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ASSTRACT

The purpose of this study \üas Èo investigate the phenonenon of local

scour around bridge piers and to develop functional relatíonships between

the various parameters thaË influence the phenomenon. All the data used

in the study were obtaÍned from experiments conducted in a laboraÈory flume.

The study was limíted to recÈangular piers of length to width ratio

of 5.3. All the piers essenËially behaved as blunt-nosed and were ín all

tests aligned parallel to Èhe flow. Subcrítical, unidirecËional and

uniform flow conditíons rüere maíntaÍned at Froude numbers ranging from

0.12 to 0.23. Only non-cohesíve bed maËerial (sand) was used and

clear-water scour conditions rrere rnaintained by keepíng the flow veloeity

below the threshold value for the inítiaËion of sedi-nent rnovement.

The results of thís study índícated that a reduction of the blunÈness

of the pier nose reduces the scour potentíal when compared to a square-

nosed píer which causes the deepest. scour depths. The depth of flow was

found to have neglígible influence except for depths less than 2.6 pier

wídÈhs. The depth of scour was found to vary lÍnearly with the nean

approach flow velocity.
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CHAPTER I

INTRODUCTION

1-.1 General Aspects of the problem of Local Scour

Local scour ís defined as the abrupt lowering of Ëhe streambed in
the vícíniËy of a hydraulic structure. In the specific case of a bridge

pier, the scour is due to the erosíon of the bed traterial by the local
flow structure induced by the pier. The flow structure itself consists

of eddies which are generated by the significant changes ín the dÍrection

of the flow caused by the píer.

Many of the bridge failures in the past úrere largely attributed to

the undermining of the foundations of piers and/or abutments by scour

holes creaËed by the flowíng water. Consequently, early bridge designers

often over-desígned their brídge foundations to circumvent this hydraulícally

related problem. cornmon methods of desígn often comprised erecting

massive piers and abutments' a1ígned across long-crossings, usually with

very short sPans, and selectíng bridge sites in relatively sËraight reaehes

wíÈh stable banks. However, a 1ot of these early methods of combating

the scour problen met with only linited success. one najor flaw was

failure to recogníse the fact that any obstruction placed in a stream

modifíed the fl-ow pattern in the viciníty of that obsËruction, thereby

causing severe scour Ëo occur, and pier nassiveness only contributed to

an enhancement of the problem. Addítional, but not as severe, scour

occurred when the designers placed the piers at such a spacing as to cause

extreme contractions to the fLow sectíons, resulËing in streambed scour

due to hígher induced vel_ocities.

A pier will obvíously have an Íncreased factor of safety from scour

if it ís based on a firm bedrock. However, such a foundaÈíon, albeit
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desirable, is not often economically feasible, particularly in alluvial

streams where access to a solid geological formatíon may require un-

justifiabl-y excessive excavations. IÈ is clear, therefore, that in order

to avoid over- or under-design of the foundatíons of piers in an erodible

bed, it ís necessary to know Èhe maxinun depËh which wíll be reached by

the scouríng process. This, ín turn, requíres Ëhe understanding of the

mechanism of local scour. C1early, thís understandíng will not only

facilítate the evaluation of potentíal scour depths, but will, ín addition,

lead Èo the development of methods Èo be adopted in the desígn of pier

foundations to accomnodate the scour, to reduce its magniËude, or to

elimínate ít completely; the choice as to r.rhat extent this is carried ouË

will undoubtedly be dictated by economic analyses.

L.2 Purpose and Scope of Study

The phenomenon of local scour is among the many fields of sediment

ËransPort where the processes of rìrater and sedinent movement are very

complícated. Gíven the overall complexíÈy and mulÈiplicity of the factors

influencing local scour, it ís not surprisíng that no entirely satisfactory

theoretical solutÍon of the scour problern has yeÈ evolved. One obvious

approach to the evol-ution of predictive principles is to conduct an ex-

perinental study. This has the advantage of exercising separate control

over each of the individual factors affecting t.he phenomenon, onee they

have been recognised. The influence of each of Èhe various factors is,

therefore, sorted out from the total phenomenon.

Many studies of 1ocal scour have been conducted by various investi-

gators previously. The results from these sÈudies, however, have not

always been in complete agreement. Experínental data have, in some cases,
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been regarded as ínadequat,e and data frorn different sources have, many

times, been in conflict. The present trend, however, appears to be in

the direction of unanímíty as regards the important parameters governing

1ocal scour.

The object of this research reflects a contínuíng effort ín the

attæpts to provide more experÍmental daÈa on local scour, wiËh Ëhe hope

that, coupled with certain theoretical approxímations, funcÈional re-

l-ationships between Èhe various parameÈers míght be developed.

This study r¡ras línited to the f ollowing condiÈions:

(í) rectangular piers wíth length to width ratio of 5.33; for each

pier both the nose and Èhe tail r¿ere of the same shape;

three shapes were ínvestígated, namely round, square and

triangular; the length and width dimensions rüere the same for

all piers.

