAbutment Scour Countermeasu(B<CHRP Project 24.8).
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The research addressed the following set of objectives:

1. Delineate the general features of the flow field in thenitig of abutments and their

approach embankments in compound channels;

2. Explain quantitatively how variations in compoudaannel geometry and roughness, as
well as in abutment shape, alignment, and extent, influence the flow field in the vicinity

of an alntment;

3. Obtain qualitative insight into, and formulate, the relationships between abutment scour
andi
() abutment flow field;
(i)  variations in the material comprising the compound channel and the abutment;
and,

(i) pier proximity near an abutment.

4. Develop ascourdepth estimation method readily useable by engineers designing bridge

foundations.

Three issues were of key importance in understanding abutment scour and developing useful

relationships for predicting maximum depths of scour:

1. Which types of abutnre layout, form and construction configuration, and thereby scour

conditions, are of essential and practical importance?

2. How do floodplain and matohannel flows combine and contribute to scour at abutments

located in compound channels formed of a floouiplianking a main channelAnd,

3. Why do scowprediction relationships developed from laboratory flumes seem to predict

larger scowdepths than the depths observed at actual bridge abutments?

't i s pertinent to not eehansiveinvestigation pondudiedforthe ut s e
Project reveals abutment scour processes to be substantially more complex than eratish@ened

Projectds conception, or portrayed in the |it
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report presents a tsef practicable design methods, more work is needed to verify the methods.
For example the report shows new insights into the geotechnical nature of abutment scour, a
major scour aspect heretofore neglectethe insights show that geotechnical failuretioe

approach embankment commonly limits scour development and depth.

The present report does not directly address abutment scour for conditions when the bridge is
submerged.Scourdepth estimation for this situation would use essentially the santeonas

presented herein fastimating scour.

1.3 ProposedMethod

The method for scowdepth estimation presented here is substantially, melative to the
commonly used methods presented in leading seatred publications such as Richardson and
Davis (2001) and Melville and Coleman (2000)t treats flow around an abutment as flow

around a short contraction, and consequently estimates

abutment scour shortcontraction scour

(coefficien} x (long-contraction scour) (1-1)

Shortcontractionscour is an amplification of long contraction scour. The scour amplification

occurs near the abutment, and is attributable toumsiorm distribution of flow around an

abutment, and to largecale turbulence structures generated by passing around timeeabu

The tceefficendbi empi rically takes into account the
depth) of noruniform distribution of flow and of largscale turbulence. Chapter 4 elaborates

on the formulation of the coefficient as pertains to $€nditions A and B.

Scour at abutments entails flow contraction around the abutmfntmost bridge sites flow
contraction occurs throught the entire bridge waterway. Howevérr shortembankmentin

very wide channg| flow contractionmayocaur only around the abutmeitself, with little or no
contraction scour occurring across the bridge waterwyr such abutments scour depth also
can be estimated as amplification of contraction erosion, though using the flow field locally

contracted aroundn abutment.
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The approachpresented heréeparts from the customary approach based on the physically
guestionable assumption that abutment flow fields can be separated into two distinct parts: a long
contraction in which a contracted flow of uniform width is assumed to pass through the bridge
waterway (givingase al | ed Acontraction scour o) ; and, é
structures I mmediately at the abutment (givin

to produce a certain scour depth, and the scour depths of therpahtsralinearly combined as

abutment scour = contraction scour + abutment local scour (1-2)

The approach based on Eq-A)lis set forth in numerous publications on bridge scour; e.g.,
Richardson and Davis1995, 2001), Melville and Coleman (2000),0Hmans and Verheij
(1997), AASHTO (1992), and N¢i1973). While the assumption may be appropriate for
estimating scour at bridge piers, it is not supportable for scour at bridge abutments, because, in
many abutment situations, the flow field cannotdeparated into flow contraction and local
regions. Eq. (1:2) only holds when contraction scour (over the bridge waterway) is zero.

The approactexpressed as Eq.-{), though, is not absolutely newChang and Davis (1998,

1999) present a method for estiting abutment scour under clegater and livebed scar

conditions. Their method forms the basis of ABSCOUR, a procedure for estimating abutment
scour . The writers6é method, developed indepe
essentiallya similar premise as used by Chang and Dauvis: i.e.cdtledficient in eq. (41)

embodies the influences that flow roniformity and turbulence exert in amplifying scour depth
assessed in terms of flow contraction through a bridge waterway. The metpmbqat by

Chang and Dawvis is considered further in Chapter 5.

In a further departure, the present approach considers the geotechnical aspects of abutment scour;
in particular, for spilithrough abutments. Most prior studies focus on maximum scour degpth a
simplified, rigidcabutment structure replicated as a flat plate or solid structure that extends at
depth into a sand bed (e.g., the studies summarized in Richardson2&0&l.Melville and

Coleman 2000). Scour depth for such simulations is notitkch by considerations of
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geotechnical stability of the abutment itself. Typical bridge abutments, however, usually are
constructed as a p#ounded column (e.g., standastlb column used for spilhrough
abutments) set within a compacted earthfill amment, as discussed in Chapter 2. Because the
embankment is subject to geotechnical instabilities, and is potentially erodible, abutment failure
owing to scour involves hydraulic erosion of the channel bed or floodplain near an abutment,
followed by gep e c hni c al instability and coll apse of
subsequent further erosion. It is common for field examples of abutment scour to show that the
earthfill embankment failed rather than the abutment column failing. Therafopeytant
considerations influencing abutment scour are the variable and uncertain shear strength of the
earthfill forming the embankment, as well as the erodibility and shear strength of the floodplain

soil upon which an abutment may be sited.

1.4 Strudure of the Report

This report is structured in two parts so as to guide its reader directly to, and through, the new
scourestimation method produced by ProjectZl} yet also to provide the requisite support
descriptions and data underpinning the methédcordingly, the first part of the report briefly
outlines the characteristics of common sfiilough andwing-wall abutments (Chapter 2).
Appendix A briefly summarizes the findings of a survey questionnaire sent to state Departments

of Transportationregarding abutment design forms and layouts commonly Skdpter 3

outlines tle main scour processest common forms and layouts of abutmentsThe
recommended scowst i mati on met hod S outlined next

relationship is thenampared with prior methods for scour estimation (Chapter 5).

The second part of the report documents the laboratory tests and numerical simulations (Chapters
6 through 11) conducted in developing the method. Appen8itd®7 give photo sequences of

scour development for representative laboratory tests. Appefdixddresses the issue of
possible scaleffect concerns for laboratory tests on scour. The results of all these tests and
simulations are transitioned to design curves in Chapter 12, whichistss$es field validation

of the method. Chapter 13 is a design guide for applying the estimation method. The principal
conclusions drawn from the laboratory tests and numerical simulations are summarized in
Chapter 14.
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The Project entailed a comprehimesgroup of laboratory flume experiments to attain the set of
objectives listed in Section 1.2. The numerical simulation, carried out usinga@rmeasional,
depthaveraged flow model addresses an important specific question at the heart of the
relatiorship between scour depth and flow around an abutment; i.e., What is the maximum

velocity (bedshear stress or unit discharge) developed by flow around an abutment?

Verification of the new method by means of field observations and data istratghtforward
procedure. There are fairly numerous anecdotal accounts and illustrations of scour at actual
bridge abutments. Most accounts anecdotally discuss or illustrate the failure of an abutment, but
do not relate the scour depth to flow condispthereby, complicating quantitative verification.

The scowestimation method presented in this report is sufficiently versatile that it accounts for
the diverse combinations of abutment form and alignment, geometry and hydraulic
characteristics of copound channels, channel morphology, proximity of nearby bridge piers,
and the sediments and soils comprising channel, floodplain and abutments, and the erodibility of

the embankment adjoining an abutment.

1.5 Scale Effects in Flume Tests

Scour of a sedinrg bed around an abutment involves a complex flow field marked by-large
scale turbulence structures generated by flow around the pier or abutment. A concern exists that
laboratorybased equations used for estimating scour depths at cylinders inadetplatahto

account the similitude considerations in the scaling of the frequency and vorticity ett¢alge
turbulence structures, notably the wake vortices, generated by a cylinder. A consequence of
inadequate scaling of largeeale turbulence is thalufme experiments with small models can
produce larger values of equilibrium scour depth relative to structure size than those found in the
field. The consequence may affect the veracity of the sesfimation methods developed from

this Project (and priomethods), and therefore needs to be explored.

As with the present Project, local scour has been studied primarily by means of laboratory flume
experiments entailing the use of dimensionless parameters relating maximum scour depth to the

mean flow fieldand the sediment bed in which the pier or abutment is founded. Numerous
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flume studies provide serempirical equations for the maximum scour depth. A lingering
concern is that the available scour equations commonlypreelict scour depths compared to
field-observed scour depths. Such overestimation may be due to several reasons, but one
substantial similitude effect seems to have been overlooked in prior studies. That effect concerns
the scaling of largscale, turbulence structures formed by flowuseh a pier or an abutment.

The present Project, accordingly, includes a brief investigation of turbulence scaling and its

effect on scour AppendixC presents the findings ofithinvestigation.

1.6 Relationship to Other NCHRP Projects

The Project build on prior work documented in FHWA Publication NeHWA-RD-99-156

(2004)f Enhanced Abut menRouScoQampStundi eGdr afttse | s, 0
sponsored by NCHRP. In this respect, it links to NCHRB24Ai Scour at Bridge
Research Needso and to the F-@8decunzeht HiiEgzhawaiyat A d
Scour at Bridgeso (,R0O).hardson and Davis 1995

It also would link directly to the following three NCHRP studies in the process of being

completed during the course of the present Project:

1. NCHRP Project24 4, fnAScour at Contracted Bridge Sit

2. NCHRP Project 24. 8 , ACounter measur es st d rkRrmo tSecootu r B roi

project was completed during the latter stage of the present Project; and,

3. NCHRP Project 245 ( 02) , AAbut ment S ¢ o U'his projectw@so hes i v
completed at about the same time as the report for the pegtt. Consquently, this
report does not review Project-28(2). Section 4.9 of this report, however, indicates how

it relates to the present project.

4. NCHRP Project 28 2 , couii @WidePi er s and Long, Skewed Pi e
underway at the same timetag present project. Section 4.9 of this report indicates how it

relates to the present project.



Figure 2. A wingwall abutment with earthfill approach embankment
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CHAPTER 2
ABUTMENT FORM AND CONSTRUCTION

2.1 Introduction

The principal design characteristics of an abutment can be described inofeitsx$orm, the
overall | ayout o f i ts approach embankment 3
construction configuration. These character
morphology, boundary sediments and soils, as well asrisigtace features (e.g., vegetation

state of the floodplain), influence abutment flow field, and thereby, scour. However, a striking,

and somewhat complicating, characteristic of bridge abutments is that few abutment situations

are quite alike. Accordingly, ¢hdevelopment of a method for estimating scour depth at
abutments requires that the abutment forms, layouts, and construction configurations of common

practical importance be identified.

An early task for the Project entailed surveying Departments ofspaatation to ascertain the
forms, layouts, and construction configurations commonly used for abutments, and obtaining
their experience with abutment scour. This task led to a set of representative characteristics for
abutment form, layout, and configumt. These characteristics were used in selecting the form,
layout, and construction configurations of abutment upon which the Project focused, and the
flow conditions simulated during the laboratory tests conducted for the Prdjgptendix A

summarizeshe general findings from the survey.

2.2 Abutment Form

There are two general forms of abutment:

1. spill-throughabutmentsand,

2. wing-wall abutments
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Figures 21a,b illustrate them. Spithrough abutments have sloped sides, whereas-wtlg
abutments have a vertical face and wimgls that retain an earthfill approach embankmeXs.

indicated in Appendix A, a survey atate departments of transtagion indicates that spHl

through abutments are by far the most common abutmentusechin the U.SThe wingwalls

can be oriented at various angles °tamleishe ab
representatively common. A wingall abutmen with wing-walls angled at 90to its central

panel is sometimes called a vertigall abutment, and is fairly common for small abutments.
Sheetpile caissons extending in channels also may be viewed as a type of weatical

abutment.

2.3 Abutment Layout

In a somewhat simplified manner, it is useful to discuss abutment layout in terms of the length,
L, of an abutment plus its approach embankment, floodplain widtnd overall width of the
channel at a bridge waterwdy, These variables are imdited in Figure 2. Bridge abutments

then can be characterized as conforming to the following layout arrangements, which can be
characterized in terms of the variable®;, andB:

1. The abutment is located on the floodplain of a compound chaneEBg. This layout is
typical for spilkthrough abutments;

2. The abutment extends up to the main chanbne! By). This layout is typical for wing
wall abutments, especially for channels having a narrow, or no, floodplain. -W¥ilhg

abutments are common foridiges over small streams; and,

3. The abutment is located in a rectangular channel, and no floodplain is present. This
layout is not common, although it is essentially similar to a relatively short abutment on a
wide floodplain. Also, it is similar to chaelcontrol structures (e.g., spdikes, groins,

barbs, hargpoints) and coffedams and construction caissons.

The nature of an abutment inevitably requires that the layout of an abutment be tailored to fit
the local topography of a bridge site. Theref to varying extents each abutment inevitably

differs in layout.
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2.4 Abutment Construction

In the U.S., it is usual for the top width of the abutment to accommodate minimally a road width
of 24 ft (7.22m) plus two shoulders of widthf8(2.41 m), giving an overall top width of 40 ft
(12.04 m). The sideslopes of earthfill approach embankments commonly are sat2at
inclination, though slopes range from abouth@rizontall vertical to 3 horizontall vertical

Figure 23 illustrates the embanlant geometry used for the sgifirough abutments. The
embankment geometry for the wiagll abutments will be essentially similar to that shown in
Figure 23, except that the vertical face of a wiwgll abutment retains the end of the

embankment.

Abutments usually comprise a concrete support wall founded on a pile cap supported by piles or

on a spread footing, and adjoin an earthfill approach embankment. Pile supports are more
common than are footing supports, unless the abutment is founded direatbgkon Spilt
through abut ments ar estfuobr mebdu tammeonutn,do aw hfi sctha ncdoe
stub supported by a pile cap on two rows of circular piles. The design and dimensions of a
standarestub abutment commonly used by the lllinois, loaah d New Yor k DOTOs ¢
in Figure 24. Wingwall abutments usually have similar foundation layouts as the stasuldrd
abutments, except that they include wimglls extending from the central stub. Figur® 2

shows the design and dimensions efiag-wall abutment commonly used by the lllinois, lowa,

and New York DOTSs.

The elevation of the pile cap and the detailed arrangement of piles may vary from bridge site to
bridge site. At some sites, the pile cap is located at, or near, the top elefdtierfloodplain,
whereas at other sites the piles extend upward through the embankment earthfill. In this latter
case, the piles directly support a cross beam, which in turn supports the beams of the bridge
deck. Also, for some sites, witwgall abutmets may be supported by shemes driven in

approximately the same plan layout as the abutment.



2.5 Pier Proximity

Many bridges over rivers are constructed with a comparatively short first deck span, such that a
pier is located very close to an abutment. Therestpeturaladvantageso havinga pier clog

to the abutment and riverbardnd ths arrangement often ¢ditates a clear span over the river.

At times, a high spithrough abutment may cause the first pier to be positioned close to an
abutment. Theseconstructionconsiderations, however, raifige question as to whether pier
proximity could adversely ihfience abutment scour. Figure62depicts a fairly common

example of a bridge which has a pier located close to an abutment.

The pier simulated a standard pier design used by the lowa DOT, shown in Figuih2 pier,
as shown in Figure-8, has a sad-wall column extending to the bridge deck. This common pier
geometry was chosen because it would more markedly affect the flow field and thereby scour

than would a pier comprising two, or one, circular columns. The pier has the following features:

1. Thedeck width ofthe pier is approximately 12.04m (40 in accordance with a twiane

road,;
2. Pier thickness is 0.9m ¢},

3. The pier ds s uppi)mndianeter] amdarespaeed Dta Bromindlly, 3

to 6ft) apart, in accordance with their layjtcarrangement; and,

4. The top of the pierds pil echanelbedi s at t he a

Pier proximity relative to an abutment can later be discussed in terms of the distance between the

pier and the abutmette, L.

2.6 Sediment and Soil

The mainchannel, floodplain, and embankment components of a bwaderway boundary
usually comprise different zones of alluvial sediments and soil, as indicated in Figure 2
Abutment scour usually erodes through several zones of sediment and #oildiffarent

processes, and at varying rates of erosion.
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The main channel normally has an alluvial bed of noncohesive sediment (sands and gravels),
whereas the channel és fl oodplain may be for m
clays), typially causing the floodplain soil to be more cohesive in character than the bed
sediment of the main channel. The banks of the main channel usually are formed of the

floodplain soils, and thus also may behave cohesively so as to stand at a fairly gteep slo

Most abutments have an earthfill approach embankment formed of compacted soils. The soils
may have been excavated from the floodplain or have been brought to the bridge site from
elsewhere. The earthfill embankment is placed aompacted to a spéci value of shear

strength so as to support the traffic load.

Direct, dynamic simulation of the strength behavior of an earthfill embankment or a floodplain
soil poses a practical difficulty for laboratory experiments on scour at bridge abutments. The
difficulty is to replicate, at a reduced scale, the shear strength of a representative earthfill
embankment. To date, no study appears to have attempted experiments that closely replicated
the strength behavior of an embankment or the floodplain.

A preliminary set of tests, conducted before undertaking the flume experiments for the Project,
briefly investigated ways to simulate the shs@ength behavior of an earthfill embankment and
floodplain. In particular, the tests investigated the effect of agdgitffly ash, cement, and clay)
applied to sand. However, the additives were found to produce unsatisfactory results, and were
abandoned. It was found from tests, though, that model embankments foroosapaictedvet

sand replicated the essential featurof a geotechnical failure behavior of an earthfill
embankment next to an evolving scour region; one behavioral difference was that an
embankment made of sand failed somewhat faster than that made of a compacted earthfill

embankment. It was decided, thf®re, to use sand as the model embankment soil.

To address the influences that variable floodplain and embankment conditions would exert on

abutment scour, the present study used the following-tioeéition approach:
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1. Fix the floodplain and the embamknt, thereby assuming the embankment and
floodplain to be far less erodible than the bed sediment in the main channel (Fixed
Abutment);

2. Make the floodplain and the embankment erodible, but protect the embankment with a

layer of riprap (Riprap Abutment)nd,

3. Make the floodplain and the embankment erodible and unprotected (Erodible Abutment).

These three conditions bracket the range of erodibility conditions that likely occur at bridge
abutments. As is explained subsequently in Chapter 6, these condichtated the

investigation of the scour conditions that occurred at bridge abutments.

2.7 Flow Field

Flow through a bridge waterway narrowed by a bridge abutment and its embankment is akin to
flow around a short contractiyrfor which Figure 2 schematically illustrates the characteristic

flow features. They are intrinsically connectéd,the flow width narrows and the flow
accelerates through the contraction, generating rtadoolence structures (eddies and various
vortices spun from the contraction boundary) that shed and disperse within the flow. Flow
contraction and turbulence at many bridge waterways, though, is complicated by the shape of the
channel in which the waterway is located. It is common for waterwayaverse a deeper main

channel flanked by floodplain channels, as shown in Figur@. 2

A further complication for most bridge waterways is that they are erodible contractions. Also,
the contraction can be much greater than envisioned in Figdre Elow may scour the
boundary, possibly causing the contraction to fail and widen. Commonly, the bed of the main
channel is much more erodible than the floodplain, because the bed is formed of loose sediment,
while the floodplain is formed of more cohesivel siften protected by a cover of vegetation.
Accordingly, two prime scour regions typically develop (as borne out by field observations of

scour):

3 The contraction is short in the streamwise direction
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1. Where the boundary is least resistant to hydraulic erosion. This could be the main

channel bed if flow velcities (and unit discharges) are sufficiently large; and,

2. Where the flow velocities (and unit discharges) and turbulence are greatest. This usually
is near the abutment.

These regions are indicated in Figurd@ Identifying the exact locations stour can be
complicated by the mix of materials forming the compound channel and the embankment

approach to the abutment, and by the presence of piers, which locally scour and expose
floodplain soils.
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Figure 21. Plan view®f the two common abutment forms: wiagll abutment (g)and spilt
throughabutment (b)
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Figure 22. A definition sketclshowingembankment length extending to the abutment,
floodplain width and mairchannel width



Embankment

Isometric View

Figure 23. Isometric view o§pill-through abutment comprising a standatab column located
within the end of an earthfill embankment
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SIDE VIEW END VIEW SIDE VIEW

Figure 24. The ggometry and dimensions of a standaiub abutment commonly used for spill
through abutments (prototype scale indicgtddyign provided by the lowa DOT
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Figure 25. The ggometry and dimemsns of a wingwall abutment compactecarthfill
embankment extends back from the abutment structure (prototype scale indaeda)
provided by the lowa DOT

Figure 26. A spill-through abutment with a pier in close proximity; approximate layout
proportions olL/Bs = 1.0;B¢/0.5B~ 0.7,andL/W ~ 1.0, in whichW = abutment top width

2-10



END VIEW OF
BRIDGE PIER

ELEVATION VIEW OF BRIDGE PIER

Figure 27. The pier &rm used in the present Project; design provided by the lowa DOT
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Figure 28. Variation of soil and sediment conditions at a bridge waterway
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Figure 29. Flow around a short contraction

Scour Area High
Turbulence

Figure 210. Flow around a bridge abutment and embankment in a compound channel
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CHAPTER 3
SCOURAND FAILURE CONDITIONS

3.1 Introduction

In the course of conducting the flume experiments for the Project, three distinct conditions of
abutment scour were observed as elaborated in subsequent Section 3.3. The conditions
developed in response to the relative erodibility of sediments forming thectremmel bed and

soils forming the floodplain, as well as to the shear strength of the compacted earthfill forming
the approach embankment. Depending on abutment layout inamaneih the resulting

morphology of abutment scour could be transitional between the three distinct scour conditions.

The three scour conditions were developed also in response to the flow field at an abutment. As
scour progressed, the flow field adjustud, for a period, increased its capacity to erode the
channel . Eventually, the scour region deepen
erode attained a balance with either the rate of sediment inflow to the scour regidredlive

scourlor the channel boundaryds resistance to er (

As described in Section 2.7 and illustrated in Figurd, 3abutments (and approach
embankments) commonly may traverse a floodplain and approach a deeper main channel.
Though the shottontraction analogysisomewhat simplistic, an important point to be made is
that the flow field around an abutment, like the flow field through an orifice, is not readily
delineated as a contraction flow field separate from a local flow field limited to the near zone of
the @utment. The two flow features (flow contraction and lesgale turbulence) are related

and difficult to separate.

Either of the flow features may become more pronounced, depending on the extent of flow
contraction and abutment form. When an abutmargli constricts flow through the waterway,
scour at the abutment may develop largely in consequence of the local flow field generated by
the abutment; this flow field comprises local contraction of flow locally around the abutment,

and the generation oérdgescale turbulence. For a severely contracted bridge waterway, flow



contraction dominates the flow field, and a substantial backwater rise in water level occurs. In
this situation, the approach flow slows as it approaches the upstream side ofghednaithen
accelerates to a much higher velocity as it passes through the bridge watEawabutments
whose foundation form extends at depth into the chanredd or floodplain largescale
turbulence structures (vortex structures) may develop aedgstren locally around the base of

the foundationg.g., abutments with shegile support beneath the abutment column, or with a

sheetpile skirt around the base of the ssilbpe of a gill-through abutment.

Abutments are potentially erodible short trawtions. Higher flow velocities and largeale
turbulence around an abutment may erode the abutment boundary. Commonly, the bed of the
main channel is more erodible than the floodplain, because the bed is formed of loose sediment,
while the floodplainis formed of more cohesive soil often protected by a cover of vegetation.
Accordingly, two prime scour regions typically develop, as borne out by field observations of

Scour:

1. One region is where the boundary is least resistant to hydraulic erosios.colitd be

the main bed if flow velocities (and unit discharges) are sufficiently large; and,

2. The other region is where the flow velocities (and unit discharges) and turbulence are

greatest. This usually is near the abutment.

These regions are indicated Figure 32. Once scour begins, the geometry of the bridge
waterway (as a short contraction) changes. The deepened flow at the scour region draws more
flow, because the contraction is locally eased there. This process is explained further in Chapters
7 through 9.

The extent and maximum depth of scour at abutments can be complicated by the mix of
material s forming t he compound channel and

considerations such as the proximity of a pier.



3.2 Scour Conditions

Severalconditions of abutment scour develop in accordance with the flow field at an abutment,
the physical characteristics of an abutment and the waterway in which it is located. For spill
through abutments, three primary scour conditions develop in accord@hctne locations of
greatest erodibility of flow and least erosion resistance of the channel boundary, as outlined in
Figures 33ac.

1. Scour Condition A Scour of the makthannel bed, when the floodplain is far less
erodible than the bed of the mairadmel. Figure 3a illustrates the severatage failure
process, which involves scour leading to potential geotechnical failure of the main
channel bank and the embankment. Hydraulic scour of the-chaimel bed causes the
bank to become geotechnicallypstable and collapse. The collapsing bank undercuts the
abutment embankment, which in turn collapses locally. Soil, and possibly riprap, from
the collapsed bank and embankment slide into the scour hole. Figarest®ws the
main-channel bank erosiothat occurred in laboratory tests, and Figures @&d 36

illustrate cases where this scour condition occurred

2. Scour Condition B Scour of the floodplain around the abutment. This condition also is
equivalent to scour at abutment placed ireetangular channel, if the abutment is set
back from the main channel. As the amount of-bediment transport on a floodplain
usually is quite low, this scour condition usually occurs as-eleder scour. Figure-8b
shows that the floodplain scoun®and the abutment, and especially slightly downstream
of it. The scour hole locally destabilizes the embankment side slope, causing
embankment soil, and possibly riprap, to slide into the scour hole. Figui@uStrates a

case where this scour condit occurregand,

3. Scour Condition C Scour Conditions A and B may eventually cause the approach
embankment to breach near the abutment, thereby fully exposing the abutment column.
For this condition, scour at the exposed stub column essentially pegrassif the
abutment column were a pier, as illustrated in Figude.3For the same reasons as given
for Condition B, this scour condition usually occurs as eleater scour. Figure-8

illustrates a case where this scour condition occurred.



These sour conditions may occur for wingall abutments. However, a couple of additional
erosion processes can result in failure of the mahannel bank and the approach embankment,

as illustrated in Figure-3:

1. The local flow field generated at the cornerstlod abutment can cause local scour at

those locations; and,

2. Exposure of the piles beneath the abutment pile cap can causebamkesr and
embankment soil to be eroded out from beneath the pile cap. Fidursl®ws a case

where this scour process wasancern entailing careful maintenance inspection.

A scour event (or series of events) at an abutment, may involve a sequence of all three scour
conditions. When an abutment is close to the main channel, Condition A may develop relatively
quickly, with Candition B occurring at a slower rate. Either, or together, Scour Conditions A
and B may eventually cause the approach embankment to undergo-atalulity failure. If the
embankment extensively washes out, so as to expose the abutment structursjagcten
develop at the abutment structure as if the abutment were a form of pier (Condition C).
Accordingly, an important design consideration is that the stub orwatigabutment should not

fail when exposed,; i.e., the foundations of the wivadl should be deep enough that the wing

wall does not fail when exposed to a gige scour condition.

For design estimation of scour depth, it is useful to consider the likely rates or sequences in
which the three scour conditions developed, and to-agkhat is the greatest scour depth that
reasonably could occur near the abutment? Will that scour depth pose-ataljiy problem

for the earthfill embankment adjoining an abutment foundation or for the floodplain bank of the
main channel? What is theeajeest scour that could occur at the abutment column foundation
itself, and does that scour occur when the embankment is breached so &s dgphse the

abutment column?



The photos in Figures-&8ac show the three primary scour conditions, and inditealifferent

scour depths that may occur at abutments.

3.3 Influence of Pier Proximity

The influence of pier proximity on the three scour conditions is slight, at least for the pier form

and construction depicted in Section 2.5. The flume experimeritap{€ 11) show that
abutment scour is dominated by the flow field established by an abutment. Once scour initiates,
and deepens below the pierds pile <cap, pier

contraction or the strength of largeale turblence structures.

For Scour Condition A at spithrough abutments, pier presence ralightly increase maximum
abutment scour deptivhen the pier is close to the abutment to€or Scour Condition B,
however,pier presenceslight lessens abutmerscour depth. Theskndings are discussed in
Chapter 11.

3.4 Other Scour Processes
Abutment scour may develop consequent to several processes of flow asedbednt

movement:

1. Scour of the approach embankment flank on the floodplain. This condiketthed in
Figure 39, may occur when the floodplain flow converging towards the bridge waterway
undercuts the flank of the approach embankment. This scour mechanism differs from
those shown in Figures®xc and 34ac, is less common (no field casesrevedentified

during this Project), and is not discussed in this report;

2. General scour of the main channel bed. This process occurs in response to an overall
propensity of the maishannel flow to degrade should an imbalance of sediment supply

along the bannel occur; and,

3. Localized scour attributable to change in main channel alignment and morphology, which
adversely affects abutment location and orientation relative to flow in the main channel.

For example, a meandkrop migration may direct flow advesly towards abutments



and piers not designed for a lateral shift in the channel thalweg. The deeper scour
commonly resulting from this possibility must be considered in the scour design of

abutments and piers.
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Main Channel
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Figure 31. Schematic of flow contrdon and macrdurbulence generation associated with flow
through a bridge waterway in a compound channel (main channel with floodplain)

|

Main Channel
N

Figure 32. A region of possible scour extending across from the abutment
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Figure 33. Abutmeniscour conditions: Scour Condition-Aydraulic scour of the main
channel bed causes bank failumich causes a failure of the face of the abutment embankment
(a); Scour Condition B hydraulic scour of the floodplain causes failure of the face of the
abutment embankmeftt); and,Scour Condition G breaching of the approach embankment
exposes thebaitment column so that scour progresses as if the abutment were a form(of pier



()

Figure 34. Laboratoryviews of the thre@rime scour conditionsScourCondition A- scour of
main channel be¢h); ScourCondition B- scour offloodplain(b); and,ScourCondition C-
scour at exposed abutment colu(h
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Figure 35. Scour Condition A led to failure of the channel bank and road embankment at this
spill-through abutment

Figure 36. Scour Condition A led to failure of tishannel bank and road embankment at this
wing-wall abutment
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Figure 37. Scour Condition B at Interstaf® Bridge over the Missouri River

Figure 38. Scour Condition C at a sptlirough abutment
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Embanlgmem
Erosion

Figure 39. Scour of the approach embankmestk from the abutment
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CHAPTER 4
FORMULATION OF SCOUR -ESTIMATION METHOD

4.1 Introduction

This chapter presents the approach taken to estimate scour depth at abutments. Subsequently
Chapter 12 presents the design relatistesnming from the approach. The quantitative values
recommended for the relationships are determined from the laboratory experiments conducted
for this Project.

4.2 Approach

The approach to scowtepth estimation presented here estimates the potenkahoma depth of

scour that may develop without immediately considering the geotechnical failure of the
embankment on floodplain soil. Once this scour depth is estimated, its effect on the geotechnical
stability of the main channel bank and embankment shbel evaluated. If the bank and
embankment were found unstable, they would collapse, relieve flow contraction, diminish
macroeturbulence generation, and consequently reduce the maximum scour depth attained. The
geotechnical strengths of the embankmerd #oodplain soils, therefore, may significantly

influence abutment scour depth, as well as contribute uncertainty tedsgathrestimation.

The flow chart, given as FigureX4 outlines the main considerations involved with the approach.

They relate toabutment locatioron a floodplain, L/ B, , erodibility of floodplain soil at the

bridge site, and selection of scour depth for use in designing abutment foundation and analyzing
embankment stability. The arrows indicate the sequehseaur conditions to be evaluated.

For L/B, <1, and an erodible floodplain, it is possible that both Scour Conditions A and B may

occur. However, Scour Condition B likely may give the deeper scour (based on observations
from the write s & experi ments) ; hence, the doliked arrt

discussed further in Chapter 13, which presents the design approach.

For the purpose of design estimation of scour depth, it is necessary to consider the absolute depth

elevatons attained with the scour depths associated with Scour Conditions A through C.
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Additionally, the likely rates or sequences in which the scour conditions may develop are

important. They give rise to the following four questions:

What is the greatest@ar depth that reasonably could ocoearthe abutment?
Will that scour depth pose a slep&bility problem for the embankment?

What scour depth should be used in estimating the required length of pile support? and,

w0 NP

What is the deepest scour that potahti could occurat the abutment column itself?
Does that scour occur when the embankment is breached so as to fully expose the

abutment foundation?

Figure 42 indicates the design concern associated with Scour Condition A. It shows the
attendant concas of mainchannel bank collapse and embankment-sidpe failure. Scour

depth estimation for a combination of Scour Conditions A and B is complicated by uncertainties

in the resulting flow field, as manentsisbowme d ear
however, that combinations of Scour Conditions A and B produce lesser scour depths than if
either condition developed independently. This outcome occurs because the development of
either Scour Condition A or B diminishes the development of dtieer condition; scour

increases the flow area at the bridge, and thereby reduces flow velocities and relaxes the flow

through the bridge.

The essential notion underlying the estimation approach is that the potential maximum flow
depth near an abutmerdrcbe expressed in terms of an amplified contraction scour estimated in
terms of unidischarge values for flow around an abutment. The maximum scour ¥gpthis

estimated as

YM AX — CZYC (4— 1)

in which Y¢ is the mean flow deptbf the contraction scour, ang is an amplification factor
whose value varies in accordance with the distribution of flow contracted through the bridge
waterway, and on the characteristics of maarbulence structures generated by flow through

the waterway Two estimates ofrYc should be considered:
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1. Amplification of longcontraction scour; and,
2. Amplification of local scour estimated on the basisfloiv contractionlocally aroundan

abutmenin a channel so wide that flow does not contract through thgeviditerway

For both estimateshé value of contraction scour depfbhcan be estimated using one of several
methods (e.g., Laursen 196063. The method developed by Laursesreused herein, abhey
arewidely employed. The pertinent equation isgented later as E(p-1) in Chapter 5, Review
of Prior Studies.

The value ofa should be assessed for flow contraction in the main channel (Scour Condition A)
and/or near the abutment (Scour Condition B). Abutment shape, along with the aspects of
chamel morphology and roughness that affect flow through the bridge waterway, influence

amplification coefficiente. The ensuing limits apply te:

1. When the bridge waterway is contracted only locally around an abutment, and contraction
scour is negligibly mall in the waterwayy is large. Its value depends on the local
contraction of flow passingmmediately around the abutment, and the turbulence

structues generated by the abutmeard,

2. For a severely contracted bridge waterwayliminishes to a value slightly above 1. At
this limit, the bridge creates a substantial backwater effect that impounds water. The bed
shear exerted by highly contracted flow is much larger than the erosive forces exerted by
turbulence structures genezdtby the abutment. In some ways, such extreme contraction

is similar to scour at a bottomless culvert.

As pointed outn Section 4.5¢conduct of laboratory experiments to ascertain exactly the limits to
a is complicated by practical considerations ofinfe widths and lengths available in

laboratories.

In developing relationships for estimating the scour depths incurred with Scour Conditions A and

B, It i's convenient t o -kmodranpethodsfarestimaking éMeed L aur
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contraction scor (Laursen 1960), and for cleasater contraction scour (Laursen 1963). His
methods are useful for directly identifying the main parameters associated with abutment scour,
though they neglect the influence of matwmdoulence. Other contractistour méhods could
certainly be used. The present formulation assumeshédescour conditions for flow in the

main channel, and cleavater scour conditions for flow over the floodplain. The relationships

apply to scour of cohesive as well as fumesive bednd floodplain boundaries.

When discussing flow contraction through a bridge waterway, two limits éaistlow
contractiontendng to zero Figure 43 indicates the two limitsin terms of abutment

embankment length and channel half width

1. For a chanel of finite width, flow contraction diminishes asmbanknent length reduces;
or,
2. For an abutment of finitembankmentength, flow contraction diminishes as channel

width increases.

The two limits give very different values of abutmeobur depth When abutmergmbankment
length reduces to zero, scour depth tends to zero. However, for ddimgte abutment, scour
depth does not tend to zero as channel width incre&sesentially all laboratory experiments to
date have used a flume of fixeddth. It is very expensive to use a flume of sufficient variable

width to attain limit 2.

The ensuingformulations are first presented for the situation whereby flow contraction occurs
across the bridge waterway (Sections 4.3 and 4.4 for Scour CmsdAi and B, respectively),
andthen presented (Secti®d.5and 4.9 for thelimiting situation of an abutment of finite length

in a very wide channel; i.anhen flow contraction occurs onlgcally at an abutment

4.3 Scour of MainChannel Bed (ScourCondition A)

Scour of the makthannel bed, Scour Condition A, is of concern for abutments located near the
main channel (and possibly in it). As sketched in FiguBa3hydraulic erosion of the main
channel may destabilize the channel bank and, thereby, the emipargtopee. Figures-3 and
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3-6 illustrate field examples of this scour condition at gpitbugh and wingvall abutments,
respectively. Scoudepth estimation must account for the flow contraction around the abutment,
along with the generation, growthnd dispersion of largscale turbulence formed as flow
passes around the abutment.

Though the waterway flow field is substantially thwmensional, flow contraction and
acceleration around the abutment and through a bridge waterway can be approxynmatech$

of contracting flow streamlines of dep#liveraged flow which are superimposed by turbulence
structures generated by the abutment as flow enters the waterway. Figjaehdmatically
depicts flow contraction and the generation of mdarbulencestructures as flow passes around

an abutment. By describing the flow and sedirreavement conditions in a single streauhe
approaching and passing through the scour region in the bridge waterway, it is possible to
formulate, in approximate terms,etliepths of flow along a streatabe, and thereby estimate
scour dept h. 4 dpmaach sfor esiimating liveed @cdour depth in a long

contraction can be used for estimating scour depth along a contracting tetibeam

For live-bed scour of the nmchannel waterway, equilibrium flow depth, and thereby scour
depth, along a streatabe in the main channel are governed by mass conservation of sediment

transportG 5, along the streartube; i.e., the rate of sediment outflow equals the rate of setlimen

inflow,
Gy =G, =G4 (4-2)
Here, the'osupmpdregcritmpt quantities within the st

respectively refer to the approach section (away from the influence of the bridge), the bridge
secton, and the section of the stretubewith the greatest unit discharge, as illustrated in Figure
4-3.

Eq. (4-2) could be restated as

4 Other methods for estimating scour contraction also could be used.
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9;181 = 9;383 (4-3)

in which g is the rate of bedediment transport per unit width afstreamtube; andB is the
streamtube width. Hereafter, the details of the formulation depend on the relationship selected
for relating sedimentransport rate to flow rate. The present formolatuses the same
relationship adopted by Laursen (1960), as that relationship evidently is familiar to many bridge
scour estimators, and it is fairly simple to use. Also, it enables the present formulation to be
compared with the flovdepth estimates obteed using the longontraction scour relationship
developed by Laursen (1960).

The rate of bedgediment transport can be described in terms of an average sediment

concentrationc, conveyed by a unit discharge through the stréane, g, so that Eq. (B)

becomes

4B =cdB (4-4)

From Eq. (44)

200

Laursen (1960) gives

~ 9 716 E_ & a ]
C_(Yj ( 1}{ Wj (46)

in which d is bedparticle diametery is flow depth; 7, is the portion of flow resistance

Q.2

associated with the bed particlgs;is the critical shear stress for beediment movemenkis a
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coefficient whose value, along with the value of exporgntiepend on mode of sediment

transport, and are functions of the ratio of shear velocity and patrticle fall veIU;:ii)V,V.

From Eqgs. (46) and (46),

716

d)y, [ £y/t,-1 b u/ W]
e . (4-7)
d/y, [ Ty/7.-1 b u/ w'],

MAX

G
G

The subscripts 1 and 3 refer to sectiomsd 3. Equating Eqs.-4) and (47) gives

d/y, " _{q_;j(gj[ #ol7,-1 b u/ w], (4-8)
%)\ BJ[ FH/z,~1 b ul/ w',

For there to be continuity of bed sediment transport, the intensity efdskohent transport must

vary approximately linearly with width of stream tube; i.e.,

[7/7.-1b u/walgz[Blj (4-9)
B,

[7/z,-1bu/w?, \B

From Eqgs. (48) and (49), and the assumption of uniform bgediment diameter,

{Yl Hq} (19

Eq. (410) is arrived at from consideration of flow acceleration through a contracting stream
tube. Hovever, because the flow field is three dimensional, and has rhabrdence structures
that disperse across the waterway flow field, Egl@}should be modified to account for these

influences: i.e.,



Y3 ) % 6/7 _
(zj‘cﬂ{a) @id

Here, C;, is a term intended to account for the additional scour attributable to nadyolence

generated by flow passing into the bridge waterway. The val(e,d$ influenced by the shape

of the abutment andverall waterway entrance; i.e.,

C,, = function (abutment shape, abutment set back from main channel, geometry of main

channel bank, atioc floodplain features)

If all the floodplain flow entered the main channel, in the situation of a long abutment extending
practically across the entire floodplaifl; = Gyax = MG with g, = Q..+ Q, / B,. Because

the average unit discharge of flow limited tiee main channel at section 2 is difficult to
calculate,d, is an estimate of the mean value of the unit discharge through the bridge opening at
section 2. Heref},,x = unit discharge coinciding with the lo@at of deepest scour in the main

channel;Q,, is approach flow discharge in the main channel, @nds approach flow discharge

over the floodplain. Values dn, andC;, have to be determined from laboratory or numerical

simulation data. The Project focused further on these parameters. Note that, as the flow features

in a short contraction are not meaningfully separated, as shown in Fi@yie id difficult to

evaluatem, andC;, separately.

For the purpose of estimating the maximum scour defyih, in the main channel, Eq. #0)

can be restated as

617
Yuax = ¥ Ga ”Jf” [%} (4-12)



in which g, = Q,,/ B,. For a long contractionn, ~ 1, C;, ~ 1, and thus, Eq. {42) simplifies

to

6/7
Yyax = ﬁ[%) =YX (4-13)

which essentially is theelationship proposed by Laursen (1960) for estimating the scour depth
associated with livded flow through a long contraction. Comparison of. E42), (412), and
(4-13) indicates that

Yuax = XaYc = Cp mA6/7 Y (4'14)

In terms of scour depthelow the approached level, Eq. (4.3) can be ravritten as

Osimax = Yuax — Y= ![ Ga nf”(%j 1] (4-15)

The issues now are estimation @f M, (or 0,.), andC;,. Because there are no direct
analytical means for determining these quantities, use must be made of empirical or numerical

means to do so. Two approaches are suggested here for esfirflatind M, (or Gy ):

1. Estimate(, and M, (or 0,) by means of a numerical model that simulates-two

dimensional, deptlaveraged flow through the bridge waterway under design

consideation, or obtain values for ranges of channel and abutment conditions; and,

2. Approximate estimation of, and M, based on representative values found from

laboratory or field data for ranges of channel and abutment conditions. A reasonable

3 Given the various morphologic and flewsistance irregularities found at many bridge sites, accurate
detemination of these flow quantities entails large uncertainty. Therefore, the emphasis here is on reasonable
estimation rather than accurate calculation.
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estimate ofg, can be made by means of the following approximate relationship, which

apportions the flav in accordance with the initial (piseour) crossectional area of flow

through the bridge waterway:

_Qm _[_1 0.54 i
% = B, [O.SBJ 0., + Q (0.5@+AJ (4-16)

Figure 45 shows the basis for Eq.-@). Here,Q,, is the flow discharge through the ima
channel at the bridgd is the opening width of the main channel at the bridge (Tiaamnel

width i sum of pier widths);A, is prescour, opening area of the main channel at the bridge
(mainchannel area X(pier areas); and,A;,is the crossectional area of the floodplain

immediately upstream of the abutment. This estimat$ ofs not preci se, but

measurements indicate it to be acceptably accurate for the purpose edeggtbuestimation.

Whereas Laursen (1960) assumes that bed roughness in the long contraction is about the same as
that in the urcontracted pproach channelf; could be calculated in either of two ways: using

the relationship proposed by Laursen (1960) or a slagpharge relationship developed for flow
in loosebed channels (e.g., as described in textbooks on-lwaiskydraulics).

To evaluate the overall magnitude of scour for Scour Condition A at an abutment, it is useful to

compare the trends for botfy,, andY; versus@,/d, as shown conceptualip Figure 46.
Initially, for negligible contraction of flow in the main channel through the bridge watenay,

Y, ~ 1, and values of),,, may approximately equal plus the amplitudg 0.5H, of bedforms
(dunes) in the main channel. As abutment length approaches floodplain width, the main channel

flow contraction, Y./Y,, increases, as doe§,/ (. Also, the dunes may continue, possibly

increasing or decreasing in amplitude. #s, exceeds(, (enlargedm,), and because of the

6 Dune amplitude is half dune height (see Figufsai
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influence of turbulence (large€ra), Yy /Y, exceedsY./Y,. However, as flow contraction
becomes pronounced, and thereby sod ¢ and Y./Y;, my decreases, and the difference

betweenY, /Y, andY./Y, diminishes. Further, the bédrms may not occur in the central part

of the bridge waterway. In situatis where a narrow bridge opening severely constrains and
backs up flow, flow through the waterway is highly contracted and relatively uniform in

distribution, as indicated by our experiments.

A further issue concerns the inclusion of dune height in toairsdepth estimate for Scour
Condition A. A realistic assumption is to add dune amplitude (half dune height) to the scour
depth estimate when making a design estimate of maximum scour depth for Scour Condition A.
The present experiments showed no cadestsvariation of dune height and length in the scour
region, compared to the approdtbw bed, provided the bottom width of the main channel at
the bridge waterwayB,, exceeded the average width of the dunes on the appitoached.

Dune height is noexplicitly considered in Eqgs. {#2), (414) or (415). For the present
experiments, dune height = 0.09 m+ 0.012 m, dune length = 1.10 m+ 0.12 m, and dune

width = 1.2 m+ 0.3 m.

4.4 Scour of Floodplain (Scour Condition B)

Scour Condition B is oprimary concern for abutments on wide floodplains, and abutments set
well back from the main channel (Figure8B). Because cleavater flow predominantly occurs

on floodplains, it is assumed herein that scour of a floodplain at an abutment occurs-as clea
water scour. As with Scour Condition A, scour for this condition is influenced by flow
acceleration and turbulence generated as flow passes around the abutment, as shown in Figure 4
7. However, now the contraction of interest is near the abutmenugfitibe flow field is three
dimensional, it is justifiable to formulate the scour by means of a stxdaof flow that passes
through the scour region. Tis¢reamtube contracts as flow accelerateJurbulence diffuses

through the stream tube

In accadance with a condition of cleavater scour, equilibrium flow depth and scour depth are

governed by the capacity of flow to erode sediment from the floodplain near the abutment. The
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rate of sediment inflow into the scour region is considered to be idgligand dunes are

assumed not to occur in the region of deepest scour. For this equilibrium condition, the usual

assumption is that the shear stress on the scoured floodplais, equal to the critical shear

stress,r,, associated with the entrainment of the floodplain sediment;
T,=1, (4-17)

A significant source of uncertainty in scour depth estimation for Scour Condition B is
attributable to uncertainties in estimatingand r,,. Practical, accurate estimation of them is

greatly complicated by the variability of soils, sediments, vegetation, and other aspects of

floodplain terrain.

At approach cross section 1 of the floapl n , use of Manningdéds and

estimate boundary shear stress (as per Laursen 1963) gives

U12d1/3

T, = ——=
30v?

(4-18)

in which U is depthaverage velocity of flow, whose depthYsandd is representative median
boundary particle diameter. Manningb6s equat.
books on operhannel flow (e.g. Henderson 1966). For the floodplain at cross section 3,

U 2d1/3
2'2 = ﬁ (4-19)
3

Combining Egs. (417), (418), and (419), then simplifying, leads to

U 2 Y 1/3
Lh_|Z) |1 (4-20)
T U, Yi
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From continuityU; = Q 8 {ByandU, = Q § 4B (4-21)

Y _ H (5] (4-22)
Y. 7% B,
As q 8, = Q, =q B; along the streartube,

3/7 6/7
el
Y, ) \q

However, because the flow field has laggale turbulence structures that disperse across the
waterway flow field, Eq. (€3) should be modified to account for the influx of turbulence into
the streantube. Eq. (423) should be modified to

ﬁ ) 7 3/7 q 6/7 _
#e(2) 3 (20

in which Cyg is a term intended to account for the additional scour attributable to turbulence
generated by flow passing into the bridge waterway. The valGeza$ influencedby the shape

of the abutment and overall waterway entrance.

Repl aci ngioswhos frofrptf ImModpl ain, and then consid

associated with flow contraction lets Eg:-44) be rewritten as

Yy 3/7 6/7

MAX T Oviax

—RE | = — —A2 4-25

[t -y 2] [ ] @2s)

In a similar manner as done for Scour Condition A, the substitatjon= Mg d;, could be made;
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v 3/7 q 6/7
MAX |_ . m.8/7 Tt Stz 4-26
(Y -come 2] %] (@26

or
Yuax = %gYc = CTBrnBG”YfC (4-27)

where contraction scour deptk, is (Laursen 1963)

3/7 6/7
T
Yo=Y, [T—f] [%} (4-28)
c f

For the moment, the tern@& andm are used as for Scour Conditions A, but it is anticipated that

these turbulence and fleeontraction terms may differ for Conditions A and B.

In terms of maximum scour deptiymax EQ. (426) can be restated as

3/7 6/7

T

Osimax = Yuax = Yi= Y| Ge r@?” (T_fj (%j -1 (4-29)
c f

The values ofc., and Mg may differ from C, and M, for Scour Condition A, because of

dissimilarities in how flow enters the bridge waterway, and how it flows locally around an
abutment. The scoulepth data obtained from our experiments do show this variation. The

trends fory

ax 1Y, andY, /Y, are sketched in Figures:8&-d. If the abutmeniverelocatedin a

wide channel, with little overall flow contraction except immediately around the abutment

(Figure 48b), the initial greater magnitude &f,,, /Y, relative toy, /Y, reflects the magnitude

of flow contraction locally around the abutment. Also, because-alatar scour essentially

occurs, no significant befdrm trend is included in Figure-8a. In some situations, bédrms
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could locally develop at an abutment. As the abutment severely contracts the bridge waterway

(Figure 48d), scour occurs practically uniformly across the n@iannel bed.

In summary for Scour Condition B, as for A, the main focus of Hftelateduncertainty is the

evaluation of termsc,, and M. The Proj ect éaseragasiow madél t he
FESWMS aimed at providing much of the necessary information regariipg values.

Evaluation of C,, values will entail comparison of flow depth8); values, and ratios af

values. To be sure, other major sources of uncertainty lie in the values quantifying the

erodibility of floodplain soil and the shear strength of the earthfill approach embankment. In

practical terms, significant uncertainty also attends estimatian bf,, as noted above.

4.5Limiting Local Scour at Abutment in Very Wide Channel

The limiting situaion of local scour at an abutment in a wide chamm&y occu when only the
flow contractedaround the abutmemrodes the channel bedr floodplain. This situaton can

occur for Scour Conditions A and Bn terms of scour depth estimati@@veralconcerns arise

for this limit;

1. Estimating the maximunvelocity of flow locally contracted around an abutment in a
very wide channeland,

2. For abutments with foundatiorextending into the bed or floodplain (e.g., by way of a
caisson structure around the abutment, tegjmatingthe erosrie influence of turbulence

struaures formed around ttabutment foundation.

Given thedifficulties associated witlconstraints on typical flume widths, and on the scaling of
flow, abutment, and boundary material, these two concerns must be approaclaed

approximate sense, as described in the next twsacions.

4.5.1 Scour ConditioA

For Scour Condition A in a very wide channel not subject to contraction $gui415) can be

used withmag, treated aghe maximum value of unit discharge at the side of the abutment. A
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useful approximation ofmag, can be made using potential flowebry For a cylinder in an
unbounded potentidlow field, the maximum velocity around the cylinder is twice the uniform

approach velocityLamb 1932).
Also for this scour situation, because no contraction scour occurs fully across the channel
contraction,Y; = Y, = Yg; i.e., contraction scour dep¥j - Yc = 0. Therefore,mag, = 201, and
Eq. (414) reduces to
(4-30)
Or in terms of flow depthyith Y; = Y,

(4-31)

The value of the coefficient reflecting the erosive influence of turbuleGeg, depends on

abutment form and construction.

4.5.2 Scour Condition B
A similar analysis as in Section 4.5.1 can be applied for Scour Condition B. 4Bq) (

accordingly leads to

(4-32)

Like Crain Eq. (432) the value ofCtg depend®n abutment form and construction.

4.6 Loci of Scour Depth Trends

The relationships in Sections 4.3 through 4.5 for estimating scour dejiieate loci oscour

depth trendsFigure 49 indicates the following loci for Scour Condition B:

1. At large increasing flow contractionguax/Yc declines towards a value somewhat above
1;
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2. For decreasing flow contraction associated with decreasing embankment length
Yuax/Yc declines to 1. A4 — 0, Yuax/Yc = 1. The location of this curve varies with
abutmentform and construction, as well asttviapproach flow distribution as related to
flow depth and the flow resistance characteristics of the floodplain and channel bank

3. For decreasing flow contraction owing to increasing channel half wid®, &/ Yc,
with L fixed, Yyax'Yc — 1.81Cqg;

4. The shaded region encompassssour depthvariatiors with adjustments in abutment
form and construction, and in flow distribution; and,

5. The upper solid curve can be considered as a design envelopdggigall

The loci of scourdepth trends are based onhydraulic erosion considerations. Further
considerations associated with the geotechni
alter the loci. Section -9 elaborates the geotechnical considerations incurred with scour

development.

4.7 Scour at Exposed Abutment Column (Scour Condition C)

Scour of the fl oodplain at an abut ment may c a
unstable and fail, and eventually to breach, as illustrated in Fige#esaBd 38. Scourdepth

prediction for this condibn has to rely on an empirical relationship, owing to the complexity of

flow and sediment entrainment from an abutment structure exposed once the approach
embankment has been breachdd. simple terms, the exposed abutment column (e.g., as in

Figure 38) assumes the form of a pier.

The appropriateapproachfor scourdepth estimation should then lessentially thaused for
estimatingmaximum scour depth at a bridge pier. Accordingly, scour deptheaeyosed

abutment column (pier),

dSmax = KI K dSOcqumr (4'33)

B
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Here, dsocoumniS the maximum depth of local scour at the abutment column when aligned with
the flow direction g = 0); and flow intensity parametét, /U,. = 1.0, the value at which local

scour depth normally is a maximui; is a flow intensity coefficient; ant{s is an alignment

coefficient. Values oK, can be determined from essentially the identical curves devetoped
give the influence ol, /U,, on pier scoule.g.,Melville and Coleman, 2000; Richardson and

Davis, 1993, and Kz can be obtained from curvde be determined by means of flume
experimentfor the standardgtub columns (spHthrough abutment) and wingall columns

(wing-wall abutments). Flume experiments are needed to obtain reliable valuedso@fiumn
Note thatshear velocity relates to boundary shear stresg as/z/ p, with = boundary shear

stress ang = water density.

For shot abutments built with solitbody foundations (e.g., a footing surrounded by spies)
extending deeply into a floodplain or rectangular channel, as modeled in numerous prior
laboratory studiege.g. summarized iMelville and Coleman, 2000 the macraturbulence
structures at the abutment can deepen scour
essentially the same as Scour Condition The experiments conducted fBroject 2415(02)

used model abutments of this form, and therebytdea scour estimation expression similar to

that used for pier scour

4.8 Influence of an Adjacent Pier

The presence of a pier close to an abutment modifies the abutment flow field, and, in effect, may
also modify the abutment as an overall structurke ihfluence of pier proximity is best handled

by means of a possible adjustment to the seouplification factorsdy, and U, in Egs. (414)

and (427). This influence, or set of influences, must be evaluated from laboratory experiments,
because the adjtments to flow field and overall abutment stability cannot be determined a

priori. Chapters 11 and 12 elaborate pier influence on abutment scour depth.

Of commensurate practical importance is the influence of abutment presence on scour depth at a
nearby pier. The flume experiments conducted for the present Project investigated this

influence, along with the other influences on factgyand k.
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4.9 Influence of Foundation Soil

The present project focuses on scour of-oohesive sediment at bridge abutments. Moreover,

it takes into account how abutments are typically constructed, including their foundations. The
modeled abutments simulate pile ande#pale support for abutment columns, and attempt to
replicate the behavior of earthfill embankments. However, abutments often are sited in cohesive
soils, and sometimes have a solid foundation perimeter around the abutment and extending
deeply into the a@l. A solid foundation in a cohesive soil may modify abutment scour

development compared to the results presented in this report.

For example, the end of a sgilirough abutment may be protected by a shaetskirt as in
Figure 410. When such a ddl foundation perimeter extends into cohesive soil, the scour

process may develop in the manner studied for NCHRP Project®24 0 2 ) , AScour at

in Cohesive Materials. o A boundary of <cohesi

a bounary of noncohesive sediment, or sand. The manner whereby fragments of clay erode
from the scour region is more complicated than erosion of sand. Material failure considerations
like oscillatory loading are important for clay, which commonly fails irgrimants. Also, the
duration needed for scour to develop may be substantially longer than for scour in sand.
Consequently, the scour region may remain close to the abutment and does not extend outwards
as readily as does scour in roohesive sediment. Rher, the solid form of the abutment
foundation strengthens the local flow turbulence structures within the scour region as it deepens,
and augments the scouring role of flow contraction. The solid form of the abutment and its
foundation ensure that trebutment is not subject to the limits of embankment geotechnical
instability. The resulting scour therefore may remain more localized at the solid abutment, and

assume the appearance of scour at a wide pier. Figl@elldistrates the resulting scourr.