(ií) subcritical, unidirecÈional and uniform flow conditions.

(iií) non-cohesive granul-ar bed material (sand).

(iv) clear-waËer scour which, herein, refers to the condition ín

whích Ëhe bed material upstreâñ of the píer ís undísturbed

and, therefore, the flow of sedíment into the scour hole is

zetoi in other words, movement of sedinent begins ín the

viciníty of the píer and proceeds downstream Ëherefrom.

(v) zero angle of attack; each pier had iÈs major axis aligned

wíth Èhe maín directíon of flow.
i'-.j'';i
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CHAPTER II

CATEGORIES OF SCOI]R AT BRIDGE PIERS

2.I Scour and Degradation of Channel Bed

General degradation of an alluvial channel bed is usually a com-

bination of local scour and other forms of scour. The term ttscourtt,

by ítse1f, is used to mean

ra lowering by erosion of the channel bed below an
assumed natural level or other appropriate datum,
tending to expose or undermine foundatíons that would
otherwise remain buríedt (Neill , Lg73).1

There are several interrelated factors which may lead to the lowering of

the channel bed aÈ a brídge pier síte leading, therefore, to the following

categorizatíon of scour:

(i) DegradaËion, Temporaty or Progressive is assocíated wiËh a change

of river regimes due Èo natural geological processes or induced

by mants activities either upstream or dorrmsËream from Ëhe

bridge site; Ëhus, a river may ehange from a meanderíng to a

braided one.

(ii) \etural Scour in alluvial channels is associated with variatíons

in flow conditions and changes in sedÍment supply. This resulËs

in temporary or progressive shifting of the thalweg (the deepest

flow depth ín a river sectíon), bed-form migraÈion and channel

shifting. Thus a small channel r^Tithin the main channel Ëhat

shifts íts course closer to a píer will lor¿er the bed elevation

adjacent to the pier.

(íii) General Scour is associated wíth the constricÈion of the flor"¡

section. Bridge píers contracÈ the width of the channel, hence

reducíng the net lrater\ray area. This results ín an increase in i

1 ¿,tt the technical literature Ís listed ín the Bibliography at the end
of the main text.
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the flow velocíty under the bridge and hence the scouríng

capabiliÈy of the flor¿.

(iv) Local Scour around the piers is caused by loca1 flow distur-

bances (vortices or eddíes) índuced by the piers t.hemselves.

These disturbances are a result of the abrupt change in the

direcËion of flow caused by the piers.

The progressíve or temporary degradation and Èhe natural scour usually

occur over relatively long reaches and over long tíme spans. The first

three factors may cause the elevation of the entire bed to be lowered.

Local scour, horrrever, is confined only to the vicínity of a pier and may

occur in conjunctíon with or in the absence of any one, t!ùo or all the

other factors. General and local scour are illustraËed in Fig. z.L.L

rnasmuch as the four forms of scour described in the preceding

paragraph are caused by entírely different phenomena, it ís virËually

írnpossible Èo sÍng1e out the influence of each of the various factors

from the toËal scour phenornenon. By the same token, it is prohibitive to

find a single criÈerion to predíct the magnítude of the scour due Ëo their

conbined effect near each píer. However, by carefully studying each

factor' estimates of their eontributions to the Ëotal scour can be made.

This study is restrícted to Ëhe phenomenon of local scour on1y.

2.2 Local Scour Due Ëo Bridge Piers

Local scour is, as defined in an earlíer section, the abrupt decrease i,'1.

ín bed elevation in the in¡mediate vicinity of a pier due to erosion of

bed material by the local flow structure índuced by the pier. Local scour

1- Al-1 figures are Ëo be found after the main text.
l:1. rl
l:::':



is the most ÍmportanË cause of a decrease in bed elevation and has been

extensívely studíed both in the past and recently, and is still beíng

invesËigated upon today. Besides its severity, another reason why it has

received the most attention is that it is most conveniently studied rn¡ith

the aid of hydraulic models. The other forms of scour, on the other hand,

are more complex in nature and difficult to model for the purposes of labora-

tory study; it is also apparent that their severity ís not significant

enough Èo qrarranÈ the often expensive model studies.

Three classes of 1oca1 scour may be identífied by considering the

amount of sediment transported into and out of the scour hole:

(i) Stable Scour: The local disturbances caused by Èhe pier result

in a scour hole of a certain magnitude, after which there is

no additíonal scour, a condítion which is establíshed q¡hen the

sedíment discharge into the hole is equal to the sediment dis-

charge out of the hole. The condition of "no scourrt, whereby

both sediment díscharges ate zeto may also be classified as

stable scour.

(ii¡ Clear-water Scour: The rate aË which sediment is supplied Èo

the scour hole by the approach flow is zero, but the capaciÈy

of the flow to transport sedÍment out of the hole is greater

than zero. The flow then continues to erode the scoured zone,

íncreasing the depth of scour wíth time until a limitíng rate of scour

ís approached asymptotícally.