Methods for estimating scour at a solid abutment (with solid foundation form) in a clay boundary
are proposed in the report (yet to be finalized) for NCHRP Projed5g3R). Methods for
estimating scour depth at wide piers are being proposed by RCQPMBject 243 2 AScour

Wi de Piers and Long, Skewed Piers. ocohesivhe pr e
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sediment at abutments of common, realistic construction, does not provide an estimation method

for the scour situation where an abutmerg &solidform foundation.
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Consideration 1: Embankment Length (L) and Floodplain Length (B))

v

v
(y1B.z075 ) (B <075 )
v ¥

058 L 0.58
L L—L {butment
Abutmen
SN 2 Vel - 4
- \ =
Embankment Embankment
B, 0.58, \ B, 058,
Floodplain Main Channel Floodplain Main Channel

Scour Condition A

e Lstimate the maximum scour depth likely
to occur in the main channel.

o Given the estimated scour depth, check
the geotechnical slope stability of the
main channel bank and the abutment’s
embankment. y

Scour Condition B
e Estimate the maximum scour depth likely
to occur in the floodplain.
® Given the estimated scour depth, check the
geotechnical slope stability of the
abutment’s embankment,

If the channel bank and the embankment are
unstable or a conservative design is preferred,
consider an abutment exposed by embankment
breach.

If the channel bank and the embankment are
unstable or a conservative design is preferred.
consider an abutment exposed by embankment
breach.

Estimate scour depth at exposed abutment foundation.

Scour Condition C

Consideration 3;: Foundation and Embankment Design

e Sclect design elevation associated with scour depth estimate. Compare three Scour Locations

and decide which scour depth to use in designing the abutment’s foundation. For conservative
estimation, select the scour producing the absolute lowest elevation near the abutment.

o Check whether abutment embankment stability should be increase to ensure abutment
foundation not to be exposed. The embankment of a new abutment should remain stable to
Scour Conditions A and/or B.

Figure 41. Flow chart outlining considerations in estimating scour depth around abutment; note
that this figure is elaborated in Chapter 13, which applies the design approach
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Abutment
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= T e M _
Floodplain o\ Yiax R e — —
Geotechnical _
Failures Main Channel

Figure 42. Short contraction scour as locally amplif@htractionscour (Scour Condition A),
and conceptual sefhilure circles. Note that banks and embankments also may underge under
cutting and block failureYc is flow depth associated with longrdraction, andr; is mean depth

of the approach flow
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(a). Embankment length,, reduces in a channel of fixéalf width,0.58
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Channel Width
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(b). Channelhalf width, 0.9, increagswhile embankment length, is fixed

Figure4-3. Two limits whereby flow contraction tends to zero YefY; — 1) for an abutment
embankment in a channel: (a) abutment shortens, and (b) channel widens. Laboratory testing for
situation (b) is considerably more expensive than situation (a)
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Figure4-4. Schematic plan view of flow field around a spiifough abutment. The detail
shows livebed fow through a contracted stredabe in the main channel. Section 3 is at
greatest unit discharge() in thestreanmtube
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Figure 45. Approximate basis for estimation of flow in main channel through bridge waterway:
at section lpstreanfrom the bridge(a); and at section 2 for spithrough abutmen(tb)
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Figure 46. Conceptual variation ahaximum flow depthYyuax, and longcontraction flow
depth,Yc, (relative to approach flow dep¥), with ratio of unit dischargef®r Scour Condition
A. Abutment length decreases in a channel of fixed w{d)hno effect on flow in main channel
(b); sane contraction effect (c); and, major contraction of flow in main channel (d). Note that
figure (a) indicates the influence of dune amplitudeH).6n Yyax /Y1,
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Figure 47. Schematic plan view of flow field around a splifough abutment set baok a
floodplain. The detail shows cleamater fow through a contracted stredabe near the
abutment
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Figure 48. Conceptual variation of maximum flow dep¥uax, and longcontraction flow
depth,Yc, (relative to approach flow deptlf;) with ratio of unit discharges, for Scour Condition
B. Abutment length decreases in a channel of fixed w{d)hThe lateral extent of scour

increases as flow contraction afig / ¢, increase: localized contraction (b); greater contraction
(c); and, major contraction of flow (d)
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Figure 49. Loci of scour depth trends delineated in termgyalk/Yc andgei/gr for Scour
Condition B
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Section A-A

Figure 410. Scour at an abutment witbligl-form foundation (shown here as a sheié skirt)
set in cohesive soil, which erodes in a different manner thaicoloesive sediment. This
situation is examined in NCHRP Project 28(02)
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CHAPTER 5
PARAMETERS AND PRIOR STUDIES

5.1 Introduction

The body of prior studies documenting studies on abutment scour lacks information regarding
the circumstances leading to abutment Scour Conditions A, B, and C, as introduced in Chapters 3
and 4. Especially tking are considerations of the actual ways whereby abutments are
constructed, and consequently of how scour progresses and scour failures of abutments occur.
The great majority of prior studies treat abutments and their earthfill embankments as leeing fix
structures that extenwithout limit into the sediment forming the bed of a channelaor
floodplain. Though many aspects of the physical processes attendant to abutment scour are
known and documented, prior predictor relationships for abutswntr deth lack a general

level of accuracy because they do not relate sufficiently to common structural configurations of

abutment.

Moreover, only a few prior studies include a comprehensive accounting of the many parameters
potentially influencing abutment sao Indeed, a daunting consideration for abutment scour

studies is the number of such parameters, some of which are difficult to replicate adequately in
laboratory experiments; e.g., the influence of varying combinations of boundary sediments and

soils atabutment sites.

This chapter briefly reviews the extent of knowledge developed by prior studies, the predictive
accuracy of leading prior predictor methodsd indicates howhe present Project expands that

knowledge. This review is structured in thelfowing manner:

1. Parameters;
2. Scour in a long contraction;
3. Scour locally at abutments

4. Separation of contraction and local scour;
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5. Field data observation; and,

6. Summary.

As the present Projefbcuseson scourat abutments, it is useful to considaior sudies dealing

with so-called contractiorscour attributable to flow acceleration through a contracted bridge
opening, and with what is termed local scour at abutments. A dimensional analysis frames the
review of each scour situation. The two resultints sd parameters provide a useful filter
through which the current state of knowledge about scour at abutments can be viewed. This
approach has the advantage of revealing unexplored parametric influences of potential
significance to scour. It is an appah that is useful for examinirgcour Conditions A, B and

C. Scour Condition B here also includes abutments in rectangular channels.

The present review of prior studies briefly surveys a selection of quite widely cited laboratory
studies, and does not attempt to review all prior studies. Bablests them approximately in
terms of Scour Conditions A, B, and C. Most studies, thodgmot exactly align with these
scour conditions. This table also includeseveral studies of local scour at spur dikes (also
known as groins, wing dams and jetties)lable 52 summarizes two leading predictive
relationships for contraction scour.Listings of prior scoudepth relationships foiScour
Condition B are given in Table-3. Each table briefly provides the details associated with each
equation. Tabl®&-4 is a partial list of the symbols usedthis chapter.Table5-5 compares the
range of variable values used in prior laboratory experiments producing scour condition

approximately similar t&cour Conditios A andB.

5.2 Parameters

An immediate challenge confronting an effort to understand and discuss abutment scour is the
potentially large number of variables that may influence scour. Many of the variables are well
known (e.g., Melville and Colema(2000, who provide the most exisive extant review).
However, the full influences of some variables are unclear. Additionally, as mentioned above,
there is lack of clarity about how to meaningfully characterize some influences exerted by some
variables. Also, no relationship addressige effect on scour depth of embankment failure, and

thus the geotechnical strength properties of the earthfill.

5-2



5.2.1 Parameters for Abutment Scour
For scour near an abutment, the following somewhat simplified analysis that identifies and
combines theariables into a reasonably comprehensive set of dimensionless parameters. Figure

5-1 indicates the variables for an idealized site. The variables can be grouped as follow
Water properties: p = density;e = dynamic viscosity

Channel boundary properties: d andd; = representative boundary particle diameter for bed
and floodplain, respectively) = density of boundary particlesy,. = the critical value of
shear velocity associated with entrainment of particles forming the-chaimel bedy,, _is

the critical shear velocity associated with the floodplain soil. (Note that shear velocity

u, = (g]Y,)*®, and deptkaverage velocity of flow in the approach main channel,

U,=u,(8/ f)* relate via the DarcyVeisbach resistance coefficierfit=¢, d/Y, in fully

turbulent flow (a similar relationship between shear velocity and emptage velocity
exists for the depthverage flow on the floodplain). The present Project was limited to
noncohesive sediment forming the main channel bed and the floodplain, though the Project

also ran tests with erosigrsistant floodplains, as elatated in Chapter 6.

Water flow geometry. § = energy gradientyY; = flow depth in main channel; = flow
depth on floodplain,g = gravitational acceleration; B5= half width of main channel
upstream of the bridge site (the channel is assumed symrhabimat its centerline)B; =

width of floodplain. The floodplain is taken to have a flat transverse slope.

Abutment and embankment properties L = embankment lengthi/ = abutment top width;

Eq = embankment height at the abutméty= abutment shape factor (including construction
configuration); L, = distance from abutment column to first pier; afd= abutment
alignment relative to approach fIl ow. The
earthfill embankment can be atacterized in terms of shear strength, and the specific

weight of earthfill soil .
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By way of dimensional analysis using three dependent variables reflecting length, time, and mass
units, the aforementioned 22 variables and their influences carpoessed in terms of the 19
independent parameters (for three quantities: length, time, and mass) given in the functional

relationship below for maximum, sceassociated flow depth at the bridge aXigax:

Yumx _, (Uo Ur U Uy F7 U " pux UL d L LW
-2 1 1 ) ] ) I
Yl LLC l‘!<fc Lﬁ!fc \[ng \/g¥ H H d d Y 1Y

(5-1)

— K.,
v, P8 08B Y K

Quite numeous other variables could be considered (e.g., transverse slope of floodplain,
geotechnical shear strength of floodplain soil, abutment riprap armor properties; patterns of flow
resistance on the floodplain), thereby quickly demonstrating the innate caiyn@é many

abutment sites.

Especially important are parameters involviegnbankmentength,L. There is considerable
debate (e.g., in the conference proceediaddged byBriaud and Chen 2002) about how
equilibrium scour depth relates ito A practical concern is that existing predictor relationships
tend to give large values of scour depth,(= Yuax - Y1) relative toL. The present Project
addresses this concern by using the ratio of-avesaged discharges to and through the bridge
waterway, as Chapter 4 formulates. In this manner, the influences of several parameters are

merged to reflect their combined effect on scour.

Alternative parameters could be identified for Eql{5 Indeed, the various predictor methods
use variation®f the essential set of parameters given in Ed.)(5For example, several methods
use one or other form of Froude numbgr= U/(gY . Also, various coefficients (d¢ factors)

expressingrarametemfluences are often used.
Note that the ensuingstussion of prior studies uses slight differences in symbols for variables.

The variables, defined in each section (and in the List of Symbols), remain essentially those used
in the prior studies. The potentially large overall number of variables neéedsthracterize
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differences in abutment sites, and the various site geometries assumed by prior studies, make in

more convenient to use meoeless the same symbols adopted by each of the prior studies.

Eq. 6-1) is useful for identifying some of the puartant gaps in knowledge, aritiereby the
limitations in predictive relationships regarding scour at abutments. Insofar as Melville and
Coleman (2000) provide a useful comparison of the three relationships, and arguably have
themselves proposed the mosmprehensive relationship (in terms of the number of parameters
considered), Section 5.3 begins with their proposed relationship.

5.2.2 Parameters for LongContraction Scour

The ostensibly simpler flow and erosion situation of scour in a long contrantiolves a subset

of the variables in Figure-5, and with some approximation it can be described using the
following functional relationship of six significant parameters expressing turbulentrisichl

flow depth through the long contraction:

Y2 u*l 2

- = _!_)_)_!_1_m 5-2a
Y, (Pz[u ] ( )

The parameters can be restated in somewhat simpler terms, and terms more familiar with those
used by Laursen (1960, 1963), as

%:%[ﬁ B xn ﬂ,%] (5-2b)
1

The parameters are combined from the variables wsednstitute Eq. (2a) in whichBp,; and

Bn2 are the widths of the main channel upstream of the contraction and through the contraction,
respectivelyQ; andQr are the water flow rates in the main channel and the floodplain upstream

of the contraction, respectivelyj and,ar e t he values of Manningos
in the main channel upstream and through the contraction)yamithe flow degt in the main
channel. The shear stress on the bed at sectiom1asd the critical shear stress associated

with erosion of the bed is characterized ustgFlow rate through the contracti@y = Q; +
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2Q:. Alternative variables, and resultant paedens, may be used rather than those in EqQ).(5

For example, DarcyVeisbach resistance coefficieht, coul d be usedninstead

5.3 Predictors for Long-Contraction Scour

As the present Projedbcuseson both scourtypes atabutments, it is useful to considetior
studies of contractioscour attributable to quickened flow through a long, contracted channel,
such as has customarily been assumed representative of bridge op&ringstudies of direct

use for the present studlyclude Laursen (1960, 1963), Laursen and Tochg)Richardson

and Davis (1995) and Melville and Coleman (2000his section considers liieed and clear
water modes of scour through a long contractiimscussed then is the difficulty of separating

contraction scour and scour local to an abutment scour.

The studies by Lasen (1960, 1963) are considered in this section, because the estimation
methods that they described are extended in the-siegdr formulation presented in Chapter 4.

5.3.1 LiveBed Long-Contraction Scour

Laursen (1960) proposed a edienensional contraction scour formula for llsed scour of the

main channel of a compound channel with a long contraction section. His studyndasted

in an experimental flume, as shown in Figur2.5 The flume has two sections, such as an
approach section (sectionl) which has a floodplain and a main channel, and a contraction section
(section 2) which has only the main channel. To formulgteediction equation, Laursen made

the following assumptions:

1. Equilibrium scour depth in the long contraction is based on the principle of continuity

applied to water and sediment flow through the bridge water way; and,

2. No sdiment transpoxiccurson theapproactfloodplainat section 1.

Based on the above assumptions and laboratory experiments, Laursen proposed the following

equation for longcontraction scour:
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Yo _ %%B_mklﬁkz (5-3)
Y. \Q B n,

whereQ; is water dischargey; is the water deptBy, is width of main channel in each section,

andnii s the Manningds coef fkiF 0.5901069, andi:l=0.066t8en r ec
0.37, depending on values of shear velocity, and falling velocity. Suffixes 1 and 2 refer to
sections 1 and 2, respeatly (Figure 51). Laursen indicates that Eq-1» can be modified with

some simplification:

1. Usually, it can be considered that the Man

in the different sections;

2. Also it can be assumed that the widthtloed main channel in each section is the same;

and,

3. The flow forces exerted on the bed of the main channel are uniformly distributed across

the main channel.

Therefore, Eq. (8) becomes

%
Y, (Q ]
T[Ql] >4

This equation is the most simpéifl relationship for deriving the contraction scour depth for live
bed conditions. It estimates the flow depih,for uniform flow along a narrowed long channel.
However, as illustrated in Chapter 4, flow through a short contraction is not uniformly
distributed. Moreover, largscale turbulence structures develop and disperse across the

contracting flow, and affect sediment movement.

5.3.2 ClearWater Long-Contraction Scour

Laursen (1963) proposed a formula for -@m@mensional contraction scour occurring under the

clearwater flow condition. His study used an experimental set up comprising-eontnacted
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section and a contracted section (section 1 and 2, respectivelypvas s Figure 8. Unlike
the experimental set up that he had used for thebke condition, this study was conducted
using a rectangular channel. He adopted the following assumptions to formulate an equation for

contraction scour:

1. Equilibrium scourdepth in the long contraction is attained when critical bed shear stress

develops along thieed of the contracted section;
2. Dunes and other bddrms are neglected; and,

3. The local head loss, due to flow entering the contraction, is negligible.

These assuntipns, with appropriate formulation, lead to the following equation for flow depth
in the contractionys:

% %
00
i (U By

The same comment pertains here as for the-dee contraction scour; i.e., this equation
estimates the flow depthy,, for uniform flow along a narrowed long channel. It does not
include the flow features associated with a short contractiorunidorm flow distribution, and

largescale turbulence.

5.4 Predictors for Scour near Abutments

An immediate challenge confronting an effort to understand and discuss abutment scour is the
potentially large number of parameters that may influence scour near ataif{ig. (51)). The
influences of many of the parameters are well known (e.g., Melville and Cal&t6an).
However, the full influences of some of them are unclear. Additionally, as mentioned above,
there is lack of clarity about how to meaningfullyacacterize some influences exerted by some

variables. Moreover, no relationship addresses the effect on scour depth of embankment failure.
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All of the predictor methods are empirical, to varying extents. The methods are based largely on
laboratory flume experiments, and attempt to estimate scour depth separate from a depth
attributable to flow contraction around an abutment. No method purports to estimate a scour
depth ascribable to the combined effects of flow contraction and the turbulence siructure

generated by flow around an abutment.

The predictor methods are here discussed in terms of

1. Scour Condition B the simpler condition of abutments located in rectangular channels

(or well set back on floodplains);

2. Scour Condition A scour of thanain-channel bed for abutments close to the main

channel bed; and,

3. Scour Condition G scour of an exposed abutment column.

Some predictors pertain to Scour Conditions A and B, none to all three conditions.

5.4.1 Scour Condition B (Rectangular Channel)

Fairly numerous laboratory studies on abutment scour in rectangular have been conducted over
the years. Most of the studies have been conducted with abutments simulated wifthrmigid

and not the earthfill and abutmesdlumn structures indicated in Gitars 3. Tables-1 lists

studies that have contributed laboratory flume data for each condition of abutment scour. The
approach taken herein tig focus on the predictive relationships commonly used for estimating

scour depth. The relationships are thpsoposed by

1. Liuetal. (1961) [also Field (1971)];
2. Froehlich (1989);

3. Richardson and Davis (1998002);
4. Chang and Davis (1998, 1998@hd,

5. Melville and Coleman (2000)
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Thesefive methods present relationships developed from laboratory data &ed/ anodest
amount of field data. Actually, the methods proposed by Froehlich (1989) and Richardson and
Davis 001,1995) have much in common, insofar that they relate scour depth primarily to a
Froude number and structurally are similar to the relationgtrggosed by Liu et al. (1961).

Only the method presented by Chang and Davis (1998, 18&&s abutment scour as being
intrinsically linked tocontraction scourTheir method, called ABSCOUR, is further discussed in
Section 5.7.

Lui et al. (1961) propsed the following relationship based on the results of laboratory flume

experiments:

:1.1[5]5 022 (5-6a)

1

ds
i

in which ds = scour depth below the tstoured bed at the bridge centerline. For wirad

abutments, scour depth is increased in accordance with

9s _ 2.15[£]Fr 033 (5-6b)
Yl Yl
For L/Y. ter than about 25, Liu et al d nas_ 4 d ds 78 §
or reater an apbou , LIU et al. recommend u =4a,and — a7 — /- or
10 SY|1| E 0.22 YF. 033

Egs. 6-6a) and $-6b), respectively. These equations apply for both eleder and livebed
local scour. Field (1971) developed a design chart based on the data published by Liu et al. The

chart is included herein &sgure5-4.

Froehlich (1989) proposed the followinglationship for estimating local scour at bridge

abutments:

d ] r i

Ss 207k K| EEN | oot (5-7)
Yl Yl
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in which Yy is approacHlow depth in the main channé{<is an abutmershape factonﬁﬁﬁis a

factor accounting for abutment alignment to the fland F,, =V, / €Y, f“r’whereve = QJA,,

with Qg is flow obstructed by the abutment and its approach embankmen#, enthe flow area

corresponding tQe.

Froehlichdés rel ati ons hoathose bywluietalh(19613, was davalopealr i n
from an extensive multiple line@egression analysis of some 334 measurements from laboratory
experiments orScour Condition B at abutments and spur dikes. In total, 164 and 170 ,cases
respectively of clearwater and livebed scour were used in the regression. Many of the data

sources used by Froehlich are listed in T&ble

In effect EqQ. (5-7) by Froehlich is an envelope fitted to the scour data from diverse flume
experiments, including those by Liu et 4.1 96 1) . Froehl i EhG-8), (1989
however, is a little disconcerting. He presented rathlellyowithout much consideration of the

parameters involved in scour, and without much discussion of similitude considerations.

Eq. 6-7) is interded for livebed scour, and has been adopted for use in-HECFroehlich also

proposed an equation for cleaater scour

ds
YO

, , L . 0.63 Y 0.43
S22TK K, | =07 | g el | s (5-8)
Yl d50 ’

The relationship is an effort to take into account, for scour estimation, the combined influences

of floodplain and main channel flows through the use of a Froude number.

Richardson and Davis (1995) in HEC 18 sug@epsi(5-7) be modified as

dS r [ Lsiny 061
71 =227Ks K, [ Y, ]Fre +1 (5-9)
in which the term fi+10 i s auhdeard, t hough the r
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Richardson and Davis (1995) recommend use of a relationship only slightly adjusteBgrom
(5-6b) proposed by Liu et al. (1961):

ds

9s _727K, F.°® (5-10)
Yl

Here,KS is an abutmenshape factor generally comparableig andKs. This equation applies

to abutments for which/Y; exceeds about 25. It also applies only for-besl scour, which

arguably develops the greater scour depths at actual bridges.

Melville and Coleman (2000) propose that scour deptishimated as
ds = K, K, K KK KK, (5-11)
in which theK factors embody the following influences:

Ky = flow depth relative to abutment sia€’Yy;
K| = flow intensity, U /Ux;
Kq = sediment size relative to structure sizél;

Ks=abutment shape;
K =abutment alignment,;
Ks = shape of compound channel; and,

K; = time factor

The influence of each factor is expressed in a curve based on data from several laboratory flume
studies. The curves are provided by Melville and Colenz89() and are not reproduced

herein.
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Melville (1992, 1995) introduced the concepts ungieding Eq. (5-11). A substantial number

of the flume experiments used in preparing the curves for it are documented in Dongol (1994)
and Kwan (1984). The methodlltovs an approach that is applicable for estimating pier and
abutment scour. Melville (1992) suggests that, for the purpose of scour estimation, abutments
can be divided into three categories: long, intermediate, and short abutments. The three

equationsassociated with each category are

d L
—> =10K, KK, K Kqg when > 25 (5-12)
Yl YO
dg - L
S = 2K KK K K, K whenl< —<25 (5-13

oy Y,

and,
d L
= 2K, K K K K, when ¥ < 25 (5-14)

Depending on whether an abutment is long, intermediate, or short, the appropriate equation listed
above is used to calculate the depth of abutment scdhe superscript in each term shows
slightly different factors from that without the superscriptidmose are shown in Table4s

5.4.2 Predictors for Abutment Scour Condition AB (Compound Channels)
Three reasonably concerted research efforts have been conducted to efmdat€ondition
B and AB for abutments in compound channels. The efforts (listed in TEab)eare usefully

discussed in terms of the principal investigator and their home institutions:

1. Sturm at Georgia Institute of Technology, US; and,

2. Townsend at the University @ittawa, Canada
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Each of these efforts has produced several papeiScoar ConditionB or the combination
Scour Condition AB, comprising scour of the floodplain and main channel near an abutient

series of brief appraisals of the studies ensues below.

The studies conducted by Sturm and colleaguabeaGeorgia Institute of Technology have
focused on the cleavater state oScour Condition B. In their studies the floodplain simulated
typically is wide compared to machannel width. This arrangenteis especially so for the
earliest set of experiments (Sturm and Janjua 1993, 1994), for which thehmaaimel widths,
Bn, are 0.2m and 0.3m, and floodplain widthsB;, are 2.6m and 2.5m, respectively. These
widths yieldBy/B, ratios of 13.0 and 8,3espectively. Tabl&-5 summarizes the test conditions

of the experiments.

Sturm and Janjua (1993, 1994) began their study by proceeding through a dimensional analysis

that resulted in the formulation of the functional relationship

ds— L’%’ms’&’i’i (5-15)
Y, Ye1 Bi Yer Yeu

Y_Fo =
in whichds = scour depth at abutmen; = approach flow depth in main channét; andVg; =
approach flow depth, and average flow velocity upstream of the end of abutilaentnedian
grain size of bed sedimemty = geometric contraction ratio. Ed-15), however, is incomplete,
when compared witlEgs. (5-2ab). It does not include sufficient parameters for characterizing
the largerscale turbulence features generated by the abutment or within the interamtisg fl

passing in the main channel and the floodplain.

Sturm and Janjua (1993) propose that abutment scour depth should not depend directly on
abutment length, but rather on the effect abutment length exerts on flow redistribution in the
contracted sectionf a compound channel. Therefore, Sturm and Janjua (1993, 1994) replace
the geometric contraction ratiny, with a discharge contraction ratid, = Q,/Q, with Q, being

the portion of the flow in the approach section with a width equal to the opening avidQ

being the total discharge
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They further reasoned that, sinkis related to the last four dimensionless variablesgn(5-
15), it may be postulated that the primary influence on these variables is embolliedBiased
on this reasoning, Sturand Janjua (1993) arrive at the functional relationship

$Se =g [FFJ_’ M ,%:| (5—16)

F1 F1l

whereFg; = approach Froude number on the floodplain, and is defined by the velocity and flow
depth upstream of the end of the abutmantds. = equilibrium abutment scour depthHrom

their experimental data, Sturm and Janjua obtain

dSe I:Fl
—==p —-0.18 -
Y., q’{ M (5-17)

This equation is derived from a leasjuare regression analysis of flume data. The equation
neglects an influence akyYg1. The Sturm and Janjua argue that the sediment ratios of their

data were large enough such that relatmgghness effects were negligible.

In their later work, Sturm and Janjua (1994) include'Yro1 by using the argument by Jain
(1981) thatdsy/Yg, could be replaced by the critical Froude number at the initiation of sediment
motion, F.. With this assertion, they formulated a functional relationship slightly different from

Eq.(5-17), resulting in

d

Y_S:(/)FI:Fl’FC’M (5-18)
Fo

whereF. = critical approach Froude number for sediment entrainment.

The authors proposed formutat of an appropriate equation to determine abutment scour depth

on a floodplain using a contraction theory. Here, their argumentsmigecather vague and
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confusing. They claimed to use the long contraction equation proposed by Laursen (1963) to

determine an equation that reseour depthgsto the flow property

7 (5-19)

This equation is followed by an equation proposed by Jain (1981) to FFelatesy/ Yr1

F—19%% 5-20
c =193 (5-20

F1

By substitutingEq. (5-20) into Eq. (5-19), Sturm and Janjua were able to derive an equation for

use to calculate abutment scoura floodplain

%

s 1= (5-21)
Yeo msFc

This equation derived from consideration of flow contraction theory is clearly similar to that
obtained using dimensional analydes. (5-21) except for the difference in the geometric and
flow contraction ratios. Sturm and Janjua suggestrthaan simply be replaced by at this
point.

They plotted their experimental data relatidgYg; to Frpi/MF. and obtained the following
empirical equaon:

Yse 7.70“/% — 0.35} (5-22)

YF 1 e}

The correlation coefficient and standard erroddgiYr; are 0.91 and 0.37, respectively.
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The experiments conducted by Sturm and Janjua (1993, 1994) involved a short flume of overall
length only 5.18 m. One feature of the study is that there is negligible change in flow depth at
the contracted section of the flow. This is because the tadrwathe short flume drowns the
influence of the abutment. To explore whether the backwater effect caused by the abutment
would have any influence on the depth of scour, Sturm and Sadiq (1996) and Sturm (1998)
conducted additional studies using a lonfj@me (17 m), and a marginally smallByB, ratio.

They used arguments on critical velocity for flow entrainment of bed sediment Laursen (1963)
used with along contraction theory and the continuity equation for the floodplain from the
approach to the edracted section to derive a functional relationship with which they fitted the

following equation:

Gse _ 8.11{£ - 0.40} (5-23)

Or1c

wheregr: (= V1. Y1) = flow rate at the beginning of scour (with water backup due to abutment);
Or1c = VF1cYr1; and Ve = critical mean velocity for bed sediment entrainment on the approach
floodplain. The authors suggested thatcould be determined from a enar two-dimensional
numerical simulation of the water surface profile of the river (with floodplain andneioy.

The correlation coefficient and standard errodd#tYg, are 0.86 and 0.68, respectively. The data
used in fitting the above equation also include those by Sturm and Janjua (1993, 1994). An
interesting result from this study is that the earlier empifepl(5-21), for which backwater is

absent, provides juss good a prediction as obtained udtag(5-23).

In yet another formulation, Sturm (1998) considered the possibility of relating the depth of
abutment scour with the maximum dejatverage velocityVmax Near the abutment face at the
beginning of scourwithout scour). He utilized the dep#iveragedk-£ turbulence model
proposed by Biglari and Sturm (1998) to determine the flow field around an abutment founded
on the floodplain of a compound channel. With such an output, he was able to determine the
maximum velocity, with which he fitted his empirical scour data to obtain the following

functional relationship
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de. _, [VL _1] (5-24)

Sturm found that the experimental data fitted well with the above parameter. This is despite the
fact thatalthough he obtained a second parametgi{Yro) in his dimensional analysis, it is
absent from his final equation. He claimed that the influence of this second is significant. He
did not provide a mathematical equation for the functioidn (5-24) and the data were only

presented graphically. It is reproducedrigure5-4.

The work at the University of Ottawa is presented in three separate papers by Kouchakzadeh and
Townsend (1997h, 1998). It is not dissimilar to those carried out at Georgia Institute of
Technology. However, the duration of their experiments hours $ even shorter than that used

by Sturm and his cavorkers. From another perspective, the data of the University of Ottawa are
more extensive in that four abutment shapes were used. The ratio of the width of the floodplain
and that of the main channdy/B, is 0.93, lower than those used at the Georgia Institute of

Technology.

By conducting a dimensional analysis, Kouchakzadeh and Townsend (1997a) obtained the

following functional relationship:

d Q
ﬁ:w FC’F ’_a’ j 5_25
2 [ SR &

whereQ, = flow intercepted by abutment length and diverted towards main ch&nelflow

related to a specific channel width at the abutment endShrdabutment shape factor. E§- (

25) insufficiently characterizes the flow field at an abutment in a comgbahannel. Somewhat

like Eq. (5-15), it does not capture the parameters needed to account for the effects on scour of

the largerscale features of flow turbulence.
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Comparison of Eq.525) with the functional relationships proposed by Sturm and Jan@g8(1
1994)-- Eqgs. 6-15) and 6-18) -- reveals these relationships to be similar. An exception is the
parameter used to describe the lateral momentum transfer. The former relationshiQ4Qgs a

ratio while the latter a discharge contraction ratlo,As can be seen in the definitions@f and

Qw stated above (which is the exact wording in Kouchakzadeh and Townsend 1997a), they are at
best vague. In fact, it is not at all clear from their paper how these values were measured. For
the sake of clanyt, the definition sketch of, andQ,, is reproduced abkigure5-5. Using this
somewhat ambiguous approach of obtair@Q, and their own fitted shape adjustment factor,

the authors obtained the following empirical equation for calculating the scour depth of a semi

circular abutment on a floodplain:

39
d Wy _
—Se _ 13.5(8-} FUF0% (5-26)

F1 a

It must be pointed out that the shapeuatipent factor used in their study is different from those
listed in Melville and Coleman (2000).

Using the same data set, Kouchakzadeh and Townsend (1997b, 1998) reported in separate papers
that for abutments terminating in the floodplain, the lateramemum transfer, which is
characteristic of severely compounded flow field, could cause an increase of 15 to 30% of the
depth of scour.

5.5 On the Separation of Contraction and Local Scour

The difficulty of separating contraction and local scour is maetidn several articles. Benedict
(2003) and Muelleand Wagne(2005) pointed out this issue in their report of the field studies,
but donot pursuet. From a practical point of view, in terms of field measurements, it is almost

impossible to define cdraction scour by bathymetry measurements.

Laursen and Toch (1956) conducted scour experiments with multiple cylinders in a channel.
Cylinders of a diameter df were evenly placed across the flow for obtaining the appropriate

bridge opening. Figure-6 shows the depth of scour around multiple cylinders. Here in this
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figure, the horizontal axis represeftsavhich related to the ratio of bridge opening. The vertical
axis represents scour depth normalized with water depth. The curves in this figastimated

by the experimental result. Among them, at the bottom in the series of curves, there is a
calculation result shown as long contraction. This curve is based on the following equation,

originally proposed by Straub (1493

d 1
2= 1 (5-27)
y 1-p 7

Here, (1b) is the ratio of the width of the approach secti®n to that of bridge sectiol,. This
curve represents the case where pier width is zero. Accordingly, the data on this curve includes
no local scouaround pier; only contraction scour. Therefore, two bias examples are drawn in

this figure:

1. The case witmo contraction scouas the curve of/b = 1/8 at the top of the curves,

whose scour depth is independent from the contraction scour; and,

2. The caseavith no local scouras already described for EQ-38).

The offset between these two curves represents the scour depth, which is, probably, observed in
actual bridge sites. As shown in these curves, the scour depth is a function whhatt 4.

This evidence indicates that each depth cannot be distinguished as either purely contraction scour
or local scour.As discussed further in Section 5.7, the concept that contraction and local scour

are essentially inseparable has been expanded upon by ClibDg\as (1998, 1999).

5.6 Field Data and Observation

Many field data observations have been measured by, mainly, United Stategica¢&urvey
(USGS). Mueller and Hitchcockl998) measured scour depth during the flood on the several
bridges in Minnesota. Parts of those data are well described in the report of Moeél\&tagner
(2005). Holnbeck (1993)rovides additional useful data and comparisons with design methods
Beredict (2003) intensively surveyed the bathymetry around 146 bridges in South Cafdiena.

objectives of his work were as follow:
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1. Evaluatetechniques for collecting cleavater contraction and abutment scour

datg

2. Compare theoretical estimates of cleaater contraction and abutment scour depth with

observed data
3. Select for further analysis data from field data;smtsl then,

4. Develop envelope curves from observed data.

In pursuit of these objectives, he observed 146 bridges in North Carolina durifigoitheof
1996 to 1999. Two broad types of bed material were encountered: one being cohesive soils, and

the other sandy soils.

The possible failure, and even breaching of bridge embankment, was not taken into account by
Benedict in formulating his predion equation. However, the occurrence of bridge failure with

the embankment breaching is common. For example, during floods in October 1990, 80 bridge
failures were reported. Of these 80 bridge failures, 79 were caused by embankment failure, and

partid or complete breaching.

Benedict compared of field data and predicted value of maximum scour depth. He used the
scour equations recommended in HEE The equations used were those by Laursen (1960)

and Laursen (1963) for liveed and cleawater contaction scour. Froehlich (1989) for Ineed

abutment scour, and HIRE by Richardseinal.( 1 990) . Benedictsd st uc
conventional prediction equations poorly estimate the maximum scour depth, compared with

values measured in the field.

To address the deficiency of the existing prediction equations, Benedict proposed two types of
envelope curves, such as the maximum scour depth biOthgear flood with the function of
length of abutment, and the function of geometric contraction ratilh@snsin the following

equations:
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ds =0.0338 LO 426 (5-28)

de =14.4+ 0.00131L— 42 426L00 7, 440 (5-29)

whereds is the upper limit for the range of anticipated abutrsmoiur depth, in feet, aridis the

100-yearflow embankment length (in feet);
dg =29.62m° -10.182m.” + 5.538m, (5-30)

Whereds is the upper limit for the range of anticipated abutrssaiur depth, in feet, antds is

the 100yearflow geometriecontraction ratio, wheres = B,/Bs.

5.7 ABSCOUR Method

Insofar that contraction scour and local abutment scour are essentially inseparatiatments
asarecommonly constructedhé existing method closest to the hydraulic method presented in
this report is the ABSCOUR method presented har@g) and Davis (1998, 1999T.herefore, it

is useful to devote a full section to their method.edtimates flow deptlat the location of

greatest scour as

_ _ (5-31)

Here,Y; is flow depth in the approaathannelandY,i s f |l ow depth esti mat e
relationships (Laursen 1960, 1963) for contraction sapuandd, are sectioraverage values of
unit discharge through the upstream approach and the contracted section at the bridge,

respectively; an#t, andk; arecoefficients

The ratio of flow velocity at the abutment toe relative to the mean velocity in the contracted

section at the bridge is
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_ (5-32)

If the flow is not contracted through the bridge waternkay, 1.8. Forincreasing contractiork,
diminishes, such that faevere contractioasymptotes td&, = 1.0. The coefficientk; expresses

the influence of what Chang and Davis tespiral flow at the abutment toe, and is set as

— (5-33)

for clearwater scour, and fdive-bed scour as

—_— (5-34)

Chang and Davis suggest tHatbe limited to the range 1.0 to 3.at larger contractionds
approaches 3.2 his coefficient isexpressed in terms of , the section average Froude
number for the approach flow to the bridgeélowever, a indicated in AppendesB (Scale
Effects Associated with Scour Experiments) of the present report, the scour effects-ettdege
turbulence structures (spiraling flows referred to by Chang and Davis) are better described
using the vorticity-similitude parameter (here W = a characteristicwidth of
abutment in the streamwise directioa)her than Froude number, becausesttadederosiveness

of turbulence suctures depends upon their vorticity

The values used in forming Eq.-29) pertain to vertical wall abutments, and are based on
laboratory experiments with abutments modeled as solid structures extending to depth within a
channel (Palaviccini 19955tum 1997. For scour at spHthrough or wingwall abutments,
Chang and Dauvis refer to a recommendation in Richardson and Davis A®¥5 see also
Table 53) that Eq. (530) be modified as

- — (5-39)
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whereks is a factor accounting for abutment shape ( = 0.55 forgplugh abutments, 0.82 for
wing-wall abutments); andt, = 1.08 abutments at 3@kew, 1.15 for 60skew. ABSCOUR

provides a convenient spreadsheet procedure for scour estimation.

Scour depths determined as

(5-36)

where Yy is the flow depth through the bridge waterway prior to scolihe scowdepth
relationships in Egs ¢80) through (836) are further considered in Chapters 7 through 9 when

discussing the results of theesent study.

5.8 Summary: Useful Parameters and Knowledge Limits

Eq. (51) comprehensiveldelineates the numerous parameters influencing abutment bcbur,
it is unwieldy for developng a practicabledesign method. Moreover, some parametges
difficult to assess for many bridge site&.simpler, though approximate, approach is to estimate
scour depth in terms of a sgbt of parametergadily determined: i.e.,

— _ - (5-37)

in whichq; andq, are the section average values of unit discharge in the approach channel and
through the bridge waterway (at the bridge centerline). The experiments carried out for the

present Project worked mainly with these parameters.

Thelimits to the exént of knowledge about abutment scoan be summarized as follow:

1. The manner whereby smlled local scour ancontractionscour actually combiné. The
usual assumption for design purposes (e.g., Richardson and, D89% 2001 and
Melville and Coleman2000) is that depths of local and contraction scour can be added

linearly, at least for abutments in rectangular channels. For abutments in compound
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channels, that assumption is open to debate because the flow field at theralsitmore
complex than for rectangular channelSeveral studies (Laursel®60, Kouchakzadeh

and Townsend 1997aJelville and Coleman 200enalict 2003, infer, but do not
expressly statethe inherent combination of contraction and local scour atnmamnis

The method proposed by Chang and Davis (1998, 1999) directly assumes contraction and

local scours to be insafble

.How the geotechnical failure of the abutn
locationT It is common (e.g., as illustrated Figure 42) for scour developed at an

abutment to cause the embankment slope to become unstable and fail. In many cases, the
abutmentcolumnitself does not fail; rather the embankmentachedmmediately in a

region behind the abutment

. The incomplete tate of knowledge concerning the multiple factors influencing scour
processes at abutmeritsThe literature is unclear as to the influences on scour depth of
embankment length and orientation. Moreover, the literature says little or nothing about
the influence on scour depth of the geotechnical strength of embankment and floodplain

soils;

. The difficulties in characterizing some processes in a practical manner (e.g., convergence

of flow at an abutment;
. Therole oflargescaleturbulencestructuregyeneated by the flow at an abutment
. The absence of laboratory studies or field observations for Scour Condition C; and,

. The lack of data onelocity fields near an abutmeihKnowledge about the velocity field
is needed in order to apply an erosion relationship this regard, lingering basic
guestions concern the flow concentration around abutments, and the generation of large

scale turbulence as flow passes around an abutment.
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Table5-1. Commonly used sources latboratorydata forabutmentscourconditions

Abutment scour
condition

Reference (partially grouped in terms of hydraulicsilab
several studies reflecting a concerted study effort)

A

Nanyang University, Singapore:
Yu and Lim (2002)

HR Wallingford, UK:
Cardoso and Bettess (1999)

B (in a compound
channel)

Georgia Tech University, USA:

Sturm and Janjua (1993, 1994); Sturm and Sadiq (1996); S
and Chrisochigles (1997, 1998a, 1998b); Sturm (1998)

HR Wallingford, UK:
Cardoso and Bettess (1999)

University ofOttawa, Canada:
Kouchakdeh and Townsend (1997a, b, 1998)

B (in a rectangular
channel)

Karaki (1959), Liu et al. (1961), Garde et al. (1961), Laursel
(1960, 1963), Sastry (1962), Dietz (1969), Gill (1970, 1972),
Zaghloul (1983)

Auckland University, NewZealand:
Kwan (1988), Kandasamy (1995)

Nanyang University, Singapore:
Lim (1997)

None
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Table5-2. Relationships for estimation of contractiscour depth

Reference Equation with Standard Format | Notes
|74 k1 k2
Laursen(1963) Y, _ [%j (%] [&j For clearwaterscour
Yl Ql BZm r11
% % -
Laursen(1960) Y, (7 B For live-bed scour
Y Tc B,
Table5-3. Local abutmenscour under cleawater condition
Reference | Equations Notation/Notes
@ = critical
Shields parameter
d oare ol d 0.25] Le 05 where
le (1997) —2=0. QC ; . Foe 4- [50] O{ ] +1|-2
ymo ymo ymo 2
_ U*C
" J(S-Dgdy,
\ F.=V./gY,™
Froehlich® | 4 : o Lsiny e = Vel O _
(1989) 2 =227Ks K, F. %
Y0 0
Sturm and
Janjua d F
4 —3¢ = Fo-0.18
(1993) Y. (0{ M }
Sturm and
Janjua
(1994)* q F
Sturm and Yse = 7-7{ﬁ 0-35}
Sadiq | Fo c
(1996)*
Sturm and
Sadiq
(19%)", %:8_1{_@1 _0_40}
*, y (o] q C
(1998)* f f
Sturm
(1998)" | ds._ q,[\(/m _1j
Fo C
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Fro = approach
Kouchakza Froude number on
deh and d Q 39 floodplain.(Experi
Townsend ﬁzls.{—wj Fe (0% mental data were
(1997) Yeo Q. adjusted for time
and shape factor)
025 ¥
. d 6 7
Gill (1972) | ¢ _ 8.375{_50] 57(2] . 5B
Yo e B,+L
Abutment
Laursen v ) encroaching into
(1963) dy ~189L =™ the main channel
Liu et al.
wo61) | Is- 1.{£]F,°-22
YO Y0
Note:
*3Addi ti onal explanations for Froehlich©os
Factor Symbol | Method of Estimation
Verticalkwall abutment 1.00
Verticalkwall abutment
Shape Ks with wing walls 0.82
Spill-through abutment 0.55
Alignment | K K :(yjm
! 90

*4, All these empirical equations were fitted to data obtained hmitited time duration, and
therefore, equilibrium conditions were unlikely reached
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Table 54. K factor in Egs. (8L1), (512), (513), and (514)

Factor Symbol | Method of Estimation

K, =2L LY, <1
Depthsize| Ky |k =2L™ 1<L/Y, <25

K, =10, L/Y, > 25

K :V_(\/a_vc) V_(Va_vc)<l
Flow K ! Vv Vv
intensity ! ¢ v ¢ v

K, =1.0 VoWVaVe) g

Ky = 0.57|09(2.24L] L <25
Sediment K ds, ds,
size d L

K, =10 —>25

50

Verticalwall 1.00
Shape Wing-walll 0.75
(shorter | Ks Spill-through- 0.5:1.0 (H:V) 0.60
abutment) Spill-through- 1.0:1.0 (H:V) 0.50

Spill-through- 1.5:1.0 (H:V) 0.45
Adjusted Ks=Ks L/¥, <10
shape (for K o . L
longer S Ks=Ks+0.667 1-K | 0.1 1LY, < 2
abutment) Yo

K;=1.0 L/Y, > 25
Alignment < £ 30° 45° 60° | 90° | 120° | 135° | 150°
(longer) / Ks |0.90 |0.95 |0.98|1.0 |1.05 |[1.07 |1.08

Ke=1.0 Scour condition B
Channel K N
geometry G Scour condition A when

L/B:l 1
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Table 54. Continued

K =K, L/Y, >3
Adjusted . L
alignment | K * K,=K, +1-K | 15-0.5~ kLY, < ¢
(shorter) Yo

K, =1.0 LY, <1
Time Kt K: = 1.0 (time factor relation not presently defined yet)

Source:Melville, B.W. and Coleman, S.E. (2000Bridge ScourWaterResources Publications

Table 55. Summary of data ranges produced from prior flume experimengdur
ConditionsA, andB

Scour H Y Y, d Time | No. of
Reference | Condi-|B,, (m)| B (m) |B¢/B p fo mo L(m) | Type| ’
' tionl m (M)} By (m) | BB mm)| (mm) | mm) | ¢ (m) | Typ (mm) % | (hrs) | Tests
Sturm & Janjua 0.300] 2.49 8.3 51 261 0.58 29
2 210 76 286 90° | 1.14 | VW 3.3 | 1.20] 10~12
(1993,1994) 0.200] 2.59 13 102 312 155 8
Sturm & Sadiq 172.4~3 0.152
(1996); Sturm & 2 0.270] 0.93 3.4 | 152.4] 20~59 11' a 90° | 0.305| VW 3.3 | 1.20| 12~16 31
Chrisochoides ) 0.457
Sturm and 0.80 ST
Chrisochoides | 5 | g550| 366 | 6.7 | 150 | NA | NA | 210 2801 ona 33 1 1 30| 24-36] NA
(1997, 1998a, 2.40 V) 2.7
1998b); Sturm 3.22 1.2
Yu & Lim (2002) 1 0.600 1.00 1.67 | 0.15 NA NA 90° 1 VW | 0.93 ] 1.17 Zl;fli_ NA
38 142 63° 0.09 |ww=*]| 0.7 | 1.16] 5** 12
Kouchakzadeh &
2 0.406| 0.381 | 0.94| 104 | 28,5 | 132.5|(1H:2[ 0.15 | vw
T d (1997 0.5 | 1.13| 5* 12
ownsend ( ~42 | ~146 | v) [[021 | sT*
Cardoso & Betteq 111 . [0.147~(Q
(1999) 1&2 ] 1640 0.80 0.49| 0.08 | 31~88 168 45 80 VW | 0.835( 1.26|56~142| 14
Note:

* The side slope of the wing-wall and the spill-through abutments is 1H:1.175V.
** Scour depth was artificially adjusted to equilibrium.
NA: Not available
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Figure 52. Definition sketcHor a long contraction for lived scour experimenf(saursen
1960)
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Figure 53. Definition sketch for long contraction for the cleaater scour experimefitaursen
1963)

Figure5-4. Fi el d o6 s

graphical adaptation
M = (Bn + 2By)/B, (Field 1971)

5-32

10.0

of

f

ume

da



tl'u” ¥

§) 035 1.0 1.5 2.0
Ve V)= 1

MAX

Figure5-5. Equilibrium scour depthScour ConditiorA) as a function ofocal flow variables
(figure taken without data from Sturb®98)
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Figure5-6. Surface flow pattern in floodplain; figure illustrates the definitioQeandQ,,
(Kouchakzadeh and Townsend 1997a). The flow pattern corresponds to presence of a scour
hole, not depicted in the figure.
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CHAPTER 6
EXPERIMENTS

6.1 Introduction

This chapter describes the program of laboratory experiments, laboratory facilities, model
layouts, model bednaterials, instrumentation, procedures, and test matrices of variables,
associated with the laboratory experiments completed for the Project. The experiments were
performed in two flumes located at IIHRHydroscience & Engineering (IIHR), the University

of lowa.

Also described here is the program of numerical experiments conducted with a numerical model
of depthaveraged flow around abutments. These experiments were aimed at obtaining insight
into abutment flow fields, and especially to address the iitapbfundamental question as to

how the flow distribution parametegax/dz (i.e., m) varied with the abutment length parameter,
L/B:.

6.2 Program of Laboratory Experiments
The Projectds pr ogr amroogsof@bomery expegnmsh s ent ai | ed

1. Scour at an abutment located in a compound channel (Scour Conditions A and.B)
The major part of the Projectds experiment
straight channel comprising a main channel and a floodplain. The findings of these

experiments are reported in Chapters 7 and 8;

2. Scour at an abutment set back on therodible floodplain of a compound channel, or
located in a rectangular channel, subject to cleawater scour (Scour Condition B).
A substanti al p a rntentsddcusdd lorescoRrraibaj siegitetalbutmens setp e r |
well back on the floodplain of a compound channel, and subject tovetear flow (i.e.,
no approactlow transport of bed sediment), or in a rectangular channel subject te clear

water flow. The findings athese experiments are reported in Chapter 9;
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3. Scour at an exposed abutment column (Scour Condition C)Field experience shows
t hat scour devel opment commonly resul ts
embankment, often causing the embankment to lkached and fully exposing the
abutment columrfounded in an erodible floodplain Accordingly, it is of interest to
ascertain the scour depths at exposed standard designs of the abutment column. Chapter

10 reports the findings of these experiments;

4. Scour at an abutment with an adjacent pier(Scour Conditions A and B with a pier
in close proximity). Because a pier often is located comparatively close to an abutment,
it was necessary to complete a series of experiments aimed at determining how pier
proximity affects abutment scour location and depth. Also, of interest was the influence
of abutment proximity on scour depth at an adjacent pier. Chapter 11 reports the
findings; and,

5. Uncertainties associated with lengtkscale effects in scour experimenis Beause
existing scowprediction methods (based almost entirely on flume experiments) tend to
overestimate scour depths, a brief series of experiments were conducted to examine the
effects of length scale on the relative magnitude of scour depths obtanethboratory

flume experiments. Append® presents an extensive discussion of the findings.

The &periments investigating Scour Conditions A andwBre conducted using a flume
replicating a channel of fixed overall width. Of focal interest afastmat scour development

subject to variations of the following parameters identified in Eq.) {5

B L
L, K, e 3 ,and—=
B, '0.5B " *'u, Y

The first two parameters express relative lengths of abutment embankment, floodplain, and
overall channel width, as defined in Frgu22. The third parameter characterizes abutment
shape, the fourth differentiates the relative erodibility of main channel and floodplain, and the

fifth defines abutment alignment relative to approach flow. The relative distance from abutment
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toeto anadjacent pier is expressed by the sixth parameter. Approach flow depths in the main

channel and on the floodplain were held constant for the experiments.

The findings from the program of experiments are analyzed so as to produce the design guide

introduced in Chapter 12.

6.3 Abutments on Floodplains of Variable Resistance to Erosion

Series of experiments were conducted with simulatedtspdugh and wingvall abutments at

the end of an embankment located in compound channel whose floodplain hadevariab
resistance to erosion: floodplains substantially resistant to significant erosion (e.g., a vegetated
floodplain formed of acohesive so)l and floodplainsequally prone to erosion as the main
channels (e.g., umegetated floodplains formed of the saalkeivium as bounds the bed of the

main channel).

As part of the overall effort to determine how abutment scour develops, and to obtain laboratory

data on scour depths, the experiments had the following specific objectives:

1. For the two principal abutmefdrms (spilkthrough and wingvall), determine how an

abut ment 6s embankment | ength influences sc

and erosion resistivity; and,

2. Determine how scour depth and location are affected by the erodible conditroastof

channel bed and floodplain.

6.3.1 Model Channel

The experiments wernducted using a model channel fitted in a sedirmesitculating flume,
21.3m long, 4.0m wide, and 1.0m deep. The flume, shown in Figure-6, was designed and

built specifically for the Project, and accommodated the half width of a compound channel; i.e.,
t he f | ume 6BswheréBdstthie entire Width5of the compound channel. Figugei§ a
crosssectional view of the half channel. The width of the floodplaas adjustable, and the

floodplain surface could be fixed or erodible. The main channel had a bed of uniform medium
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sand. As the slope of the flume itself was fixed at zero, the hydraulic gradient of the flow was
controlled by the difference in wateurface elevations between the head box and the tail box;
given the flumeds relatively short | ength <cor
elevation did not adversely affect the flow field locally around the abutment. One wall of the

flume was fitted with glass walls at the model abutment section to aid viewing of the flow and

Scourprocess visualizations, as indicated by SectieA i Figure 61.

The variable erodible natures of floodplain and embankment at bridge sites were simulated by
means of tests with the model channel configured in the following arrangements that bracket the

variable erodibility of floodplain and embankment:

1. Fixed floodplain and the embankment, both taken to be practically resistant to erosion,
whereas the mainhanrel bed was erodible This arrangement was used only when

studying Scour Condition A

2. Erodible floodplain and main channel bed (the two being formed of the same
noncohesive sediment and equally erodible), with the embankment being erodible but

armored withriprap stone; and,

3. Erodible floodplain and mainhannel bed, with the embankment unarmored. The

abutment was formed of the same noncohesive sediment as thehaanel bed.

These states of floodplain and embankment erodibility led to the three promaditions of

abutment scour explained in Chapter 4.

The main channel bed was formed from medium, undsized sand whose size frequency
curve is shown in Figure-8. The median diameteds,, was 0.5 mm and the geometric

standard deviationly, was 14. The specific gravity of the sand was 2.65.

The channel 6s floodplain was formed from plyw
the mainchannel bed. For the experiments simulating abutments on an erodible floodplain, the
model abutments weigaced in a recess area containing the same sand. The experiments were

conducted for three different floodplain | enc

<
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B,/(0.5B) = 0.23, 0.43, and 0.63. The commensurate half width efntlxirchannel bed
relative to hachannel widthBg/(0.5B) = 0.70, 0.50, and 0.30; as indicated in Figu 6

To prevent excessive bed scouring at the entrance of the main channel, and to reduce non
uniformity in velocity distributions immediately dowtneam from the head box, concrete baffle
blocks were installed. Furthermore, a perforated plate, wHbes€ent opening, was installed at

the outlet of the head box to control flow velocity over the floodplain. A-amalerror
procedure was employed produce the required velocity distributions for the floodplain and the
main channel. A sand trap was placed at the upstream end of the floodplain and the downstream

end of the flume to avoid excessive sediment accumulation on the simulated floodplain.

6.3.2 Model Abutments

Abutments usually comprise a concrete support wall founded on a pile cap supported by piles or
on a spread footing, and adjoin an earthfill approach embankment. Pile supports are more
common than are footing supports, unless the abutment is foundedydmeatock. Spilt
through abut ments ar estfuobr mebdu tammeonutn,do aw hfi sctha ncdoe
stub supported by a pile cap on two rows of circular piles. The elevation of the pile cap and the
detailed arrangement of piles may vary frondgé site to bridge site. At some sites, the pile cap

is located at, or near, the top elevation of the floodplain, whereas at other sites the piles extend
upward through the embankment earthfill. In this latter case, the piles directly support a cross
bean, which in turn supports the beams of the bridge dddie model spilthrough abutments

were constructed around the same standaurdl abutment structure, shown in Figuré, Gvhich

shows the design and dimensions of a stanstol abutment commonly ed by the lllinois,

lowa, and New York Departments of Transportation (DOTSs).

Wing-wall abutments usually have similar foundation layouts as the stastldrdabutments,
except that they include wingalls extending from the central stub. The embankmeoingtry
for the tests with the wingall abutments is shown in Figure56 the design and dimensions

shown therein are those commonly used by the lllinois, lowa, and New York DOTSs.
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The following prototype considerations anémensions were used in selectithe model layout,

length scale, and dimensions for both types of abutments

e A road wdth of 40ft (12.0m (, in accordance with standard prototype fae roads.
The road width include24ft (7.22m) plus 8ft (2.7m) -wide shoulders, a total width of 40
ft (12.0m)

e Pile spacing 06.6ft to 9.8ft m to 3n);
o Pile diameter olft (0.3m);

e The base of the pile cap submerged approxima&dit (1.0m) below the original level
of the floodplain bed;

e A 2-horizontal:Zvertical (2H:1V) constructed side slope dfetearthfill embankment

connected to the abutment; and,
e A 2H:1V slope of the bank between the floodplain and the main channel
Considerations of the flumeds size |l ed to sel
1:30 for the experimentsA view of the model standaistub abutment is given in Figure66

while Figure 67 gives the corresponding view of the model wivagl abutment.

The model wingwall abutments had the following additional features:

They extended from a center body of strease width identical to the stub abutment;

They were set at an angle45 degres;

Theymet the bottom end of the spiirough abutment slope; and,

A subset of tests was done with a wingll abutment supported by shedes.

Figures 68 and 69 show model layouts of the spgilirough abutment and the wiugall
abutment forBy/(0.5B) = 0.43 andBg/(0.5B) = 0.50. Here, L/ B, = 1.00 for a spilthrough

abutment, and_/ B, = 1.18 for a wingwall abutment.
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The riprap armor layer placed on the model abutment comprised-ealggt, irregularhshaped
stone having an equivalent median diameter of 6.6 mm and a specific gravity of 2.65. The stone
was placed as a single layereovhe fultllength of each model embankment.

The model test section was prepared in three different states fortaspiljh abutment and a

wing-wall abutment as follows:

1. Fixed embankmentand fixed floodplain -- the floodplainand the embankmentere
fixed, thereby, assuming the embankment and the floodplain to be far less erodible than

the bed sediment in the main chanmeal shown in Figures Bab;

2. Riprap-protected embankment and erodible floodplain -- the floodplain and the
embankmentvereerodible but the embankment was prottwith a layer of riprapas
shown in Figures-@lab. The experiment with a rectangular channel was also included
in this state, as shown in FiguresBab. Also two types of wingvall abutment were

employed; and,
3. Erodible embankment-- the floodplain and the embankmemére botherodible and

unprotectedas shown in Figures B3ab.

6.3.3 Flow Conditions
The flow conditions for the experiments were selected so that-bdnvdélow condition prevailed
in the mainchannel and a cleavater flow condition occurred on the floodplain. The main

variable adjusted during the experiments was floodplain width, and therebycnaainel width.

Approach flow depths were kept constant throughout the experiments. The apjroadepth
was 0.30 m in the main channel, and 0.15 m on the floodplain, as depicted in Fi§uznes 6
9. This relative magnitude of floodplain flow depth to mevannel flow depth enabled the
experiments to replicate a suitably broad range of ext@hereby an abutment contracts flow
through a bridge waterway. For each experiment, the-ptannel bed was kept in a duned



mod e . The flow depth in the main chabaldlel was

elevation.

Accuratesimulation of a flow by means of a hydraulic model required that certain dimensionless
parameters describing the geometric and dynamic properties of the flow assume equal values in
the model and at full scale. This requirement usually is not fully adhiderause of natural
limitations in fluid properties and the smaller size of 4vohesive sediment. Consequently,
judicious compromises need to be made in order that the dominant processes are replicated in the
model. As described in Section 5.3, thaeibaimilitude requirements for modeling freerface

flow and sedimentransport processes in an alluvial channel lead to the following similitude

criteria:

1. Dynamic similitude is based on the flow intensity paramettes. ; and,

2. Undistorted geometricimilitude based on length scale governed by flume size and

abutment width.

Appendces B elaborate how this common pair of criteria results in an usckng of the
vorticity associated with turbulence structures generated by flow passing around a model

structure (abutment or pier) in a sand bed.

6.4 Scour at Abutments with an Adjacent Pier

Selected experiments with the single abutment were repeated with a pier located near the
abutment. These experiments had the following specific objectives:

1. Determire how the distance between pier and abutment influences scour depth at the

abutment and at the pier, for a range of floodplain widths and abutment shapes; and,

2. Determine how scour depth and location are affected by the erodible conditions-of main

channel led and floodplain.
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These experiments were conducted using the same model channel and abutments, as well as flow

conditions, described in Section 6.2.

6.4.1 Model Pier

The pier simulated a standard pier design used by the lowa DOT. The pier, as skoyunen

6-14, which gives the main features and dimensions of the pier, had awadllidolumn

extending to the bridge deck. This common pier geometry was chosen because it would
markedly affect the flow field and thereby scour more than would a pierrtngpone, or two,
circular col umns. Note that the top of the p

main-channel bed.

With the pier positioned relative to the abutment in the manner shown in Figlbe tbe
experiments entailed varying the distance between the pier and the abumémnt,selected

abutment lengthl., on a floodplain length relative to half width of dmel, B,/(0.5B). Two

states of abutment and floodplain resistance to erosion were used: fixed floodplain and abutment;
and, erodible floodplain with ripraprotected embankment. Figuresl&ab depicts the two
states of model floodplawith a spiltthrough abutment and an adjacent pi&n additional test

was conducted for which the embankment was not protected with riprap.

The duration of the experiments was selected so as to ensure that an equilibrium bed condition
was attained. Basd on scour 6s tempor al progress, as me
through the observation windows, the time to reach the equilibrium condition was determined for

each test condition. The time was longer than 24 hours for abutments on the feredible

floodplains, but not much longer than about 4 hours for the unprotected embankments on

erodible floodplains.
Table 61 summarizes the ranges of variables for the experiments conducted in the present study.

Recall thatonly one side othe compound channelvas simulated in the study. It was assumed

that the entire flow is a mirror image of the half width flume.
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6.5 Scour at Exposed Abutment Columns

This brief series of experiments examined scour depths at standard stub amnhilvadgutment
columns fully exposed following erosion and breaching of an earthfill embankment. Scour at an
exposed abutment is similar to scour at a pier subject to local scour. Because no prior study has
investigated scour at an exposed abutment, the present exmsrimeestigated the following

influences on scour depth at exposed standtard and wingvall abutments:

1. Flow intensity,u-/u«; and,

2. Abutmentcolumn alignmentb.

Two laboratory flumes were used for these experiments, so that they could be conaucted i

parallel with the experiments focused on abutment scour.

6.5.1 Model Channel

| I HR 06 gecifcdlabng flume, 2t long, 3.3m wide, and 2.3m deep, was used as the model
channel for these experiments. The layout and principal dimensions of the flume and the
experiment setip in it are shown in Figure-67. A view of the model in the flume is given by
Figure 618. The flume was fitted with an elevated fixeed approach section upstream ofa 1

m deep, 4.8n long, sanébed test section, a sediment trap downstream, and a tailgate to control
watersurface elevations. The flow depth was set at 0.53 m. The approacivdbwealibrated

using roughness elements so that apprdiaeh velocity profile conformed to that for a fully

developed turbulent flow.

6.5.2 Model Abutment Structures

The abutment structures were the same as depicted in Figdreen® 65, except that #h
column portion was lengthened to accommodate the greater flow depthm(DiB3he present
flume. Figure 619 shows the experiment layout used for the wiadl column. Essentially the
same layout arrangement was used for the stargfabdcolumn. Té alignment of each column

relative to the flow direction was varied from 0 td.90
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6.6 ScaleEffect Experiments

Scour of a sediment bed around a bridge abutment involves a complex flow field marked by
largescale turbulence structures generated by flow around an abutment; notable structures
include rollers and wake vortices. It is important to take into accountsithditude
considerations in the scaling of the frequency and vorticity of dacgée turbulence structures,
notably the wake vortices, generated by the simplest of structures, a vertical circular cylinder. A
consequence of inadequate scaling of lemgge turbulence is that flume experiments with
modelscale abutments may produce larger values of equilibrium scour depth relative to
abutment length or flow depth than are found at protesype abutments. This concern is
explained by Ettema and Must2004), who studied scale effects on flow around laboratory

models of spudikes and wingdams; they used flat plates to simulate these structures.

To investigate the possible influence of vorticity similitude on scour depths obtained for the
present exp@ments, a brief series of experiments was conducted using a set of circular
cylinders, and the flume described in Section 6.4. The experiments entailed a simple scour case:
clearwater scour at a uniforrdiameter cylinder set in a planar bed of unifoediment. These

tests should reveal the same fundamental scale effect as exists for scour at structures of more

complex geometry. The results of the experiments are reported in AppsBdi

The relaxation of some parameters in the scour experimentstiptlye causes the scour
equations to be inaccurately scaled from laboratory to the field dimensions. Based on a simple
similitude analysis of the scour problem (Chapter 5 and Appead), two parameters
generally overlooked in the past studies havargrortant effect on the equilibrium scour depth.

The parameters are Reynolds numlider and Froude numbdike dimensionless parameters.
Based on this hypothesis, in a simple experimental setup, series of cylinder put in the same flow
condition, the neeffect of two parameters on the equilibrium scour depth was shown. Further
experiments showed that the frequency of vortex shedding and the vorticity field behind the
cylinders has an important role in the turbulent scour process. Frequency of thesheddxg

was obtained from power spectrum plots of ADV velocity recordings in the wake, and vorticity
field plots were obtained from large scale PIV application on the surface of the wake. Flow
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visualization further showed the importance of the vortexctires in the scour process, which

are caused by the vorticity flux fed by the turbulent boundary layer separation from the cylinders.

6.7 Instrumentation

Various instrumentation devices were used to measure flow velocities and patterns, as well as

chamel bathymetry and scour depth details during the experiments.

Watersurface elevations along the flume were measured using a series of piezometer taps
spaced at 1/ intervals along the simulated floodplain. A vernier scale, with a resolution 0.3

mm, was used to determine water levels.

An Acoustic Doppler Velocimeter (ADV) was used to measure flow velocities and déftiss.
instrument is capable of measuring velocities ranging from 1 mm/s to 2.5vith'sa sampling
rate and error up tol2z and 1%yespectively.

LargeScale Particle Image Velocimeter (LSPIV) was used to obtaindimensional flow
patterns and velocities at the water surface around each model abutment. LSPIV is a non
intrusive technique using digital recordings of tragarticle dsplacement. The software
developed at IIHR enables the velocity field to be obtained from the displacements divided by
the time difference of each video imag&dditionally, the software facilitates adjustment of the
obligueangle video images taken Wita digital video camera located above the flunithe
cameraused for this study had a resolution 6#0x480 pixels. LSPIV images were taken at
night, when the laboratory housing the flume could be darkened, and suitable lighting could be
focused on thdlow field around a test abutment. Figur@® shows the overall arrangement

used for obtaining the LSPIV images.

To determinehow the flow-field evolvedas scour developed, measurements of flow velocity and
flow patterns were made at thee-scourand theequilibrium condition LSPIV measurements
were made with the boundary conditions of the fixed embankment and floodplain and the riprap

protected embankment.
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Bathymetry datat the scour region were taken after water was drained from the fllihese
datawere obtained .2 m by 02 m grids in the far field, and in finer grid3,1 m by 0.1m,
around the model abutment, as depicted in Fige2&.6The data were obtained using a point
gauge whose measurement accuracy Was.

6.8 NumericalSimulation Experiments

The laboratory tests described earlier in this chapter showed that magnitude and location of
deepest scour, and flow depth, for Scour Conditions A and B correlate with the magnitude and
location ofguax for each scour condition. Testimate the magnitude and locationggfx, and

to relateguax to the average unit discharge through the bridge watemyayequire knowledge

of the flow field through the bridge waterway. Although the laboratory tests produced values for
Ouax andgwax/ce, the number of values obtained was quite limited, and the validity of the values

required further evaluations.

A series of numericadimulation experiments, employing adi&nensional depthaveraged,

model, FESWMS2D, was used to provide further information regarding the flow field approach

to, and around, the abutment and embankment configurations that were tested in the laboratory
experiments. This information significantly aided understanding of the flow fieldtiagciby,
diagnosis of scour processes at the test abutments. Commensurately, this information confirmed
the flume trends obtained for the variationggfx/qe with variations in abutmergmbankment

length and floodplain extent.

The extensive workcompleted with FESWM2D is fully documented in by Morales and
Ettema (2010), a companion report to the present repodepthaveraged numerical model of
flow in open channels, FESWM&D, was configured to simulate the flow field around
abutments in sitations subject to Scour Conditions A andBhe following considerations were

of particular interest

1. The influence of abutment length and channel geometry (compound and rectangular) on

flow field and scour;
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2. How abutment length affects the flow distrtimn at a bridge waterway (distributions and
information on unit discharge, depdiveraged velocity, vorticity and bed shear stress),
information needed for design consideraticarg],

3. The sources of uncertainty associated with the use of common nunmmeddals like
FESWMS. This effort will guide modelers in the selection of an optimum mesh size to

adequately and accurately simulate flows using this computational tool.

6.8.1 FESWMS2D

FESWMS2D is a computer program developed for the Federal Highway @idtration to
model flows at bridge waterways, where complex hydraulic conditions limit the applicability of
the traditional onaimensional analysis. The program is capable of simulatingltmensional,
depthaveraged, steady and unsteady-Bedace vater flows in channels containing abutments.

6.8.2 Model Development
The process of developing a numerical model using FESVZDI®r the present Project can be

summarized as the following set of tasks:

1. Definition of geometry and boundary conditions;
2. Sel ecti on o f-redd@mnce dogifigignts anfl éddywiscosity,; and,

3. Selection of mesh type and size, and estimation of grid uncertainty.

The area of interest for flow around the test abutments-is g and 4n wide. However, the
numerical model was set for longer dimensions. Froehlich (2002) recommends extending the
boundaries further away from the areas where accurate solution is needed. fAgwsRobvs

the typical extent of the numerical model and griddusesimulate the flume experiments. The
location and dimensions of the abutment, as well as bed elevations, were established in
accordance with actual values recorded in each experiment. The boundary conditions are in

accordance with the experimentattses.
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A key concern in modeling is selection of roughness and-edgsity variables. The ensuing
discussion is intended to illustrate something of the concern. Hobbs (2005) performed a
sensitivity analysis of F E S W&l Soefficient,nh and exddya r d t ¢

viscosity, ¥,. Hobbs found that the FESWMS model is very sensitive to changes in these

parameters, andandV, s houl d be estimated accurately. M
coefficients are well established in the literature, e.g. Chow, 1959, Rice et al. 1998, and tested
successfully in field and laboratory applications. Valuesnaénd Vv, in this study were

determined using the ADV velocity measurersen the flume experiments.

Structured and unstructured meshes were used in preliminary runs before selecting the final grid
design to be used in the simulations. Structured grids lead to a regular matrix of equations which
can be solved faster thdhose obtained for unstructured grids. However, Ferziger and Peric
(2002) state that unstructured grids are best adapted todlaiteent methods because of their
flexibility to fit any shape and because there is no limit in the number of neighbor &eonen
nodes. Preliminary tests for the present Project showed that unstructured meshes vyielded the
optimum running times with adequate level of accuracy. Accordingly, unstructured meshes were
selected for use. FigureZ2 illustrates a typical mesh use&igure 623 is a detailed view of

the mesh used for one abutment layout.
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Table 61. Range of parameters in flume experiments; X indicates test conducted

Spill-through Abutments

Erodible
_ Erodible
U U _ Floodplain, _
) Fixed ) Floodplain,
Bi/0.5B | L/B; | Main-Channel . Riprap
Floodplain Unprotected
Bed Protected
Embankment
Embankment
0.69 0.90 - X -
0.60 0.90 - X -
0.51 0.90 - X -
1.00
0.34 0.90 - X -
0.24 0.90 - X -
0.18 0.90 - X -
1.20 1.20 X - -
1.10 1.20 X - -
1.00 1.20 X X -
0.63 | 0.75 1.20 X X -
0.63 1.20 X - -
0.50 1.20 X X -
0.35 1.20 X X -
1.38 1.20 - - X
1.00 1.20 X X X
0.43 0.75 1.20 X X X
0.63 1.20 X X -
0.50 1.20 X X X
2.13 1.20 X - -
0.23 | 1.49 1.20 X - -
1.00 1.20 X X -
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0.75 1.20 X X -
0.63 1.20 X X -
0.50 1.20 X - -
0.40 1.20 - X -
0.30 1.20 - X -
Table 61 continued
Wing-wall Abutments
Erodible _
U /U . Erodible
. . Floodplain, .
Main- Fixed . Floodplain,
B+/0.5B L/Bs _ Riprap
Channel Floodplain Unprotected
Protected
Bed Embankment
Embankment
0.67 0.90 - X -
0.59 0.90 - X -
1.00
0.42 0.90 - X -
0.14 0.90 - X -
X X -
0.63 1.12 1.20
X X -
1.18 1.20 X X X
0.43 1.18 1.30 - X -
1.18 1.40 - X -
0.23 1.33 1.20 X X -
By/0.5B= 0, with
1.20 X X
BB = 0.95
Note:

e When B/0.5B = 0, only the floodplain slope (2:1) extends into the main channel,
exposing full wingwall to the flow

e WhenB/0.5BO 1. 0, and mai nu/ug b A20nfleodplain floov atk/tsce t  a't
=0.90
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WhenB;/0.5B= 0.63, and main channel flow setuatu-. = 1.30, floodplain flow atk/us
=1.00

WhenBy/0.5B= 0.63, and main channel flow setuatu-. = 1.40, floodplain flow atk/ux
=1.05

Several runs were repeated, to assess repeatability
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Figure 62. Cross section showing layout of experimental set up in the lab flume. Indicated are
abutment and embankment length, floodplain width, and channel half width
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abutments. The modstale dimensions are 1/30f these dimensions
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(@) (b)

Figure 610. Photos showing initial set up for experiments with fixed embankment over
floodplain: (a) spiithrough abutment, and (b) wingall abutmeni dark lines are drawn to
indicate the sloping bank.

Figure 611. Photos showing initial set up for experiments with a rigyeqiected embankment
over floodplain in the compound channel: (a) sghitough abutment, and (b) wirvgall
abutmeni dark lines are drawn to indicate the slopapk.
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(@) (b)

Figure 612. Photos showing initial set up for experiments with a rigsegtected embankment
in the rectangular channel: (a) sgiirough abutment, and (b) wingall abutment

Figure 613. Photos showing initial set up for experiments with an unprotected embankment on
an erodible floodplain: (a) spithrough abutment, and (b) wingall abutmeni dark lines are
drawn to indicate the sloping bank.
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Figure 615. Model layout of pier adjacent to abutment
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(a) (b)

Figure 616. Initial set up for spithrough abutments with an adjacent pierfi¢ggd abutment
and floodplain, and (b) erodible embankment and floodplain
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Figure 618. View of model of exposeding-wall column in the flume shown in Figureld
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Figure 619. Plan layout of standasdub column in the flume
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Figure 620. Photo showing the experimental flume and LSPIV set up
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Figure 621. Grids for flow velocity and bathymetnyeasurements around the model abutment
in the flume
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Figure 622. Schematic showing the mesh selected for the numerical model. Note that the
abutment length and floodplain width were varied in the numerical tests, and a series of tests also
wasdone for spilthrough and verticalvall abutments in equivalent rectangular channels
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CHAPTER 7

LABORATORY RESULTS F OR SCOUR CONDITION A AT
SPILL-THROUGH ABUTMENTS

7.1Introduction

This chaptepresents the results tife flume experiments associatednasicour Condition Aor
spill-through abutments in compound channels. For Condition A, scour occurs only in the main
channel bed when the channel ds fl oodplain i
extends from the main channel into the floodplain whenldwelplain is as erodible as the main
channel bed. This latter situation merges Scour Conditions A and B; where Condition B is scour
limited to a single channel. Figurel7illustrates how Scour Condition A potentially may
adversely affect the geotechricatability of the mairc hann el bank and
embankment. It also illustrates the principal scour variables discussed in this chapter. They
include maximum flow depth at the location of maximum scoax, and an estimated
hypothetical, longcontraction scour depthc. Also measured was the locationYafax, relative

to the abutmentds centerline axis.

The results were obtained for fixed sqfiifough abutments on fixed floodplains; and, for riprap
protected, pilesupported abutments with erodiblsand) embankments built on erodible (sand)
floodplains The abutment columns for these model layouts are illustrated in Figdresi@ 6

5. The results obtained with the model layout comprising an unprotected (no riprap) abutment
on an erodible flogolain are presented in Chapter 10, which discusses scour at exposed
abutment columns. Chapter 11 presents further data for Scour Condition A for the layout

situation when a pier is located adjacent to a-$pitugh abutment.

7.2Scour-Depth Trends

The scour experiments led to definite trends for maximum scour depth, discussed in terms of an
overall maximum flow depthYuax, normalized with longcontraction scour depthyc, and

plotted versus unitlischarge ratiogy/q;, for the fixed and erodible states of floodplain. The
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parameteig,/q; usefully expresses the flewontraction aspects implied by the combination of
parameterd./B;, B/0.5B andYy/B:;. The values olfc weree st i mat ed using Laur

long-contracton relation, herein given as Eq-8}. Table 71 summarizes thecourdepth data.

7.2.1 Abutment on Fixed Floodplain

Figure 72 shows the trendebtained forYyax versusqy/g: with the simulated spithrough
abutments on fixed floodplains. Also pldtin this figure are the values 4. The trend is
usefully replotted as Figure -3 in terms of the depthamplification factor,

a,=Yyu ! Ye=C,nt'7, expressed in Eq. {24), versusg./q;, for the fixed floodplain and

embankmenstate. Observations regarding the scour processes underlying the trend in Figure 7
3 are discussed in Sections 7.3 and 7.4, where the resulting scour forms and flow fields

associated with the trend also are illustrated and explained.

Figure 73 provides the filowing insights into the scotatepth trend:

1. The overall trend shown by the data in Figur@ delineates the conceptual relationship
presented in Figre 4-5, though there is a consistent slight shift with value8if.5B
(floodplain width divided by hawidth of whole channel including the main channel and
the floodplain)

2. At small values ofy,/q; (and small flow contraction)Yuax/Yc > 1. This portion of the
trend is attributabléo the local change in befdrm height in the contraction, combined
with the erosie influence of turbulence structures generated as flow passes around the
abutment and over the edge of the mahannel bank. The bedorms were
predominantly dunes. Tablelralso summarizes, for varyimg/qi, the major amplitude

measureddr the one or two dunes near the abutment;

3. Eventually as the bridge waterway becomes more contractedp/gndurther increases,

the valuesruax/Yc attain a peak of around 1t&1.7 wheng/q; ~ 1.2~1.3,;



4. When extrapolated tq,/q; ~ 1 for the limiting condition of a finitelength abutment in a
very wide channelthe peak value obtained for thigax/Yc data aligns with the estimate
1.81Crp given by Eq. (432), especially if the turbulence coefficie@a is not much
larger than 1;

5. For the higher valuesf q./01, Yuax/Yc reduces asymptotically towards approximately
1.1. This portion of the trend reflects the dominance of scour caused primarily by flow

contraction, with some influence of turbulence; and,

6. The paramete3/0.5B exerts a small, but discexble, influenceon Yyax/Yc, especially
in therange ofmaximum values o¥uax/Yc. The maximum value ofyax/Yc is slightly
larger for the smaller value &/0.5B This influence is attributable to the fact that, in
absolute lengths, the abutment is elot the main channel, thereby causing floodplain
flow to enter the main channel more readily, and more of the turbulence generated by the
abutment to be diffused into the main channel.

The flow-depth values associated with leogntraction scour,Yc, were calculated using
Laursenos (1960) formul ati on, and therefore
approximations inherent in estimating the relationship between flow depth and unit discharge for
loosebed channels. One consideration introducinmgestmaccuracy is that the dimensions of the

dunes in the contracted portion of the flow around the abutment vanipthag a r i e d . Laur :
formulation (leading to Eq4-13)forYc) assumes t hat Manningmhs fl ov
remains constanbetween the approach channel and through the waterway. However, the
dimensions of the dunes on the malrannel bed increased where flow contracted around the

abutment, as evident in Tablel?

7.2.2 PileSupported Abutment on Erodible Floodplain

The manner of scour development, and equilibrium scour bathymetry, altered somewhat when

the floodplain comprised the same erodible sediment as the bed of the main channel (i.e., sand),
and the abutmentds embankment wathemancalneb!| e t h

bed, along with erosion of the floodplain between the main channel and the abutment, essentially
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merged or combined Scour Conditions A and B. Such overlap is illustrated schematically and

described earlier in Figure2l

Figure 74 plots the values ofYyax/Yc versusq./g; obtained for spilthrough abutments on
erodible floodplains. This figure also indicates the ujifmamd envelope to the data obtained
for Scour Condition A when the abutments were on fixed floodplains (shown in Figg)re 7
Also included in this figurare two data obtained with the abutment aligned #3€he approach
flow direction; i.e.b = 30° and 156, as defined in the insert to Figuret7 The following results

are evident in Figure-Z:

1. For small values of./g;, and thereby small flow comiction through the main channel,
Yuax/Yc > 1. Moreover, for some experiments with sngglh;, the value ofYyax/Yc
equaled or marginally exceeded that obtained when the floodplain was fixed. For these
latter experiments, the resultant scour was predantiyy Scour Condition B, and

produced a deeper scour than Condition A when the floodplain was fixed;

2. As values ofy,/q; increased, the merging of Scour Conditions A and B increased the flow
crosssectional area at the abutment, ahereby relaxed the fiw contraction. In turn,

this effect resulted in a leveling off ¥fax/Yc at the scour location;

3. The scour of the floodplain near the abutment effectively steepens the embankment side

slope, and poses an issue for the embankntes geot echni cal stabil.i

4. Abutment alignment did not appreciably aff&iax/Yc for the range of abutment layouts
investigated. The variations Wax/Yc were well within the amiude variation of dune

height; and,

5. Extrapolation ofthe peak value obtained for théyax/Yc datawould fall below the
estimate 1.8Cra given by Eq. (432) for the limiting condition of a finitéength

abutment in a very wide channel.



Several of the flume tests were repeated to ensure consistency of results. Minor variations
occurred owing to slighdifferences in dune bathymetry in the main channel near the abutment.
The repeated tests are for the two conditi@y9.5B= 0.43 and 0.638g/0.5B= 0.50 and 0.70)

7.2.3 Comparison with ABSCOUR

As mentioned in Section B.the ABSCOUR method developé&y Chang and Davis (1998,
1999), like theapproach taken for the method developed inpttesent project, treats abutment
scour as essentially inseparable from contraction scour. It is useful to compare the scour
predictions obtained from ABSCOUR withetlilata and trends in Figure47 Because the scour
processes envisioned in the development of ABSCOUR may differ from Scour Condition A, the
comparison likely cannot be entirely complete. Therefore, of interest is a comparison of data
magnitude and trersd

Thecomparison uses Eq.-@), modifiedasfollows:

Ymax'Ye = (Ymax/Y1)/(Yc/ Y1) (7-1)

In which Yuax/Y1= Y2/Y1 in EqQ. (535). Gven that the embankment construction technique used

in the present project (i.e., the abutment and embankment did not extend as a solid body into the
bed or floodplain) did not produce the laigeale turbulence structures (spiraling flow) assumed

in the development of ABSCOURhe adjustment coefficient for spiral flow is setkat 1.

Also, an adjustment factor of 0.55 is used for gpitbugh abutment form (Table3.

Figure 75 shows that the overall magnitsdef Yuax/Yc estimated using ABSCOURra
reasonably close, allowing for the approximate nature of the comparison. The ABSCOUR trend
for Yuax/Yc, though, differs from that shown by the data. For the larger valuggdmf the
ABSCOUR trend showSyuax/Yc gradually increasing, whereas the dstt@w Yyax/Yc reducing.



The difference in trend is attributable to several considerations, including the differences in

abutment construction used for the present experiments.

7.3 Observations of Scour at SpHlrhrough Abutments
Observations of the scoprocesses and of equilibrium scour bathymetry shed useful explanatory

insights regarding the foregoing trends for equilibrium flow (and scour) depth.

7.3.1 SpilkThrough Abutment on Fixed Floodplain

A selection of three sets of figures is presented her#lustrate Scour Condition A (fixed
floodplain) when the contraction of flow extended passed the abutment was minor, moderate,
and substantial. The three sets coincide with the v&y@$B= 0.23, 0.43, and 0.63; andB;

= 1.00 in Figures -B, 7-7, and 78, respectively. The corresponding values of the parameter

g2/0u, which expresses the extent of contraction, are 1.18, 1.31, and 1.56, respectively.

The set of figures shows the following points:

1. The location of deepest scour commonly was wlhieeeaxis of the abutment intersected
with the bank of the main channel;

2. The scour depth (and thereby flow depth) is not uniformly distributed across the main
channel bed for the lower values®fq,. For smallgy/q;, the region of deepest scour is

closeto the bank of the main channel; and,

3. Asg./q; increased from 1.2 to 1.6, flow constriction at the abutment increases, and scour
at the abutment axis becomes increasingly more uniform across thelmaimel bed.

Figures 76a, b depict the resultant equilibrium scour hole that formed vB8¥n5B= 0.23,L/Bs
= 1.00, andyp/q; = 1.18. The scour hole is viewed from upstream of the abutment. The main
channel bed at the embankment axis was dune covered. Also the maximum gtbus de

located at the embankment axis.



When L/Bs remained at 1.00, bugy/0.5B increased to 0.43 witly/q; = 1.31, scour extended
proportionately further across the main channel, though the deepest scour remainedaat the
channel bank. Figures-7a,b depict the resultant equilibrium scour hole formed for this
condition. The line indicated along the centerline efriirchannel bed in Figure-7b shows

that the contraction scour did not extend to the centerline of the main channel (represerged by th
flumeds far wall). The scour hole is viewed
Section 7.2, the amplitude of the dunes enlarged slightly because of the somewhat greater

contraction of flow passing around the abutment.

When By/0.5B was inceased to 0.63, with/B; remaining at 1.00, and,/q, = 1.56, the scour

region practically covered the entire bed of the main channel atbitenant, as shown in
Figures 78a,b. The line indicated along the centerline of the main channel bed indicates t
amount of contraction scour there. Also noticeable is the substantial increase in dune amplitude
in the vicinity of the abutment. The larger discharge, and thereby drag exerted on the bed, led to

larger dunes, as the data in Tabi2 [fst.

The bathynetry measurements correspomgdto the set of scour photographs in Figure§ 7
through 78 are given in Figures-%a-c, whichshow a series of views of the scour bathymetry
for L/B; = 1.00 and varyin@:/0.5B. The following general features can be drdwm Figure 7

8:

1. The geometries around the abutment are similar with the location of maximum scour as

described for Figures-@ through 78;
2. The maximum scour depth became deep&:/8s5Bincreased;

3. WhenB;/0.5B= 0.23 and 0.43, the scour area exparfdet the point of the maximum

scour to the downstream with an oblique angle; and,

4. WhenB/0.5B = 0.63, the whole bed of the main channel at the embankment axis was
scoured, as if it were essentially a contraction scour. The maximum scour depth

coincided with the trough elevation of dunes formed in the scour region.



7.3.2 PileSupported Abutment on Erodible Floodplain

When the ripragprotected abutment was located on a floodplain as erodible as the bed of the
main channel, Scour Condition A quickly led teetgeotechnical failure of the mashannel

bank and, then, the embankment, as well as erosion of the floodplain immediately around the
abutment. The consequent development of scour for asyilported abutment on an erodible
floodplain is illustrated irFigure 79, for whichBy/0.5B = 0.43 and./B; = 1.00. AppendixB1

depicts scour development over time for a similar lapdspill-through abutment

Scour development occurred chiefly as follows:

1. Initially, the scour hole deepened in the main chamnél the mainchannel bank and
the abutmentds upstream side slope shoul de

exposing most of the abutment column and its pile cap;

2. The failed side slope slumped as a rounded shoulder protected by riprap stoheglsdi

dispersed as a fan over part of the scour region; and,

3. The abu t-gmapedtarddgipraprenored shoulder guided flow past the abutment in
a more streamlined manner, and pushed the region of deepest scour to form at a location

inthemainchanneld j acent to the abutmentds downstr

For cases where an abutment was slightly set back from the main channel, the floodplain surface
also eroded around the abutment. This erosion, together with scour of thehawanel bed,

merged Scour @nditions A and B. Figures-TI1a,b through 713a,b illustrate the resulting scour
bathymetries foiBi/0.5B = 0.23, 0.43, and 0.63, adB; = 0.75, respectively. These pairs of
photographs depict the abutment before and after scour. To illustrate the hathyamation
associated wit these scour views, Figurel# plots the bathymetry data corresponding to the
scour developed wheB/0.5B= 0.43 and./B; = 0.75. The black dots in this figure indicate the
dispersion of riprap stone displaced from the erkbant slope. The maximum scour was

|l ocated at the abutmentdés downstream corner.

Two cross sections of the scour bathymetry are given in Figlite 7



In a series of plan views of the scour bathymetry agtat with variable abutment length and
variable floodplain width, Figure-¥6 summarizes the variation of scour forms. From the top to
the bottom of the array of viewts|B; increases from 0.35 to 1.0. Similarly, the column from left

to right composedotB;i/0.5B increases from 0.23 to 0.63. In each view, the area in between the
two lines indicates the initial slope between the floodplain and the main channel. The contour
lines start from 0 m (at the water surface) to the maximum depth of the scouwhbléevel

increments of 0.05m.

Figures 711 through 716 indicate that scour and embankment failure, for abutments set back
from the main channel, occur much the same way as described for FgQr®r7abutments

right at the main channel. Several differences are evident, however:

1. The floodplain surface scoured around the abutment concurrently as Scour Condition A
developed in the main channel. Scour of the floodplain directly enlarged the davatar
the abutment axis, thereby reducing flow contraction around the abutment, and reducing
floodplain flow into the main channel,

2. Scour of the floodplain caused the region of deepest scour to move closer to the abutment

than when the floodplain was fixédr the same abutment layout;

3. As scour of the floodplain progressed, it caused the embankment slope to fail
geotechnically, and riprap stone from the

region;

4. When the abutment was set back on the floodplain|oitegtion of major failure of the
abut ment was at the abutmentds upstream s

most exposed, as evident especially in Figur&8 &nd 714,

5. The absolute deepest scour remained located immediately downstream from the
abu ment 6s downstream corner, wher e flow ¢
subsequently in Section 7.4. The failed riprap covered and partially protected the

upstream portion of the scour region;

6. As L/B; decreased, where the abutment was further digtamt the main channel, Scour

Condition B developed increasingly independently of Scour Condition A. Because, in
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the present experiments, the floodplain comprised the same sand as thehanaiel

bed, the floodplain between the abutment and the maimeharoded;
7. WhenL/B; 00.67, the region of deepest scour formed in the floodplain;

8. For the abutment layouts withiB; > 0.67, the region of deepest scour extended from the

floodplain into the main channel;

9. Embankment erosion became more severe asliBtlandBy/0.5Bincreased. Wheh/Bs
=1.00 andB:/0.5B= 0.63 embankment breaching occurred; and,

10. As elaborated in Chapter 12, which discusses field verification of the laboratory findings,
the scour bathymetry obtained in the flume is similar in appearemc¢hat for scour

failures observed in the field.

Figure #17 compares the locations of deepest sciyax, for spill-through abutments on
erodible and fixed floodplains. Where#gax was located quite close to the centerline axis
abutments built on fixed floodplains, for abutments on erodible floodplains its location moved
slightly downstream of the abutments. This downstream shift is attributable to schapreg

of the upstreanaorner of the abutments.

A set of photographs comprising Figurdld show both the initial and equilibrium scour states

of a spilkthrough abutment built at three alignments on an erodible floodplain. For each
alignment, scour led to a slope failure bfée e mbankment 6s upstream cor
of a similarly rounded, ripraprotected shoulder there. Flow and scour practicaishegped, or
streamlined, the abutment so as to better pass flow around the abutment for the three alignments.
Conseqently, the value ofYfyaxdi d not change substantially wh

varied from 30to 150, relative to the channel axis.

7.4 Flow-Field Observations

The LSPIV and ADV measurements of thew-field observationgent usefulinsightas tohow
Scour Condition A devefzed around the abutments. Though not revealing the full,-three

dimensional flow around the abutments, giving instead the flow distribution at the water surface,
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the measurements provide sufficient information to explain thardeathymetry and scour

depth trends described in Sections 7.2 and F8r many test cases, the surface flow pattern
around the test abutment was measured initially before scour commenced, and then once
equilibrium scour had been attained. The initialnf fields apply to both the fixed and the
erodible floodplain states. However, depending on floodplain erodibility, the equilibrium flow

field differed with scour bathymetry.

7.4.1 SpilkThrough Abutment on Fixed Floodplain

Figures #19af show initial distributions ofgy,/q; and streamlines before scour began for the
spill-through abutments in a compound channel sd®/8t5B = 0.63, and relative abutment
lengthsL/0.5B = 0.30, 0.50, 0.63, 0.75, 1.00, and 1.10. The values of unit discharge were
determned from LSPIV measurements. Of interest is the relationship between the maximum
value of unit discharge around the abutmeasiiax relative to the areaverage value through the
centerline axis of the abutmemg, for varyinggy/qu. Figure 720 showsthis relationship. As
explained in Section 4.3, the variationgpfax/0. expresses the variation of factarin the scour

depth estimation equation, Eq-14).

Figures 719 and 720 indicate theollowing variations in flowfield with increase@mbankment
length (orL/Bx):

1. The magnitude of they/q; increasd;

2. The orientation of flow near the embankment on the floodplain swung more parallel to

the embankment axis;

3. The flow be@me more uniformly distributed across timain channéthrough the bdge

waterway

4. The datatrend in Figure 720 supports the conceptual trend shown in Figu& for
Yuax/Yc. Values ofmy initially are level, or increase very slightly, then asymptote down
to about 1.1, agy/q; increases. The greater values Yo/ Yc in Figure 73, thanmy in

Figure 722, are interpretable as the influence of dunes and the erosive effects of large
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scale turbulence (vortices) generated by flow around the abutment, as expressed with the

parameteCrain Eq. (414)and,

5. These generaleatures are typical of flow through a short contraction, such as one
sketched in Figure-21.

The LSPIV measurements show that, once scour began in the main channel, flow was found to
concentrate in the scour region locally when the abutheegth pararaterL/B; exceeed about

0.63. No significant flow concentration was detected in the main chanrigBtdess than 0.63,

however. The pair of LSPIV photographs in Figus2l7/depicts how flowconcentrated in the

scour region. The large wake eddy dowmnsam of the abutment grew and extended into the
mai n channel as scour progressed. The eddyo
passing around the abutmenio such concentration of flow occurred when all #pproach

flow (in the main chamel and over the floodplain) passed through the main channel, notably
whenL/Bs é 1.00.

The scour bathymetry shown in FigureZ, for the same conditions indicated in Figur@1/

shows that the maximum scour area corresponded to the area where flomtredede This

figure shows values af,/q; for B/0.5B= 0.63, and_/B; = 0.75. As evident from the pathlines
drawn in this figure, the bulk of the flow passed through the main channel, and the wake region
extended to the main channel.

The influence orYyax of the aforementioned flow features can be summarized as follows:

1. For smallL/B; , such that,/q; is low, the deepening of the bed near the abutment was
due to the passage of dune troughs. WhenL(Bg< 0.63, forB/0.5B= 0.63 flow did
not concentrate over the main channel (at least, it was not observed in the LSPIV

measurement). As/Bfincreasedyuax increased;

2. For 0.630L/Bs < 1, flow concentration (as observed by LSPIV measurement) produced

scour substantially deeper than that attributable to flow contradtian,
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3. WhenL/B;O 1. 00, the approach flow fully passe:
flow concentration in thescour region was observed in the LSPIV measurements.
ThoughYwuax increased, it did not increase as rapidly as for the lesser valué3;.ofThe
increase essentially followed the increase in {oagtraction scouryc., because the main

channel openingarrowed a/B; increased;

4. The foregoing influences hold in overall mechanistic terms, but the valuefBoht
which scousinduced flow concentration occurs may vary with the fidepth parameter
Y#/Bs. This influence can be taken into account by mexrtg/q;, which expresses the
concentration of flow (floodplain and approach main channel) through the bridge

waterway; and,

5 Theol d hydraul i cs adage, Adepth attracts 1
Condition A.

7.4.2 SpilkThrough Abutment on Erodible Floodplain

The trends described above for sfiilfough abutments on fixed floodplains basically also
occurred for the spithrough abutments on erodible floodplains, though with the following

differences evident in Figure23:

1. Because the floodplacould erode, and thereby laterally increase the essonal area
of flow at the abutment axis, less flow was drawn towards the scour region in the main

channel. Instead, flow was drawn towards the abutment;

2. Erosion of the floodplain shifted the reg of greatest scour closer to the abutment, and

resulted in a broader, shallower scour region than when the floodplain was fixed; and,

3. The lateral extent of the wake region downstream of the abutment became much smaller

than when the floodplain was fixed

These effects can be illustrated by viewing the flow field development at a representative layout
of spill-through abutmenon erodible floodplain. Figurg-23 shows watesurface velocities,
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values ofqy/g;, and pathlines for flow around the sghirough abutment wheB/0.5B = 0.63,
andL/B; = 0.50, before and after scour. The changes in distributiogggafare made clear in
Figure 724, which presents lateral distributionsapfqi, before scour, andfter scour, through a
transect at the location of maximum scour. As illustrated by these figures, the flow distribution
changed markedly as scour progressed. Before scour, the vat&g ofere largest in the main
channel. As scour progressed, amel floodplain eroded, the flow-distributed, becoming more
uniform and aligned with the channel axis, as well as reduced in magnitude. Also, the extent of
the wake region downstream of the abutment diminished, reducing considerably from when the
floodplain was fixed. These figures show that, unlike for the fifkeodplain case, flow did not
concentrate in main channel, as scour developed. Consequently, as is evident in-Bigure 7

Yuax/Yc was less than for the fixeftbodplain case.

The preceding flav-field figures indicate that the trend in valuesgfq; agree with that of
Yuax/Yc for spill-through abutments. The velocity data obtained from the ADV measurements

also support the trend. Figsré-25a-c give values of local average velocity normalizby the

bulk velocity of flow through the main channel near the abutment; ﬁ']§,+vy2 IV , whereVy

andVy are the streamwise and normal components of the local velocity v&tteelocity ratio

/Vf +V? /V approximates the parametgfg;. These figures also show the scour bathymetry.
The K]j +V? /V values for each abutment configuration suggest ttirmmaximum values of

g2/q; are about 1.2~1.3 in the main channel, therfeloyher suggeshg thatma ~ 1.2~1.3. The
further amplification ofYuax/Yc beyond about 1.2~1.3 likely is owing to the influence of

turbulence generated as flow passes around the abutment.

The locations of higher value of flow velocity, or unit discharge, do not gxemtiespond to the
location of the maximum scour hole, but generally the higher value ofitleeincides with the
location of deepest geometry. The presence of dunes in the main channel, however, introduced

some local variability in this relationship.
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7.5 Numerical Simulation of Flow Field

To provide important additional diagnostic insights into the flow field associated with scour
development, series of numerical experiments were performed using téneasional, depth
averaged model FESWMS produdémiv fields showing the distribution of unit dischargg.as

well as deptkaverage velocity and bed shear stress, commensurate with flow around spill
through abutments sited on the floodplain of compound chanfdis. findings of work with
FESWMS are flly documented inthe companion report by Morales and Ettema (201@)

summary is provided here.

Flow field insights were obtained frosimulations run for a range &fB; values up td_/B; =
0.95. Figures €2 and 623 earlier show an example of thengquutational mesh used for one
configuration of spilithrough abutment and compound channel. The simulations are for flat

bed, or prescour flows in compound and rectangular channels

The crosschannel distribution of unit dischargs, for flow aroundten configurations of spil
through abutmentd (B; = 0.20 through 0.95), are presented in Figur@$ Tor Bi/0.5B = 0.65.
Similar general trends occur for other valuesBgb.5B. The distributions, taken along the
centerline axis of the bridge, revelaé following aspects flow around the abutments:

1. The peak value ai, near the abutment increases whés increases, with channel width

remaining constant;
2. The peak value af; in the main channel also increases whAsj increases;

3. The distributionqg, over the narrow region immediately in front of the abutment
corresponds to a portion of the wake flow (and flow separation) that extends up along
part of the abutment facge.g., as evident in Figure-I8). The size of the flow

separation region increasmildly with increasind./Bs (as also evident in Figure 18);

4. For abutments set such thaB; > 0.70, the distribution of becomes is slightly more
complicated, because the peak fprnear the abutment extends over the radiannel

bank interacts witlthe main channel flow; and,
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5. WhenL/B; > 0.80, the peak fay, near the abutment becomes increasingly comparable to

the peak magnitude fap in the main channel.

In the main channel at the bridge axiee maximum valuey,, expressed agvax/0e, remained at
about 1.2, for the ranges af/q; (i.e.,L/Bf andB/0.5B) values simulated numerically (Figure 7

27). The laboratory flume values of obtained dggx/gz, concur with the numerical values, over

the same range ak/g; values, but decrease about 1.1 for larger values gf/g:. This latter

trend shown by the flume results can be explained in terms of flow distribution for flow forced
through relatively severe short contractions (analogous to flow through a short outlet pipe) in
which laeral distribution of flow is constrained because flow velocity profiles are not fully

developed (e.g. Rouse 1950).

Over the floodplain at the bridge axis, values@fx/qe, increases from a value marginally above
1.0 for short spilthrough abutments tapproach asymptotically a value of 1.2 when the
abutment extends substantially across the floodplain; i.e., wher>D/B0. This trend, along
with that for quax/gz in the main channel, indicates peak values of unit discharge or-depth
average velocity bag about twenty percent above the cresstional average values at the

bridge axis.
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Table 71. Spill-through abutments on fixed floodplains

Maximum | Maximum
BIOSB | LB | e | Yux | Yo | Yo | feigne | Longth
(m) (m) H A
(m) (m)
1.20 2.35 0.698 0.617 1.13 0.070 0.762
0.63 1.10 2.02 0.630 0.561 1.12 0.057 1.20
1.00 1.66 0.570 0.463 1.23 0.062 1.07
1.00 1.66 0.572 0.463 1.24 0.062 1.07
1.49 0.064 1.11
0.75 1.33 0.568 0.382 1.50 0.057 1.22
0.625 1.21 0.540 0.352 1.53 0.110 0.90
0.50 1.11 0.410 0.327 1.25 0.058 0.09
0.35 1.01 0.353 0.301 1.17 0.063 0.90
1.00 1.30 0.615 0.375 1.64 0.093 0.90
0.43 1.00 1.30 0.616 0.375 1.64 0.093 0.90
0.75 1.17 0.550 0.344 1.60 0.102 0.68
0.625 1.12 0.440 0.330 1.33 0.076 0.76
0.50 1.07 0.385 0.318 1.21 0.102 0.90
2.13 1.87 0.605 0.453 1.34 0.110 0.91
0.23 1.54 1.32 0.096 0.90
1.49 1.28 0.600 0.361 1.66 0.057 0.760
1.00 1.14 0.545 0.336 1.62 0.075 1.00
1.00 1.14 0.545 0.336 1.62 0.077 1.01
0.75 1.08 0.460 0.321 1.44 0.075 1.20
0.625 1.06 0.395 0.314 1.26 0.090 0.850
0.50 1.03 0.355 0.308 1.15 0.076 1.07
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Table 72. Riprapprotected spitthrough abutments on erodible (sand) floodplain

B:/0.5B L /B 02/ Ymax Ye Yuax/Yc
(m) (m)

1.0 1.66 0.505 0.463 1.09

0.63 1.0 1.66 0.490 0.463 1.05
0.75 1.33 0.530 0.382 1.39

0.625 1.21 0.496 0.352 1.41

0.50 1.11 0.380 0.327 1.16

0.35 1.01 0.420 0.301 1.40

0.00 1.00 0.300 0.300 1.00

1.0 1.30 0.485 0.375 1.29

0.43 1.0 1.30 0.487 0.375 1.30
0.75 1.17 0.475 0.344 1.38

0.625 1.12 0.435 0.330 1.32

0.5 1.07 0.435 0.318 1.37

0.35 1.03 0.470 0.321 1.46

0.00 1.00 0.300 0.300 1.00

1.0 1.14 0.485 0.336 1.44

0.23 1.0 1.14 0.483 0.336 1.43
0.75 1.08 0.470 0.321 1.47

0.625 1.06 0.410 0.314 1.31

0.50 1.04 0.505 0.305 1.66

0.35 1.02 0.490 0.299 1.64

0.00 1.00 0.300 0.300 1.00
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Figure #1. Principal variables measured for sqitlfough abutments subject to Scour Condition
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Figure 72. Variatiors of Yuax andYc with unit-discharge ratiog,/ g for Scour Condition A at
spill-through abutmentsn fixed floodplains
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Figure #3. Variationof Yuax/Yc with g,/ g for Scour Condition A aspill-through abutments
on fixed floodplains
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Figure 74. Variationof Yuax/Yc with g,/ g for Scour Condition A aspill-through abutments
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i.e., fixed floodplains The data include abutments aligned &t&@@d 150 to the approach flow
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Figure 75. Comparison of trends faariationof Yuax/Yc with g,/ g for Scour Condition A:

data envelopes from Figures37and 74, and curve from method proposed by Chang and Davis
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(b)

Figure 76. Scour at spitthrough abutment fdB;/0.5B= 0.23 and./B; = 1.00:(a) a frontal
view of scour hole, an(b) a downstream view of scour hole
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(b)

Figure #7. Scour at spitthrough abutment fd8;/0.5B= 0.43 and./B; = 1.00:(a) a
downstream view, angb) a downward view
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Figure 7#8. Scour at spitthrough abutment fd8;/0.5B= 0.63 and./B; = 1.00:(a) a
downstream view, anb) a downward view
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Figure 79. Bathymetry contours of scour hol&$B; = 1.00 wherB;/0.5B= 0.23 (a), 0.43 (b),
and 0.63 (c)
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Figure #10. Initial condition (a)and resulting scour hole of spiirough abutment (b) fds;
/0.5B= 0.43 and./B; = 1.00
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(b)

Figure 711 Initial condition (a)and resulting scour hole of spiirough abutment (b) for
B:/0.5B=0.23 and./B;= 0.75
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Figure 7#12. Initial condition (a)and resulting scour hole of spiirough abutment (b) fds;
/0.5B= 0.43 and./B; = 0.751 sloping maiachannel bank boundaries are shown in dark lines.
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(b)

Figure #13. Initial condition (a) andesulting scour hole of spithrough abutment (b) fds;
/0.5B=0.63 and./B; = 0.75i sloping mairchannel bank boundaries are showdank lines.
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Figure #14. Contour plot of the resulting scour hol/0.5B= 0.43 and./B;= 0.75). The
black dots indicateiprap-stone disposition. A yellow curve with circles, and a cyan curve with
square dots indicate 0.15 m from watarface (initial bed level of floodplain), and 0.30 m from

water surface (initial bed level of main channedspectively

1 L L L | I I I L 1 1 Ll | G | I I 1 | 1 1 1 1 1
0 A butment Centerline
223 wmmmes  Naximum Scour -
Eol} 4
:-\' | LT -
K~ 0 o -
e—e - - ‘
S B . =
Q 03 F S ~
g - T J
— S - i
@ 04 s~.. "o
- §~."' —
05 r =
— —
0 () 1 1 1 1 | 1 1 1 1 1 | | 1 | e | 1 1 1 1 1 1 1 1 ]
1.5 2.0 2.5 3.0 35 4.0

Distance From Left Model Boundary (m)

Figure 7#15. Longitudinal changes in bed profile between the two esestions shown in
Figure 713
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Figure #16. Contour plots of the resultant scour geometry for-tpibugh abutments on
erodible floodplainst./B; = 0.35 ~ 1.0 and variabk/0.5B= 0.23 ~ 0.63contours are drawn
from water surface to maximum scour depth with an increment of .05 m
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Figure #17. Location of deepest scour, for sgifough abutments on fixed floodplains (a), or
erodible floodplains (b)
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(@) Initial (a) Scoured

(b) Initial (b) Scoured

(c) Initial (c) Scoured

Figure 7#18. Views of scour around spilhrough abutment set at three alignments (initial and
scour conditions)b = 30° (a), 150° (b), and 0° (c), relative to the channel&itts B;/0.5B=
0.23 and./B;=1.00
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Figure 719. Comparisos of surface flow patterns #te start ofexperimentspill-through
abutmentL/B; = 0.30 (a), 0.50 (b), 0.63 (c), 0.75 (d), 1.00 (e), and 1.10 (f),Byith5B = 0.63.
The contours show values @fq;.
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Figure 7#20. Variation of Quax/02 = mMa, for spill-through abutments on a fixed floodplavth
B:/0.5B= 0.63
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(b)

Figure 721. Surface flow patterns und&courCondition A forL/B;= 0.75 and3;/0.5B= 0.63
with fixed floodplain- flow distribution alters as scour develops; (a) shows flow field before
scour, (b) shows how flow becomes concentrated in the scour (#gierdirectionis from left
to right)
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Figure 7#22. Flow pathlines and equilibrium scour bathymetiyL/B;=0.75 andB;/0.5B=
0.63 comparethesewith those inFigure 7#19d.
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(b)

Figure #23. Flow pathlines and channel bathymetry before s@uand after scoufb) for
spill-through abutment on erodible floodplauth L/B;= 0.50 and3;/0.5B= 0.63
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(b)

Figure 724. Comparison of distributions of discharge ratjg¢;, at the location of deepest
scour before scour (a), and at equilibrium scoun(t) L/B; = 0.50 andBy/0.5B = 0.63
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(b)

Figure 7#25. Distributiors of average velocities normalized by the bulk velqditg contour
lines and equivalent bed geometries experimental conditions d;/0.5B= 0.63, and./B; =
0.63 (a), 0.75 (b), and 1.00 (c)
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Figure #26. Numerical simulatiofFESWMS)resultsfor transverse distributions of unit
discharge at the abutment axds, versus distance across the compound chdaneérying
values ofL/B;. Here, distance is measured from flnene wall opposite the abutmenthe

range 11Yis discussed in Sectidril.5
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Figure 727. Variatiors of Quax/gz with g2/qs, as obtained from the numericamhulation and
flume experiments
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CHAPTER 8

LABORATOR Y RESULTS FOR SCOURCONDITION A AT
WING -WALL ABUTMENTS

8.1 Introduction

This chapter presents the laboratory data and observations on scour and flow fieldhaalving
abutments subject to Scour Condition A. The flume experiments simulatedvaihgbutments
located at the mainhannel bank of a compound channel, the comtaoation for wingwall

abut ment s. For this | ayout, the abut mentds
the floodplain to the abutment column. AccordingliB: > 1.0, for these experiments (Figure 2

2). A few additional experiments werenclucted with the approach embankment extended into
the main channel. These experiments enable extrapolation of scour dafa;fealues greater

than those developed by the abutment located at the edge of the floodplain.

As for the experiments condudtewith the spilithrough abutments, the floodplain of the
compound channel was treated as being either fixed (relatively erosion resistant) or erodible. For
the erodible floodplains, the wingall abutments were supported on circular piles, as shown in
Figure 65, and the simulated earthfill embankment was covered by a layer of riprap stone.
Additional experiments also were run simulating wimall abutments supported by shedes:

The principal variables measured during the experiments are indindteguire 81.

The results obtained with the model layout comprising unprotected (no riprapjwaihg
abutments on erodible floodplains are presented in Chapter 10, which discusses scour at exposed
abutment columns. Chapter 11 presents further data dourSCondition A for the layout
situation when a pier is located adjacent to a wuad) abutment.
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8.2 Scour-Depth Trends
The trends for maximum scour expressed in terms of flow d&pg, are given here for fixed
wing-wall abutments founded on a fixdiodplain, pilesupported abutments, and abutments

supported on sheptles. Table 8 summarizes thecourdepth data.

8.2.1 WingWall Abutment on Fixed Floodplain
Figure 82 presents the scour data¥amx/Yc versusgy/ai, for the wingwall abutments located
on a fixed floodplain. For the purposes of comparison, FiguPei®ludes an envelope

delineating the¥yax/Yc data determined for the spthirough abutments (see Figur8)/

The figure gives the following insightsgarding scoudepth trends:

1. The data for the wingvall abutment adhere to the same trend shown in Figrdor
Scour Condition A at spilhrough abutments. Collectively, the data for the wiradi
and spilithrough abutments conform to the conceptaurve shown as Figure-54

(Chapter 4) foNuax/Yc versuso,/qs;

2. The largest value ofyax/Yc for the wingwall abutments, however, is slightly larger than
that for the spilithrough abutments, for the present range of experiments;

3. As obtained for the #p-through abutments, the sharp increaseYyiax/Yc values for
small g./q; is attributable to scour caused by the flow field locally around the abutment,
and by the passage of dune troughs along the main channel. The estimated value of long

contraction sour (Y¢) is small;

4. When extrapolated tq.,/q; ~ 1 for the limiting condition of a finitéength abutment in a
very wide channel, the peak value obtained forYige/Yc data aligns with the estimate
1.81Cra given by Eg. (432), especially if the turbulence coefficieGta is not much

larger than 1;

5. AsByi/0.5Bincreases (with the abutment extending to the floodplain toe), flow contraction
increases to the extent that, eventually with increagiftg, scour § largely attributable

to flow contraction. Accordingly, values ¥fiax/Yc then approached unity; and,
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6. Forq/aq. = 2.49, the biggest value tested, the valugg§/Yc is about 1.1. The trend for
yet larger values of,/q; is for Yuax/Yc to remain at abat this value, as is the case for

spill-through abutments.

8.2.2 PileSupported Wing-Wall Abutment on Erodible Floodplain

When the pilesupported wingvall abutment, with riprap armored embankment, was placed on
an erodible floodplain, scour deepened at two to three locations, giving local maximum values of
Yuax/Yc as indicated in Figure-8. The maxima were consequent teethscour processes:

1. In the main channel, just out from the wingll abutment, as occurred for scour at

abutments on the fixed floodplains;

2. Immediately at the front of the wingall abutment, when the mathannel bank

eroded; and,

3. Immediately downstam of the abutment, when its approach embankment breached.

The occurrence of the three scal@pth maxima depended on the extent of flow contraction (i.e.,
g2/1) around the abutment. The overall maximum scour depth developed at the front of the
abutment except for the case of greatest flow contraction. For this latter case, the scour region
was sufficiently extensive so that meaweless the same scour depth occurred at the three
locations. For the experiments, the embankment breached immediatetd blediabutment.
Because the scour depths were greater than those for ththspiljh abutments, scour at the
wing-wall abutments resulted in the complete collapse and breach of the embankment

immediately at the abutment.

An important mechanism contribng to embankment failure and breaching was erosion of
embankment sediment from beneath the pile cap. This mechanism, not observed for-the spill
through abutments, is illustrated in Section 8.3. The depth of scour at the front of the abutment

quickly progressed to a level below the pile cap, and exposed the piles.



Figure 84 presents the values Ofyax/Yc versus g /qu for the pilesupported wingvall
abutments located on an erodible floodplain. The data in this figure show somewhat reduced
scour depth compared to scour at whveall abutments (and spithrough abutments) on fixed
floodplains, and the resulting scour bathymetries reflect the effect of combined Scour Conditions
A and B. Floodplain erosion around the abutment, and failure of the eméankide slope
increased the crossectional area of flow passed the abutment. The greatest reduction in
Yuax/Yc occurred for the widest floodplaii{0.5B = 0.63), because this layout resulted in the
largest breach through the embankment. WB##h5B= 0.23 and 0.43, the three local maxima
occurred forYuyax. However, wherB{/0.5B = 0.63, the flow depth at the three maxima was
practically the same, because scour was dominated by flow contraction. The largest value of
Yuax is used in Figure -8 for eat experiment. The scour depths, though, were larger than
obtained with the spithrough abutments on erodible floodplains (see Figute 7

8.2.3 SheetPile-Supported Abutment on Erodible Floodplain

Figure 85 indicates the sam¥éyax/Yc trend for wingwall abutments supported by sheédes as

does Figure 8! for pilesupported abutments. However, the magnitude¥\ak/Yc exceed
those for pilesupported abutments. This result was because-phieet helped retain the
embankment sediemt immediately behind and below the abutment, thereby preventing erosion
of sediment from beneath the pile cap. In so doing, the ghilest prevented or retarded
breaching of the embankment immediately behind the abutment. W{eBB = 0.63, the

embankment did breach, though.

The data in Figure-8 align very closely with the data for the wingll abutments on fixed
floodplains. The values oYuax did not increase when the embankment was lengthened.
However, this apparent trend is based on onfgehdata, and does not take into account the
effect of embankment breaching on scour development vi8@&r6B = 0.63. Embankment
breaching relieved flow around the abutment, and resulted in a lesser scour depth. To determine
scour depth when the embankmealid not breach (as could be the case for an embankment
formed from compacted earthfill more erosion resistant than the floodplain) this test was
continued with a breaeprevention plate placed in the center of the embankment. The resulting

scour was deper than when the embankment breached, as indicated in FHgure 8

84



Together, Figures-8 and 84 provide the following information on scour depth at wingl
abutments on an erodible floodplain:

1. The values ofyax/Yc follow essentially the same trend shown in Figure-8 for wing

wall abutments on a fixed floodplain;
2. The values also follow the conceptual trend indicated in Figire 4

3. The values olYyax/Yc for the abutments on shgates are practically the same as for the
abutments on fixed floodplain. The abutments on piles produced lesser maximum values

of Yuax/Yc, principally because of embankment breaching.

4. A check on the temporal development of scour in front of the abutrioer;/0.5B =
0.63, revealed that, for the abutment on siplets, scour became deeper before the
embankment breached than was the case for the abutment on piles. The time to
breaching limited the time available for scour deepening. This point is skstfisrther

in Chapter 9.

8.24 Comparison with ABSCOUR

The ABSCOUR method (Chang and Davis, 1998, 1999) produces scour depth estimates and
values ofYyax/Yc exceeding those shown in Figur@88-4, 85. This finding can be attributed

to several factorsjotablythe different modeabutment constructions upon which ABSCOUR is
based. The closestcomparisons occur for small values @fq:; e.g., wheng./q. = 1.32,
ABSCOUR indicatesYyax/Yc = 2.67, whenks = 1, whereas the data point for a wangll
abutment on sheet piles in an erodible floodplaiv\igdYc = 1.76 (Figure ).

8.3 Observations of Scour at WingWall Abutments

Presented here are observati@fisequilibrium scour forms and the development of scour at

wing-wall abutments subject to Scour Condition A in compound channels.
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8.3.1 WingWall Abutment on Fixed Floodplain

The wingwall abutments on the fixed floodplains produced essentially the smoer
bathymetry as did the spilhrough abutments on fixed floodplains, except the scour depths were
somewhat larger. Figures8and 87 depict the resultant equilibrium scour region developed
with the wingwall abutment on a fixed floodplain whe&/0.5B = 0.43 and 0.63. The
bathymetry measurements corresponding to the I&B#u6B = 0.63, given in Figure-8, show

that the maximum scour occurred in front of the abutment and that substantial scour of the entire
main-channel bed occurred. The lineaain in Figure 87b indicates the overall lowering of the

bed. The overall scour form is similar to that shown in Figu for the spilithrough abutment

in an equivalent layout. This observation holds als®&jf®.5B= 0.23 and 0.63.

A pronounced fature of the scour region for both abutment forms is the enlarged dunes that
developed in the scour region ggq; increased, which remained stationary once formed.
Upstream of the abutment, whBg0.5B= 0.63, the dunes averaged arith wave length and
76-mm height. The dunes in the region of greatest flow contraction werarlld@g and 120

mm high.

8.3.2 PileSupported Wing-Wall Abutment on Erodible Floodplain

Scour at the pilsupported wingvall abutments progressed essentially in the same enam
for the pilesupported spitthrough abutments on erodible floodplains. One difference is that the
width of embankment breach behind wawgll abutments typically was wider than for spill

through abutments. This difference is attributable to thatgr breadth of wingall abutments.

Figure 89 depicts the resultant equilibrium scour region formed by flow at the-waig
abutment on cap and piles. This figure is a view from upstream of the abutment. As mentioned
above, a feature of scour is theeaching of the embankment behind the wiradl abutment.

Most riprap stone spilled into the scour area at the base of the abutment. Also evident in the
figures are dunes about In® long and 0.9n high. Figures 80 and 811 show much of the

same fetures evident in Figure-8, with the exception that the extent of scour increased across
the main channel as the abutment lengthened. The lines drawn in Figi0emn8 811 show

how the bed was lowered by flow contraction.
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The bathymetry measuremegtaresponding to the photographs in FiguréstBrough 811 are
shown in Figures 812ac. The black dots indicate the presence of riprap stone. The
measurements show that the maximum depth of scour occurred at the front of the abutment.

The observations of scour devel opment show t
corner, and then evolved around the abutment. The sequence of photographs in ABpendix
illustrates the time development of scour in greater detail. In particuldlustrates the
geotechnical failure of the embankment at the
scour at wingwall abutments. It is useful, in this respect to observe how well the failure process

illustrated in AppendiB2 compares with thactual abutment case illustrated in Figué. 3

As scour deepened sufficiently to expose the piles beneath the abutment pile cap, sediment was
eroded from the core of the embankment below the pile ddps mechanism has not been

reported heretofore, rigely because it is difficult to observe. It occurred as follows. As the
scour deepened to below the pile cap and exp
eroded out from beneath the pile cap. Gradually, a cavity developed within the embankment
undermining the embankment immediately behind the abutment. This development is depicted

in Figures 813a-c. Eventually scour deepening caused the embankment side slopes to become
unstable and slide into the scour hole, whence sediment was removed fBgw. As the
embankment collapsed, the flow passed around the exposed abutment and resulted in a scour

form somewhat similar to that observed at the failed bridge depicted in Figure 3

8.3.3 SheePile-Supported Wing-Wall Abutment on Erodible Floodplain

The scour forms associated with the sh@letsupported wingvall abutments are virtually the
same as those when the abutments weresppgorted, except that the shpées blocked the
erosion of sand from behind the abutment column, and retambédnkment breaching. This
effect, portrayed in Figure-84, enabled the scour to develop deeper than when the abutment

was pilesupported. The commensurate bathymetry is given in Figlite 8



When the embankment behind the wingll abutment on shegtles breached, it did so in a way

that differed somewhat from that for the abutment on piles. Breaching of thepgbeet
supported abutment only occurred whH&r0.5B = 0.63. Because th€heetpiles retained the
embankment, riprap stone did not slide beneat
shoulders. This was a slow process. It took approximately 20 hours for theissapported

abutment to breach, in contrast to about Irliouthe pilesupported abutment to breach.

The scour bathymetries obtained with the sipdetsupported abutments are summarized in
Figure 816, which also presents photos of the resulting scour forms. These results are compared
further in Figure 817 with the bathymetries obtained with the wawgll abutment on piles. The

following features emerged from Figured 8:

1. The scour bathymetry reflects the innate combination of contraction scour and local scour

characteristic of abutment scour as sfoorttraction scour;

2. Scour was accompanied by changes in dune dimensions, as evident in Ffjbieesi8
and e, especially between the channel center (bottom of each figure) and the nose of the

wing-wall abutment;

3. For the sheepile-supported wingvall abutmats, Yyax occurred close to the abutment,
and always in front of the abutment. This observation commonly held for the pile

supported abutments, though occasionally was at their downstream corner;

4. Embankment breaching occurred wh&f0.5B = 0.23, 0.43 and.63 for the wingwall
abutment on piles. It occurred whBy0.5B= 0.63 for the wingwvall abutment on sheet

piles; and,

5. When an embankment breached, scour also developed behind the embankment. For
some cases, this scour was almost as deep as atrtheffthe abutment.

8.4 Flow-Field Observations

Observed from above, the flow around the wivgl abutments had the same overall features of
flow contraction, along with turbulence generation and dispersion, as did the flow around the
spill-through abunents (see Section 7.4). For example, Figur&8a8d show the initial and the



eventual flow fields around the pitaipported wingvall abutment whe;/0.5B= 0.63. These
figures illustrate how flow initially contracted around the abutment, then relaxed as scour
developed, especially once the embankment breached. The flow field for the equilibrium scour
resembles flow around a spilirough abutment with gacent pier. This flow field is discussed
further in Chapter 11.
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Table 81. Data summary for wing/all abutments on fixed floodplains

Fixed Floodplain

f%(rari Bedform
Ymax Ye Height | €9t
B:/0.5B L/By el 0 Yax/Ye H A
(m) (m)
(m) (m)
0.63 1.12 2.49 0.59 0.54 1.09 0.08 0.91
0.63 1.12 2.49 0.62 0.54 1.14 0.10 1.02
0.43 1.18 1.56 0.62 0.44 1.40 0.12 1.17
0.23 1.33 1.32 0.63 0.37 1.71 0.09 1.06
0.23 1.33 1.32 0.62 0.37 1.67 0.09 1.06
0.00 0.00 1.00 0.30 0.30 1.00 0.09 1.07
B/0.5B= 0, with 1.12 0.49 0.31 1.61 0.09 1.07
B./B = 0.95
RiprapProtected Embankment on Erodible Floodplain
Abutment Column on Piles
0.63 1.12 2.49 0.62 0.54 1.15 0.07 0.61
0.43 1.18 1.56 0.53 0.44 1.41 0.10 1.02
0.23 1.33 1.32 0.57 0.37 1.54 0.09 1.07
0.23 1.33 1.32 0.56 0.37 1.52 0.09 1.06
0.00 0.00 1.00 0.30 0.30 1.00 0.09 1.07
RiprapProtected Embankment on Erodible Floodplain
Abutment Column on ShePiles
0.63 1.12 2.49 0.62 0.54 1.07 0.08 0.90
0.43 1.18 1.56 0.62 0.44 1.42 0.13 1.20
0.23 1.33 1.32 0.65 0.37 1.76 0.08 1.20
0.00 0.00 1.00 0.15 0.15 1.00 0.09 1.07
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Figure 81. Principal variables measured for wiwgll abutments subject to Scour Condition A,
scour of the makthannel bed adjoining a much more erogiesistanfloodplain
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Figure 82. Variation of normalized maximum scour depthax/Yc, for wing-wall abutments
on fixed floodplains (Scour Condition A). Also shown is an envelope encompassing the data
obtained for the spithrough abutments on fixdtbodplains
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Figure 83. Three local maxima (X) of scour deptiScour Condition A developed before the

abutment once the embankment breached
8-12

embankment breached, and theon scourdepthmaxima developed downstream of the
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Figure 84. Variationof normalized maximum scour depiyax/Yc, for pile-supported, riprap
protected, wingvall abutments on erodible floodplains (Scour Condition A). Also shown is an
envelope curve (from Figure3) encompassing the data obtained for the-fmitiugh
abutnents on fixed floodplains
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Figure 85. Variation of normalized maximum scour depthax/Yc, for sheetpile-supported

wing-wall abutments on erodible floodplains (Scour Condition A). Also shown is an envelope

curve (from Figure -B) encompassing ¢hdata obtained for the spiirough abutments on fixed
floodplains
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(b)

Figure 86. Scour holearoundwing-wall abutment on a fixed floodplaimith B;/0.5B= 0.43 a
view from the upstream sal(a) and a view frontheabove(b)
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(b)

Figure 87. Sour hole of wingwall abutment on fixed floodplaiwith B;/0.5B= 0.43;aview
from the upstream sid@), and a view fronthe above (b).Thedarkline indicates the initial bed
elevation
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Figure 88. Bathymetry of resulting scour hole of wingll abutment on fixed floodplain with
B:/0.5B= 0.63 The scale represents elevation in meters

8-17



(b)

Figure 89. Scour hole developed at pgapportedwing-wall abutment on erodible floodplain
with B;/0.5B= 0.23;aview fromthe upstream sid@),and a vi ew from the ab
side (b)

8-18



(b)

Figure 810. Scour hole developed at pdepportedwing-wall abutment on erodible floodplain
with B;/0.5B= 0.43;aviewfromt he abut ment 6 &) and sview feoatmabover n e r

(b)
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(b)

Figure 811. Scour hole developed at pdepportedwing-wall abutment on erodible floodplain
with B;/0.5B= 0.63;aview of the upstream sid@a), and a view fronthe above(b)
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Figure 812. Bathymetry plots; measurements corresponding to photographs in Fi{egs 8
Figure 810(b), and Figure-81(c)
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Figure 813. As scour exposes piles-(&), embankment soil may bemovedunderthe pile
cap, forming a cavity behind the pile cap (c)
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Figure 814. Resulting scour hole of wingall abutment on shegileswith B;/0.5B= 0.23 a
view of the upstream sid@), and a view from the downstream s{ti¢
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Figure 815. Contour plot of resulting scour hole of wingll abutment on sheetleswith B
/0.5B=0.23
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Measured Scour Bathymetry Scour Photos

(ari) B/0.5B= 0.23

(c-i) B;/0.5B= 0.63 (c-ii) B;/0.5B=0.63

Figure 816. Resulting scour holes for shede-supportedwing-wall abutments on erodible
floodplains B;/0.5B= 0.23a), 0.43(b), and0.63(c)
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(c-i) B/0.5B= 0.63 (c-ii) B/0.5B= 0.63

Figure 817. Contour plots of resultant scour geometry under Scondition A with capped
piles and shegtiles B;/0.5B= 0.23(a), 0.43(b), and 0.63c). Contours are drawn from water
surface at a contour interval of 0.0b
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Figure 818. Flow fields around wingall abutmentvith B; /0.5B= 0.63; flow pathlines and

bathymetry at prescour condition (g)pathlinesand bathymetrat equilibrium condition (b),

pathlines and distribution @/q; at prescour condition (G)andpathlines and bathymetgat
equilibrium condition (d)
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CHAPTER 9

LABORATORY RESULTS F OR SCOUR CONDITION B AT
SPILL-THROUGH AND WING -WALL ABUTMENTS

9.1 Introduction

Scour Condition B is cleawater scour occurring when abutments are set well back on a
floodplain or are in a rectangular channel. The &lvatment situationare essentially the same,
because flow around the abutments is essentially flow in a singleahgnot a compound)
channel. Additionally, because most floodplain flows convey negligible sediment bedload over
floodplains, it is assumed customarily that cleater scour normally occurs at abutments and
piers set well back on floodplains (e.g., Racdson and Davjisl995 Melville and Coleman

2000). Commensurate with this assumption, the present experiments were performed as clear

water scour.

This chapter describes thesults ofthe flume experimentsoncerning scour at spithrough and

at wing-wall abutments subject to Scour Condition B. As in Chapters 7 and 8, the results are
presented in the sequericacourdepth trends, observations and flow fielBecausehese two
chapters show the scour trends for sghitbugh and wingvall abutmentdo be essentially the

same this chapter presents the data obtained for both abutment fdfigare 91 indicates the
principal layout features and variablesnsideredor abutments subject to Scour Condition B.
BecauseB; = 0.9B, the abutment length parametgB; can be restated 430.5B Figure 41
indicates the general relationship betwd®rand 0.8. Table 91 lists the scoudepth data

obtained from the experiments.

9.2 ScourDepth Trends

Figure 92 presents experiméal relationships between the maximum flow depthsx andYc
plotted versusthe unitdischarge ratiay,/q;, for the spill-through abutment and the wiwgall
abutment. These relationships are practically the same as those foun@aitnd Yc versus

unit-discharge rati@y,/qs in the case of Scour Condition A (see Figurésahd 82). Here is
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the average unit discharge of flow over the approach floodpmaiis, the average unit discharge
through the bridge waterway at the abutment;a¥%igx is the maximum flow depth; andc is

calculated using Eq4-28), fromLaus en6s procedure (Laursen 1963)

To assess the depfimplification factor aB:CTBmBW, expressed for Eq(4-26), the ratio

Yuax/Yc is plotted in Figure 2 against the unilischarge ratiay,/q; for spill-through abutments
and wingwall abutments This figure provides some important insights:

1. The data conform reasonably to the conceptual trend consistent with Figuriord

varying abutment length in a channel of finite width

2. At the lesser values ajf/g; (and the flow contraction)Yyax substantially exceedgc.
Eventually, as the bridge waterway becomes more contragtkgljncreases, and values
Ymax approachYc. This potion of the trend reflects the dominance of scour caused
primarily by flow contraction as opposed to that attributable to the local change-in bed
form height in the contraction, combined with the turbulence generated by flow passing

around the abutment anger the edge of the maahannel bank

3. The values ofYyax/Yc attain a maximum value of arourZ2 when g/ ~ 1.5 for the
spill-through abutments, anGiax/Yc ~ 2.5whengs/g: ~ 1.1 for the wingwall abutments.
These values are slightly larger ththwse of Scour Condition A shown in Figure Tor

spill-through abutments and Figur&8or wingwall abutments;

4. For the spilithrough abutmentghe Yuax/Yc declines asymptotically to a value of about
1.1

5. For the wingwall abutments\Yyax/Yc has the ma@mum value at the minimum unit

discharge ratio tested, then monotonically decreases to a level of about 1.4;

6. These results for the two abutment shapes {gpilugh and wingvall abutments) show
almost the same trend whagg/cy is larger than 1.5. Hower, whengs,/q; is smaller than
1.5, the value oiYyax/Yc for the wingwall abutment is greater than that for the spill

through abutment. This tendency shows that abutment shape becomes less important as
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embankment length becomes longer. It is an infteementioned by at least one earlier
study (e.g., Dongol 1994)

7. The values ofYyax developed in the present rectangular channel were largely similar to
those developed in the compound channel with erodible floodplain. This result is
attributable to flow concentration during scour development. Flow concentration
occurred for all the exgrsiments in Scour @hdition B; and,

8. An estimate of the peak value obtained usifgx/Yc = 1.81Ctg (Eq. (433), gr/r Y O,
for the limiting condition of a finitdength abutment in a very wide chanrmeln be

extrapolatedrom the data
I. For the spilthrough abutment¥yax/Yc = 1.81Crg~ 2.0
ii. For the wingwall abutmentsYyax/Yc = 1.81Ctg~ 2.5

Here Yc = Y1, because no contraction scour occurs across the bridge waterway. The
larger limiting value ofYwax/Yc for the wingwall abutments reflects thetronger

turbulence generated by thokiffer form of abutment

9.3 Geotechnical Limit to Maximum Scour Depth
As indicated in Chapters 7 and 8 for Scour Condition A, the maximum scour depth attainable at
an abutmet is limited by the geotechnical stability of the earthfill embankment at the abutment.

For a given design flow, scour cannot deepen below this limit.

Figure 93 illustrates this limit in simple terms for an embankment formed of sand. As scour
deepensijt reduces the stability of the earthfill embankment at the abutment, adjusting the
embankment slope to its equilibrium slope. When the slope is exceeded, embankment material
slides into the scour region (Figure38) and the flow transports it away. rter deepening

leads to more slope instability and erosion, until eventually, the erosion extends to the abutment
column. Because the cross section of flow increases (Fig8kg, Jurther erosion results in

breaching of the embankment and relaxatiothefflow around the abutment.
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It is possible to formulate the geotechnical limit to maximum scour depth. FighirduStrates

this limit. As indicated in Figure-9a, and found in the flume experiments, the location of
deepest scoudsnax Was a radial distanc®, out from the abutment column. For the present
study (and many abutment embankments), the constructed embankment slope was 2 horizontal
to 1 vertical, such that the requirement for embankment slope stability, when the slopks exte

back to the abutment column, is
fs =tan* [IEHJerS”Wj (9-1)

whereEy is embankment height. Adjusting Eq-18 gives an estimate for the limiting values

Of dSma)i

dga = Rtands— E, (9-2)

Smax

The flume experiments showebat R varied with the abutment length parametéB; (or
essentiallyg,/q;), as indicated in Figure-®, which includes data from similar measurements
reported by Melville et al. (2006) (and NCHRP Project183 who studied the use of riprap
aprons as arabutmerdscour countemeasure. The two data sets are in reasonably good
agreement. Melville et al. (2006) suggestRor

R_ 4[—L] | (9-3)

Consequently, the limiting scour depth can be estimated as



0.2
g oy = 4[%} Y, tand - E, (9-4)
f

In other words, the maximum scour depth at the abutment should not exceed the limit given by
Eq. (34). Note that this limit can actually be attained, especially vlgénlarge, such as for an
earthfill embankment formed of a compactstuff clay. A larger scour depth leads to breaching

of the embankment and flow relaxation through the bridge waterway (FigGi®.9 As
mentioned subsequently in Chapter 14, the limiting sdepth analysis should be further
investigated for a range @arthfill materials, along with varying combinations of compacted
embankment earthfill and floodplain soils. The present Project was limited largely to uniform
noncohesive sediment. The foregoing formulation of Eg$) (¢hrough (94) is somewhat

simplified, but is nonetheless indicative of how to estimate a limiting scour depth.

It could be noted for an analysis of abutment geotechnical stability that riprap presence does not
enhance geotechnical stability. Riprap adds weight to the slopdpésiot increase theshear

strengthof the earthfill forming the embankment

For abutments on footing foundations, a limiting maximum scdewth coincides with the
undermining of the footing and the possible geotechnical collapse of the earthfill embankment
behind the abutment column. This limit also could be formulated, at least in approximate terms.
A formulation is not given here, but the photo shown subsequently in Figtt8alBustrates

such a geotechnical collapse, and directly indicates how thelfmron might be formulated.

9.4 Observations of Scour Processes and Bathymetry

The observations of Scour Condition B at sfiilough abutments and whkwgall abutments

show differences in the location of maximum scour for the two abutment forms.



Appendces B3 and B4 give visual records of scour development at rigraegiected, pile
supported spitthrough and wingvall abutments, respectively, subject to cleater scour.
Scour development at a riprgpotected, sheetpHsupported wingvall abutments illustrated in
AppendixB5. A further sequence of photos in Appen8@& illustrates the scour formed at a

short, pilesupported wingvall abutment.

9.4.1 Spill-Through Abutments
Figures 95ad show overviews of the equilibrium scour condition associated withtepaligh
abutments for length parameter valug®.5B = 0.10, 0.30, 0.60, and 0.70. The following

observations can be made from these figures:

1. The resulting scour formwere basically similar to those obtained with sfhillough
abutments placed on an erodible floodplain in a compound channel (Section 7.3.2). The

deepest scour occurred immediately downstream from the abutment;

2. For relatively short abutments, the scoagion was confined to around the abutment,

with little or no scour occurring elsewhere in the channel;

3. As the length of the embankmeht0.5B, increased, the scour region extended further
across the channel. In effect, the plan dimensions of scour secréa scale as the
abutment lengthened and the flow contraction increased. The lateral extent of scour is

evident from the | ine drawn along the <chan

4. Also, asL/0.5Bincreased, the size of the sand accumulation in the wake region behind

the embankment became larger; and,

5. Also, asL/0.5Bincreased beyond 0.60, the embankment breaches increased in width. As
explained in Section 9.4, this effect occurred because the flow velocity (magnitude and

angle) increased wher0.5Bincreased.

It is useful to look closely at scour development for a representative layout of abutment. In this
respect, Figure-8 depicts the resultant equilibrium scour hole for a-spitbugh abutment with

length parametdr/0.5B= 0.50. This photograph shows how scatithe upstream corner of the
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abutment led to embankment failure there, and how riprap from the upstream side of the
abutment failed and slid into the scour hole. The maximum depth of scour, though, developed
adjacent to the abu,tamaevheredlew cantrastiorswas greatest. Ao, n e r
riprap stone in the scour hole partially armored the bed within the scour hole, and deflected t

region of deepest scoturtherdownstream.

The bathymetry measurements corresponding to Figérar@ gien in Figure 97. The black

dots indicate riprap stone. The contour lines start from the water surface at 0 m with an
increment of 0.015 m. The red curves indicate the bed level, 0.15 m below the water surface.
Two black lines indicate cross sectionstle embankment axis and at the location of the
maximum scour, respectivelyFigures 97ab show a plan view and two cross sections of the
channel bathymetry from Figure® The photograph in Figure®shows how local scour and
contraction scour merg®r abutments. If the conventional assumption of distinct contraction
and local scour processes were correct, there would have been twealegtiumaxima: a
maximum scour depth and a mareless uniform contraction scour depth across the channel.
However, the data and the photograph show that a flat region cannot exist in the contraction area.
The two crosssectional profiles show a gradual variation of scour region, indicative of scour at a

short contraction.

9.4.2Wing-Wall Abutments

Basically thesame observations made in Section 9.3.1 for scour at thdéhspiligh abutments
hold for scour at the wingall abutments. Figures-® show how the equilibrium scour
bathymetry varied with length of embankment for wimgll abutments. However, there wer

two main differences:

1. During the early phase of scour, the maximum depth of scour was at the upstream side of
the abutment. Eventually, as scour developed, the maximum scour occurred adjacent to

the abutment s downstream corner ; and,

2. Embankment breaamg occurred for all the layouts of the wiagll abutment tested,
except for the shortest layol/0.5B= 0.14.
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The devel opment of scour at the abu3whkcht 6s |
shows views of early scour development at a wuadl abutment wherl/0.5B = 067. The

black line on the wingvall abutment indicates the initial level of thendebed. This early stage

of scour, lasting about 5 to 10 minutes produced deepest scour at the leading corner, and some
accumul ation of sand at the abutmentds downst
scour development around a bluff pier;.,i.deepest scour at the front. As the experiment
continued for 30 hours, however, the maximum scour deepened, and the accumulation of sand
moved downstream from the abutment. The equilibrium scour region and its bathymetry are

shown in Figures-40 and 911.

9.5 Flow-Field Observations

The flow pattern at thevatersurface around the abutment®guceduseful insighs into scour

development. As described in Chapter 6hd experiments involved extensive LSPIV
measurements of the flow field around thetaient. To determine if the flow field remained
steady as scour developed, fléi@ld measurements were mauoléor to scour development at an

initial scour stage.

9.5.1 SpilkThrough Abutment

The LSPIV measurements of the flow pattern at the water surface around the abutments
produced useful insights into scour development. Figet2 Shows a series of surface flow
fields giving flow pathlines and values g&/g; at the start of scour whdn/0.5B = 0.10, 0.20,

0.30, 0.50, 0.60, and 0.70. These insights are augmented by a set of figures, Fiat99

13ab, and 914ab, that shows the flow field changes associated with scour development for a

selected representative abutment condition.

Once scour developed, flow was seen to be drawn to the scour region, as the LSPIV images in
Figure 913ab show. Figures-Q4ab-f compare flow pathlines, flow bathymetry, and values of

gro/gr for the initial flatbed and equilibriurscour bathymetriewhenL/0.5B= 0.50. Figures9
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15ab show the lateral distribution gb/cr at two cross sections at the start and end of scour: i.e.,
at the abutment axis, and the location of maximum scour depth. The equilibrium scour were
taken 36 hours afterthe exp i ment 6 s s-16alrshow esseftially the same irssights
(flow pathlines, bathymetry, and values eps/g; for the initial flatbed and equilibriurscour
bathymetries) wheh/0.5B= 0.67. For instance, the Figurel8b shows that the locatiaf the
maximum value forgr/gr remained approximately the same for the equilibregaur
bathymetry as for the initial fldded, though the flow concentrated through the scour region. On
the whole, these insights are similar to those obtained withdlownd abutments paced in the

compound channel (Sectiord].

These sets of floviield data, and data associated with the equilibrium scour, yield the following
flow-related insights regarding the influence of increasing value of abutment length parameter
L/0.5B

1. The figures show that a maximum value gpfigr occurred just downstream from the

embankment, coinciding with eventually the location of deepest scour;
2. The overall magnitude af,/g values increased &$0.5Bincreased,;

3. The flow became more uniformly distributed across the channel through the bridge

waterway a4./0.5Bincreased,;

4. Scour development concentrated flow at the region of deepest scour for a raf@emf

values, just as resulted with the spiifough abutmestin compound channels; and,

5. The large wake region formed behind the embankment enlarged as flow was drawn to the

location of deepest scour.

9.5.2 WingWall Abutment
Comparison of the flow fields associated with the wivegl and spilithrough abutments helps
explain the differences in scour at the two abutments. The photographs in Fidiiels Show

flow streamlines as revealed by means of the LSPIV at the stadoof and at equilibrium
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scour, for the wingvall abutment, wheh/0.5B= 0.67. The distribution ai:/gs values through

two cross sections at the wiwall abutment are shown in Figuresl8ab for this abutment

layout. The information in these figwrés comparable to that shown in Figure$62b for the
spill-through abutment. Since these two experiments had almost the same embankment length
(L/B = L/Bs = 0.67), they had similar geometric contraction ratio in terms of the width of the

whole channednd the length of the embankment.

A comparison of the flow fields yields the following insights:

1. Before scour, the distributions and valuesygfy are fairly comparable for the wingall
and spiltthrough abutments, as evident in Figure468 and 918a. However, the

equilibrium scour conditions produced dissimilar distributions;

2. The flow patterns at the equilibriustour stage were substantially different for the two
abutment forms. For the spilrough abutment (Figure B6b), the uniform flow reign
became narrower. On the other hand, for the wiaj abutment (Figure -A8b) the

uniform flow region became wider as scour developed closer to thewalgbutmertt

3. For the wingwall abutment, the location of deepest scour was close to the freiné of
abutment, and therefore scour drew flow closer to the abutment. The maximum value of
gr/gr for the wingwall abutment was about 4.5 at the location of maximum scour, in

front of the abutment (Figure 28b);

4. For the spilithrough abutment, the location of deepest scour was just out and
downstream from the abutmentobés daougnfat r eam
the spiltthrough abutment was about 4.8 at the location of maximum scour depth (Figure
9-16by,

5. For the spilithrough abutment, the flow pathlines were deflected out from the abutment.
However, for the wingvall abutment, the pathlines were drawn behind the abutment.

Consequently, the scour region became wider for thetbpillugh abutment; and,

6. The flow separation region at the front of the sghilough abutment was not as well
delineated as for the wingall abutment, and thus the wake region was not as well

delineated for the spithrough abutment.
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9.5.3 Influence of Main Channel Proximity

It is useful to consider briefly how the scour flow field associated with Scour Condition B is
influenced by the proximity of a main channel. A comparison is possible €tisivefield
observations for an abutment of practically the same embankment lbagtkith two different

settings, as indicated in Figured9a, b for spilithrough abutments:

1. One abutment in a compound channel built/8 = 0.50,B/0.5B= 0.63, and_/0.5B=
0.27 (Figures 49ai, aii); and,

2. One abutment on a rectangular channel set0a5B= 0.30 (Figures 49b-, b-ii).

Figures 919a, b show the pathlines (as white curves) and include the bathymetry as the
background contours. They also shqwig: along the section where the maximumscdepth
occurred. The principal point of the comparison is to show that flow concentration through the
scour region occurred to a proportionately greater extent in the rectangular channel (Figure 9
19, b-ii) than in the compound channel (Figured®al, aii). When the main channel was
relatively close to the abutment, the scour region extended across to the main channel such that

floodplain flow did not concentrate quite as much in the scour region.

When the abutment extended sufficiently far asribee floodplain of a compound channel that
scour extended to bed of the main channel, the resultant extent of embankment failure and
breaching was larger than embankment breaching triggered by scour limited to the floodplain
alone. The greater elevatiotrop to the maicthannel bed produced a larger area of
embankment instability and failure, thereby creating a larger area of breaching than when scour
was limited to the floodplain. Additionally, the larger area of instability caused breaching to
occur fater at the abutment in the compound channel. For the conditions shown in Figures 9
20a, b, breaching happened about 2 hours after the start of scour in the compound channel,
whereas it occurred after about 24 hours for the rectangular channel.

The differences in the timing of breaching caused the scour regions to differ. When the

embankment breached before the scour was fully developed by the flow arounebtieacihred
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abutment, the flow developed a different pattern from that before scour. Soomeosurately
developed in accordance with the flow pattern. Eventually, the scour had reached its equilibrium
condition. The new flow pattern did not significantly alter the scour bathymetry. However,
when the embankment breached during an earlier sfagour, the resulting scour bathymetry
differed from that when breaching did not occur; e.g., compare FigRfa vith Figure 99a.
However, when the embankment breached during a later stage of scour development, the scour
bathymetry was similar tcdhat at an unbreached embankment; e.g., compare FigROb @ith

Figure 919b. The stability of the earthfill embankment was a significant factor influencing the

flow field as scour developed.

9.6 Numerical Simulation of Flow Field

As done for flow aroud spill-through abutments in compound channels (Section 7.5), the
numerical experiments using the tgdomensional, deptaveraged model FESWAZD produced

flow fields showing the distribution of unit discharge, as well as dapénage velocity and bed
shea stress, commensurate with flow around an abutment on a wide floodplain or a broad
rectangular channel. These simulations were run for the taBge 0.05 through 0.50 for spill
through abutments as well as for simple vertigall abutments. The vécal-wall simulations
investigate flow-field sensitivity (at least in depi#wveraged flow) to the abutment shape. A
vertical wall abutment is geometrically similar to a wingll abutment, but with a wing angle of

0° relative to the bridge axis. Figu@21 illustrates the computational mesh used for one
configuration of a spithrough abutment. Morales and Ettema (2010) fully detail the

simulation.

The variation of unit discharge, for flow around three representative sgfilfough abutments,

for which L/Bs = 0.10, 0.20, and 0.50, are presented in Figw23a8. These figures also show

the streamlines associated with flow around the abutment. Evident in the figures is the increased
contraction of flow with increasing/B;, A transverse profilef g, as shown in Figure-23,
indicates that] quickly attains a maximum valuguax, over a comparatively narrow peak, and

then asymptotically declines to a constant value away from the abutment. Also shown in this

figure is the transverse profile of flow vorticity;, defined as
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@ = (a—v - a—U] (9-5)
oxX oy

in whichU andV are the streamwis&)(and transverseg/ components of velocity, respectively.
The peak values aofr andq occur close together. This result is to be expected, given the sharp

peak in the transverse distributioncpf

Values of the unitlischarge rad quax/gr were determined from the simulations, and are plotted
versusqgp/au in Figure 924, which presents three curves; numerical results for-tspdugh
abutments and vertical wall abutments, along with experimental results foithspilbh
abutmaets. These unit discharge terms are defined in Chapter 4. FigRdeirdlicates the

following findings:

1. Slightly higher values ofguax/0r, were obtained for flow around the vertical wall
abutments. However, the relatively modest difference in value suggests that abutment

shape does not have a major effect@r/o;

2. The values ofax/qr. attain a broad peak whep/q; varies from about.2 to 1.4;
3. The peak value ofguax/gr. for spill-through and verticalvall abutments are

approximately 5 and 155, respectively; and,

4. The values ofguax/0r, measured during the flume experiments with gpilbugh
abutments lie below those determinednir the numerical simulations. This result is
attributable to the computational mesh being finer (narrower) than the flow width over
which measurements were taken in laboratory experiments. As can be seen in Figure 19
24, the peak value @fyax/ar occured at a fairly narrow band. The measurement width
of the LSPIV and ADV velocity measurements were about 20mm, thereby exceeding the
width in which the peak velocity and unit discharge occurred. The wider measurement of
velocity leads to an averaging dbwdv velocity, and therefore a reduced estimate of

velocity andguax
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9.7 Comparison with ABSCOUR

The ABSCOUR method (Chang and Davis 1998, 1968jlined in Section 5,7is the prior
scourestimationmethod thatmost closdy resemblesthe method developed in this project.
ABSCOUR treats abutment scour as essentially inseparable from contraction sScour
Condition B is the condition enabling best comparison of ABSCOUR scour estimates and scour
data from the present project, beaatiseoverallgeometryof channel and abutment are similar

to that considered in the development of ABSCOURNe major difference between the
experiments upon which ABSCOUR and present experiments is that the latter used abutments
comprising an abutmentolumn set amidst an erodible embankment. To account for this
difference the ABSCOUR estimates #fax/Yc set the spiralindlow coefficientk: = 1.0; i.e., no

spiratflow amplification of scour deptis estimated using Eq. {35).

The magnitudeor Yuax/Yc obtained fronthe present experimenigth spill-through abutments
(Figure 92) agree quite well with those obtained from ABSCOUR over the rangg.IogcO ;2
see Figure @5. For the ABSCOUR curve in this figurghe limit gp/gr = 1 is basedon flow
contraction locally aroundnabutmenin a wide channel. If this same conventisereused for
the data from the experiments in the present studg./@ = 1, Yuax/Yc would match the
ABSCOUR estimate. Note that, for the presexperimentsgn/cr = 1 implies no abutment
intrusion into the channel; i../0.5B = 0. As gp/gr exceeds about 2, ABSCOUR estimates of

Yuax/Yc increasingly differ from the trends shown by the present data.

For wingwall abutments, the peak magnitudeYgfx/Yc obtained from the present experiments
(Figure 92) is somewhat less than that obtained using ABSCOUR /@ = 1.2, but the
ABSCOUR and data curves trend in opposite directions for larger valugggpfFigure 925.
Thedi f ference in the trends (Eg £33Q)bftthe relationship | e

Ya!Y1 oc (0l cp ), rather tharYa/Ys o« (/o ), as per Eq. @1).

9-14

t

0



Table 91. Data summary for tests with abutments subjeSctmur Condition B

Spill-Through Abutment with Ripraprotected Embankment

L/0.5B (oPY[o Ywax Y Yuax/Yc
(m) (m)
0.69 3.18 0.52 0.37 1.40
0.60 2.50 051 0.30 1.73
0.51 2.05 0.48 0.25 1.68
0.34 1.52 0.42 0.20 2.10
0.24 1.32 0.35 0.17 2.05
0.24 1.32 0.35 0.17 2.05
0.18 1.22 0.32 0.16 2.00
0.00 1.00 0.15 0.15 1.00

Wing-Wall Abutment with RipragProtected Embankment

L/0.5B 0./01 Ymax Yc Ymax! Y
(m) (m)
0.68 3.05 0.48 0.36 1.34
0.59 2.41 0.47 0.29 1.61
0.42 1.72 0.45 0.22 2.05
0.42 1.72 0.44 0.22 2.00
0.14 1.16 0.39 0.16 2.50
0.00 1.00 0.15 0.15 1.00
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Figure 91. Principal variables measured for abutments subject to Scour Condition B, abutments
set back on an erodible floodplain or in a rectangular channel
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Figure 92. Relationships between fledepth increasewax/Yc, and unitdischarge ratiogy./ o
for spill-through abutmentand wingwall abutments, Scour Condition B
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Figure 93. Deepening scour destabilizes the embankment face, causing thi skpe
geotechnicallyand to erode back to a limiting condition. When the slope erodes back past the
abutment column, the embankment breaches, and Scour Condition B attains an equilibrium state
the scour limit for an embankment face eroded back &x&nt defined in terms of angle for
embankmenslope stabilityds, and column positiofa); and,embankment failure beyond this
limit induces leads to embankment breaching and flow relaxétjon
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Figure 95. Top views of scour at a spiirough abutment with/0.5B= 0.1 (a), 0.3 (b), 0.6 (c),
and 0.7 (d)
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Figure 96. Equilibrium scour hole at a spitirough abutmenwith L/0.5B= 0.5
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Figure 97. Bathymetry plot (@)and cross sections (fgr the scour region near a sgitirough
abutment on erodible floodplamith L/0.5B= 0.5 ScourCondition B. The black dotsn (a)
indicate extent ofiprap-stone disposition
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(d)

Figure 98. Top views of wingvall abutmerd with L/0.5B= 0.14(a), 0.42(b), 0.59(c), and
0.67(d)
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(b)

Figure 99. Upstream view (a)yand side iew (b) of scourhole with awing-wall abutment
L/0.5B= 0.67(after experiments of 5 minutes)
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Figure 910. Resulting scour hole afwing-wall abutmentvith L/0.5B= 0.67

0 0075 015 0225 03 0375 045

Figure 911. Contour plot of resulting scour holeaoking-wall abutmenwith L/0.5B= 0.67.
The black dotén (b) indicateriprap-stone disposition. A red curve (b) indicates 0.15 m from
the initial watelevel
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Figure9-12. Surface flow patternandday,/o distributionsat pre-scour conditiorfor spill-
through abutmestwith L/0.5B= 0.10(a), 020 (b), 0.30(c), 0.50(d), 0.60(e), and0.70(f)

(@) (b)

Figure 913. Surface fow patterns determined by LSPIV faspill-through abutmenwith
L/0.5B =0.5; flow field before scou(a), and flow field associated with equilibrium scdby
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Before Scour Equilibrium Scour

(axii)

44,

Figure 914. Flow fields around a spilhrough abutmenwith L/0.5B =0.5before scour and at
equilibrium scourpathlines and bathmetry before scair), and at equilibrium scoye-ii);
magnitude ofy,/gr and steam lines before scdqbri), and at equilibrium scoufb-ii)
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(b)

Figure 915. Flow pathlines, channel bathymetry, and transverse prafilgg/g; obtainedor a
spill-through abutmenwith L/0.5B =0.50;before scour (a), and after scouy. (iNote that scour
development concentratgg
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Figure 916. Flow pathlines, channel bathymetry, and transverse profitggmgpbbtainedfor a
spill-through abutmenwith L/0.5B =0.67, before scour (a), and after scouy (b
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(@) (b)

Figure 917. Surfaceflow patterns determined by LSPIV for a wiagll abutmentvith L/0.5B
= 0.67, flow field before scoufa),and, flow field associated with equilibrium scghb)

S e =

012345 01234535 012345 01234535
a/cx o/cx a/cr a/cx

(@) (b)

Figure 918. Flow pathlines, channel bathymetry, and transverse profitgggpfobtainedfor a
wing-wall abutment with./0.5B =0.67;before scour (aand after scoufb)
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Before Scour Equilibrium Scour

q./4, q/q,

0 05 1 15 2 0 05 1 15 2

Figure 919. Comparison of distributions af./gr along the maximum scour section in the
compound channébr a spilkthrough abutmenwith Bi/0.5B =0.63andL/B; = 0.43 before
scour (ai), and at equilibrium (@) ; and in the rectangular channégth L/0.5B= 0.3Q before
scour (bi), and at equilibrium (4i)
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PreScour Equilibrium

(b-i) (b-ii)

Figure 920. Comparison of distributions @f,/g; along the maximum scour section in the
compound channébr a spiltthrough abutment witB/0.5B =0.63 andL/B; = 1.0Q before
scour (a), and at equilibrium (@); andin the rectangular channeith L/0.5B= 0.3Q before
scour (bi), and at equilibrium (hi)
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Figure 922. Numerical simulaticsof flow around representative abutment lengtiitt L/0.5B
=0.10(a), 0.20(b), and0.50(c). Magnitudes of unit dischargg, are indicated.
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Figure 924. Comparison of numerical and experimental values for the variatgpp@t, with
g2/qx for flow around spilthrough abutmentsndvertical wall abutments on a floodplajor in
a rectangular channel
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CHAPTER 10

LABORATORY RESULTS F OR SCOUR CONDITION C AT
EXPOSED ABUTMENT COL UMNS

10.1 Introduction

This chapter presents the results obtained from the laboratory experiments investigating Scour
Condition C, the most vulnerable of abutment scour conditichg abutment is located in a
readily erodible channel or floodpl ain, and
any) protection by means of riprap or some alternative armoring cover. Scour Condition C
leads to major breaching of the embankment, fullyosing the abutment column to further

scour. When this happens, scour progresses at the abutment column as if the column were a
pier (Figure 33).

Described first is scour development at abutments with unprotected embankments. Described
next is scour deelopment at an exposed paepported (spithrough and wingvall shapes)
subject to a range of flow parameters; notably, variable flow intensity{) and column

alignment to flow b). Figure 161 indicates the variables measured.

Taken together,hie results presented lead to empirical equations for predicting maximum
scour depth at exposed standard stub and-walbjabutments. Variations on the equations
occur for alternative designs of abutment columns. These equations are vital for determining

the depths to which the pile or sh@de foundations of abutment columns should be placed.

102 Scour-Depth Trends

For abutments located on erodible floodplains, Scour Condition C led to the deepest scour at
the foundation of each abutment column. [¥eoverall scour occurred near the sghiflough

abutments and the wingall abutments subject to Scour Conditions A and B, but such scour
either was at some distance from the abutments in the case dahspijh abutments (e.qg.,

see Figure -40b or 711 b ) or never entirely exposed the
Figure 89b for Scour Condition A at a wingall abutment whose embankment is not fully
breached).
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Figure 102 shows data relating the depth param¥tgs and the abutmedength paramete

L/B; , for spilkthrough abutments and one wangll abutment, whe/0.5B = 0.43. Two
values ofYyax are given for each value bfBy; one is at the abutment, and the othefkx) is

in the main channel. (Note that the paramétd; serves as a surrogate for the flow
parametergy/q;, when all other parameters are constant.) Before embankment breaching
occurred, scour occurred around the floodplain and in the main channel. Once the
embankment was breached, flow around the abutreented, and the elevation of the main
channel bed remained meoeless at its original level, with allowance for uncertainty
associated with dune amplitude. The data for the-gpitlugh abutment are -pdotted in
Figure 103 asYwax/Yc versusg,/gi;, to enable comparison with thé,ax/Yc trends obtained

for Scour Conditions A and B (Figures37and 82).

The extent of scour away from the abut ment de
embankment to breach. Figure-4Qelates this time to emabkment length, expressed as

L/B:. The time given is up to the instant that flow began passing through the embankment. It

was shorter for the longer embankments, because the rate of scour deepening increased with

L/B;. The maximum duration was 82 minsiteor L/B; = 0.50. Once a breach had formed,

flow through the breach, further eroded the embankment and widened the breach. The
process of breach widening took up to several hours in the model. Seci®riuttber

discusses and illustrates the proceBmbankment breaching caused the flow velocity at the

abutment column to vary in magnitude and direction.

The following comments can be drawn from sedapth data:

1. A central point is that scour at an exposed abutment column occurs as a local scour,
akin to scour at a pier, and therefore var
data point for the exposed column of the wimgll abutment lies well above the data
associated with the exposed stilfough abutment column, as shown in Figure210
The column for the wingvall abutment was much wider than that of the gpilbugh

abutment, and thus produced a deeper scour;
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2. Scour development varies with the time to
A longer time to embankment breaching lded a deeper scour form of Scour

Condition B to develop before Scour Condition C eventually developed,;

3. Because the breaching time is a function of the strength of the earthfill forming the
embankment, scour devel opment tdlhd depth de

strength;

4. As embankment breaching occurs, the flow field changes substantially, causing the
flow velocities at the exposed abutment to vary in magnitude and direction.

Accordingly, scour development at the exposed abutment column is unsteady; and,

5. Design estimation of scour depth at abutment columns must rely oresgrirical

relationships developed from laboratory data, such as presented later in this chapter.

10.3 Observations ofscour Processes and Bathymetry

The scour processes associated with Scour Condition C fortlspiligh and wingvall
abutments begin in much the same way as for Scour Conditions A and B but, as illustrated
below and in AppendiB7, the processes proceed to breaching and complete wadhbat
embankment and exposure of the abutment column. The experiments simulated these

processes suitably well.

10.3.1 Breaching of SpilThrough Abutments

Figures 185a-d show the development of Scour Condition C at an unprotecteethspillgh

abutmen, for the layoutL/B; = 0.70, andBi/0.5B = 0.43. In addition, AppendixB7 shows

scour development over time for an unprotected-splilr ough abut ment . The
embankments was constructed with the same sand used to form the floodplains, aod was n
protected with riprap. As can be seen from the photo sequence, the wetted sand above the
water line behawkin a manner akin toohesivesoil; it was able to stand with a vertical face

at and &dove the water line.

The ensuing set of stagelsaracterized scour development for this representative case:
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1. Flow was contracted around the abutment, scouring the floodplain there, as well as
scouring the bed of the main channel. Initially, scour progressed as merging of Scour
Conditions A and B;

2. Scaur of the floodplainledto asieel ope failure at the embanl
and thereby started embankment breaching. For this experiment, the embankment

breached in 13 minutes;

3. Once the embankment breached, flow widened the breach, washing oajoa m
portion of the embankment ,-stub xogumrssilikeg@@ t he a

pier; and,

4. Scour then developed locally around the stangdaurtd column.

Because the scour occurred in a clwater condition, considerable time was needed for the
scourhole to attain an equilibrium depth. The black line on the abutment in Figtbd B0

the original surface level of the floodplain.

Though flow breached and washed out the embankment, and appreciably deep scour
developed at the exposed abutment colusignificant scour still occurred in the main
channelfor larger values of/B; andBy/0.5B The bathymetry plots in Figure Bshow the

initial layout of an abutment (Figure -Ba), and the resulting scour (Figure-@lf), for the
layoutL/B; = 1.00, wit B{/0.5B= 0.43. Scour Conditions A and C are evident in Figure 10

6b. The detailed embankment breaching and scour processes are:

1. ScourCondition A developed during the earlier stage of scour before the embankment
breached. Had breaching taken longer, the maximum water depth in the main channel

could have been deeper. Breaching le8dourCondition C; and,

2. The bed level just upstreamoi the abutment became slightly elevated above its
original level. This rise occurred because, once the embankment breached, the
approacHlow velocity in the main channel just upstream from the abutment

decreased, causing some bed sediment to deposit.
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10.3.2 Breaching of WingWall Abutments

The overall scour processes for the wimall abutment were the same as for the gpilbugh

abutment, and resulted in the scour developing deepest beneath the&vihd 6 s upstr ea
corner. By virtue of the shape thfe wingwall abutments, the scour bathymetry at the wing

wall abutment was more complicated than that for the-$pilugh abutment.

Figure 107 shows the development of Scour Condition C at an unprotected-weihg
abutment set dt/B; = 1.22 (nomindy 1), andBy/0.5B= 0.43. The eventual equilibrium scour
form is shown in Figure 1@f, in which te black line on the wingiall abutment marks the
level of the mairchannel bed before scour. Figure-80which gives the bathymetry
measurements correspting to Figure 1&/e, shows that scour was deepest at the abutment,
but it also shows that significant scour in the mehannel bed occurred. This latter region of
scour was similar to that formed for the wingll abutment subject to Scour Conditions A
and B; e.g., see Figures98and 99.

10.4 Scour at Exposed Abutment Columns

As mentioned earlier in this chapter, design estimation of scour depth at exposed abutment
columns necessarily entails the use of sempirical relationships similar in natute the

relationships used to estimate depth of local scour at piers. Important parameters in this
regard are a columnds constructed form and |

following parameters:

1. Flow intensity, expressed as shear velocitypproach flow normalized by partiele

entrainment shear velocity-(/ u), at least for cleawater scour; and,

2. Column orientation relative to flow directio). The findings of experiments
investigating these influences are presented and discussehire designs of pile
supported stuabutment and wingvall columns used in the current experiments. The
influence of flow intensity was investigated for both cleater and livebed scour.

The experiments were conducted using the two flumes desanil@thpter 6.
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The maximum scour depth at an exposedrabuat column can be expressed in the form of a

pier-scour relationshipas indicated by Eq. {43).

10.4.1 Influence of Flow Intensity

The influence of flow intensityy-/u«, on equilibrium scour depth at an exposed stansiarol
column of a spilthrough abutment, or a wingall column, wadound to bethe same as for
scour at a pier.Figures 10-9 and 1010 showthe influence of flow intensity on scour at the
model standardtub abutmenand wingwall abutments, respectively\scour depth increased
asu-/u increased over the clearat er r auw/g.eO, .01 or bdth €dlumn formsthe
lower limit is based on findings generally reported in the literature (e.g., Melaiild
Coleman, 2000). Table 1D summarizes the data obtained from the present experiments,
which include livebed scour at the pier column. ; i.e., DQ/u. O2.1, the upper limit
coinciding withvalues ofu- estimatedthe flow approachinghe exposedabutmentcolumn
during the abutment scour experiments. One test for each abutment column was conducted

with the column placed in the main channel.

Figures 1011a,b and 1012a,b show photographs aflearwater scourand livebed scour
produced arond the exposed standastiib column and those produced around the exposed
wing-wall column, respectively. Eagbair of figures was for flow intensitiesk/u. = 0.90
and 1.26 The scour bathymetry is closely similar to scour holes formed asygiored

piers.

For the livebed cases associated with embankment breaching (i.eQ &/, O 2.1), he

flow intensities used for theolumn scour depth resulting from Scour Condition C were
determinedapproximatelyfor the prescour flow. The magnitudeg flow velocities, and thus
u/u, immediately upstream from the abutment were unsteady because the flow field
changed as the embankment eroded. Accordingly, the flow intensity vaGéen the
difficulties associated with a priori determinationwfan exposed column, i a practical
expediento use flow intengy at the prescour condition, or for design simply to assume-live
bed scour. However, as Inmed scour conditions prevailed and scour depth is conveniently

sensitivity tou-/uxc, exactdetermination of is unnecessary.

10-6



The datan Figures 160 and 1010 show thatdsmaxincreased until-/u<. = 1.0 then it dipped

to about 70% of its peak valuejth a wide range of uncertaintiésen occurringowing to
bedform presence It is reasonakl to use beform amplitude as an estimate of this
uncertainty asindicatedin Table 101. The data for Scour Condition C exhibit scatter
associated with the presence of bed forms (dunes and ripples) in the vicinity of the abutment
column. The local ampude of bed forms near the colurare included in Table 10. For

some tests, column scour coincided with a-toeth trough, whereas for others scour was
measured mimplitude. Continuous measurements of scour depth were not taken during the

tests.

A further cause of scatter in scedepth at a pier column is flow orientation at the column.
Such scatter was greatest for the model wiad) abutments, as evident in Figure-10.
Flow breaching an embankment at an abutment column was not initialheadligith the

column, but became more aligned as an embankment breach fully developed.
The scour depths predicted using the relationships proposed by Melville and Coleman (2000)
and the HEEL8 equation (Richardson and Davis 1995) agree reasonably wellheitthata,

though the HEEL8 equation overestimates slightly. Therefore, ghee-scourapproach to
scourdepth estimation for Scour Condition C, as suggested in Sectidmo{d§,as valid

The maximum values of scour depth at the model abutment coleemnse approximated, in
terms of columrbase(or pile-cap) width for standarestub columnss

dSOcqumnz’ljbstub (10—1)

And for wing-wall columnsas

dSOcqumnz’O-7bNing (10-2

10-7



Here bswn and bwing are the transverse widths of the abutment columns, as defined
subsequentlyn Figure D-16 and 1617; for the models, the widths of thésy, = 0.077m,

and bying = 0.48 m (Figure 64 and 65 give prototype values. The lesser value of the
coefficient br the wingwall column reflects the angle of the wimglls. Eqgs 101 and 163

are approximate, and will vary with other abutment column designs.

10.4.2 Influence of Abutment Alignment

The scour data obtained with exposed standard and wingvall columns aligned at a range

of angles agree with the trends generally known for scour at piers of fairly complex form.
The scour data were obtained usim@u. = 0.75 with abutmentalignmen angle S varied

from Oto 15, 30, 45, and90°. Figures 1013, and 1014 show the relationships between the
maximum scour depthand abutment alignmentp, for the standardtub and the wingvall
columns, respectively For both columns, the minimum sgodepth occurred whei= ,0 e

and it increased monotonically b= 90 ¢

Scour depth for the standastub column was more sensitive to alignment angle than was the
wing-wall column. By virtue of its broader width gt= ,Qhe scour depth at a wivgall

column at this alignment was greater than that at a stasstldsdcolumn similarly aligned.
However, asg increased the scour depths approximately approach each other for the two
columns. The scour depth for the wingll abutment aligned g8 =  9w@seonly modestly
greater than for the standastub column at the same alignment. Observations of scour
development showed that exposure of the piles beneath the column relieved flow so as to
weaken the downflow toward the deat the front of the column, thereby somewhat
diminishing the effect of column width and shape on eventual scour depth. This influence is
illustrated in Figures X1 and 1612 for the standardtub and the wingvall abutments
aligned atg = 0°, respectiely; and, in Figures @5a,b for the two columns aligned gt

4 5 eThe latter two figures reveal that pile width and configuration (also, elevation of pile
cap) play a role determining eventual scour depth. The width and spacing of circular piles for

both columns were the same, though the wiradj column had more piles.
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Figures 1616 and 1617 replot the data in Figures 118 and 1614 in terms of an alignment

factor,K , versus alignment anglg, HereK , is defined as the ratio of the locabsic depth

for the abutment column aligned at anglerelative to that wherng = 0. Figure 1016
compares the values &%, obtained for the standasiub abutment with the commonly used

set of alignmenfactor curves proposed hyaursen and Tocl{1956), wio developed the
curves using scour data obtained with simple rectangular piers extending at depth into a sand
bed. The standarstub column, though, comprises a rectangular column founded on a pile

cap and pile cluster. The valueltid, for the column was 5.27, and itK values concur well

with those Laursen and Toch suggestifioy = 6. Though the column was supported by piles
beneath the bed level, and the overall scale of scour depth magnitudes would be less than
those for a rectangular column extééng to depth within the bed, the curves show that the
overall Ky trend for the standarstub column is the same as for a rectangular block of similar

proportions. No similar comparison and verification is immediately feasible for thewdlhg

column. TheK values given in Figures 106 and 1617 are suggested for use in the design

method described in Chapter 12.

109



Table 101. Effect offlow intensity on maximum scour depths at exposed starstald
column andving-wall column(constant alignment angle = 0°)

Flow Intensity Maximum Scour Depth (m)

U/ Uk (z indicates bedorm amplitude)
(Aemb. breeg StandardStub Wing-Wall Abutment
value estimated from abu Abutment
scour expt.)

0.75 0.08 0.21
0.80 0.09 0.24
0.90 0.11 0.27
1.00 0.12 0.29
1.10 - 0.27
1.26 0.08 0.19
1.29 0.09 0.32,0.23,0.22,0.16

(emb. breach) (x 0.005) (x0.10)
1.40 0.10

(emb. breach) (+ 0.005) )
1.55 0.13

(emb. breach) (+ 0.015) )
1.85 0.13

(emb. breach) (+ 0.010) )
2.10 - 0.32

(emb. breach) ((x0.02
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Table 102. Effect of abutment alignment on maximum scour deptlexposed standasiub
columnand exposed wingall column (constant flow intensity. /U, = 0.79

Abutment Maximum ScouDepth (m)
Angle
StandardStub Abutment Wing-Wall Abutment

0e 0.08 0.21

15¢ 0.13 0.22

30¢e¢ 0.18 0.29

45c¢ 0.22 0.29

90e¢ 0.2 0.32
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Figure 101. Principal variables measured for abutments subject to Scour Condition C
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(@) (b)

Figure 105. Scour development around standsiteb abutment under Scour Condition C
with B;/0.5B= 0.43 and./B; = 0.70; initial conditiont = 0 (a), initial embankment breach (b),
embankment breach (c), and final scour hole at exposed abutment column (d)
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Figure 106. Initial layout of spiithrough abutment (a), and resultant scour bathynglejry
under Scour Condition @ith B;/0.5B= 0.43 and./B; = 1.00
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(a) (b)

Figure 107. Development of Scour Condition C at unprotected wiradi abutment sewith
L/Bs = 1.22, andB:/0.5B= 0.43 initial stage (a), embankment enog (b), embankment
breachedc), and further development of embankment erosion (d)
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(f)

Figure 107 - continued. [@velopment of Scour Condition C at unprotected wirad
abutment sewith L/B; = 1.22, andB;/0.5B= 0.43; exposed wingall abutment and breached
embankment (e), and extensive scour around exposed abutment column (f)
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Figure 108. Resultant scour bathymetry around wingll abutmenfor Scour Condition C

Figure 109. Influence of flow intensityu-/u«, on scoudepthat exposed standasiub
column(HEC 2001 ifrom Richardson and Davis 2001
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