(iii) Scour r,¡íth Continuous Sediment Supply: The ínflow of sediment from

upsËream may be smaller or greater than the raËe of sediment

removal from Èhe scour hole. If the sediment supply díscharge

is greater than the amount being eroded away from the scour hole
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the depth of scour will decrease wíth time. Conversely, Èhe

reverse situaËion will occur r¡hen the supply raLe ís less than

the erosion rate and the depth of scour wíl-l increase, reach a

maximum and evenËually vary aperiodically with Ëíne about an

equílibrium value due to the passage of dunes through Èhe

scoured zoÍLe.

The dístínction between Cases (ii) and (iii) is shown in Fig. 2.2.

The scouríng processes described above are conveníent1y represented ,,''.',,','
i,.::,".i.i 

tl

bythefo11owingre1aËionshipsuggestedbyLaursen(1952):
i'::'¡ t'''tt't'

dQ^ '11:''':r":: :'

t2.11 j=q,-q^
dt-=9s1-Qs2

dQ^Þ.wherein * is the rate of loca1 scour in volume per unit tíme; 9s1

is the capacity of the flow Ëo Ëransport sedíment out of Èhe scour hole

in volume per unit tíne; and is2 is the rate at which sediment is

supp1iedËothescourho1ebytheundisturbedf1orn¡.I,IiËhÈhisre1ation-

ship the three cases are then summarized as follows:

(i) gsl = g"2 = C representsstable scour. trühen C = 0 there is 
i

no scour l

¡'i.,,r,,¡,'-..
::'... .' . '-.(ii) gsl tt e"2 ! 0 represents clear-Iilater scour. r, '. 

'

i 
ttl 

",..:..'',t, 
,,

:-:.: ì,::-::-:.::.:'
(iii) 9s1 2 9s2 t 0 or 9s1 < Q"2 t 0 represents scour'r¿iËh ::::'.:::.

l

continuous sedimenË supply.

This study was limíted to case (ii) of clear-water scour.
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CHAPTER III

MECHANISM OF LOCAL SCOIIR AND THE SCOI]RING PROCESS

3.1 Interaction Betr¡een Pier and Flow Field

Local scour at a bridge píer is caused by a systen of vortices or

eddíes which develop around the pier. Depending on the type of pier and

free-stream conditíons, the eddy-sÈructure near a pier can be composed of

any' all, or none of the followíng three basic systems: the horseshoe-

vortex system, the wake-vortex system and the trailíng-vortex systeûr

(Roper et a1, f967). The so-called "horseshoerr vorËex system is, however,

the dominant cause of scour at the nose of a bridge pier. The axis of

thís vortex ís horÍzontal and the term 'rhorseshoe" ís derived from the

shape that the vortex system takes as it wraps around the upstream base

of the píer and tails doÌrnstreåm (see Fig. 3.1).

The nagnitude of a locally scoured hole depends, among other factors,

on Ëhe shape of ttre pier as it reflects Ëhe strength of the horseshoe-

vorËex at Ëhe base of Ëhe píer. Depending on the geometry and the angle

of atËack of the undisturbed flow piers are, therefore, classífied as eiËher

blunt-nosed or sharp-nosed (Breusers et al, 1977). The Èhree pier shapes

investigated in this study all behaved as blunË-nosed in Èhis sense.

3.2 Blunt-Nosed Piers and the Horseshoe-Vortex System

A blunt-nosed pier causes the greatest scour depËh as it induces a

horsehoe-vortex of the greaËesÈ strength. Tison (1961) attributed Ëhe

formation of the horseshoe-vortex to the downward flor¡ in the fronÈ of

the pÍer; he showed Èhat this vertical velocity component existed as a

result of the horizontal- curvat.ure of the streaml-ines in front of the

pier and the reduced velociËy near the bed by frictíon. Shen and others

(L966), however, have stated that the mechanism which forms the horseshoe

- - -.iir:-" . 1- _-: -:r 
"- 

'-::J.ljú --rr.,, .lii '" d:-¡ j:::-:t:-ì

l.
l
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vort,ex system Ís a pressure field Índuced by the pier. If the pressure l

field ís sufficiently strong the approaching boundary layer separates
:

ahead of the pier and rolls up to forn the horseshoe-vortex, as illustrated
in Fíg. 3.1 for a circular pier. A sufficiently large pressure gradíent

- I : .:_:,

is required to iniËiate thÍs process and a blunt-nosed pier is defined as :'.' ,,

one capable of inducing such a pressure field.

ïn the vicinity of a blunt-nosed pier scour begíns when the horseshoe 
.;, .j,...

vorËex system develops enough shear stress to díslodge and suspend the :,,,;¡;.¡,,';:;

''. : .:.

bed material . The combíned actíons of the vorËex and the convergence of 
:i;:,.:;,,,.,

streamlines due to increased horízontal velocíty near t.he pier then carrÍes 
i¡i;''i¡r"i':.i

the scoured materíal a short dístance downstream with the flow, that is,

until the acËion of viscosity andfor adverse pressure gradienËs sufficiently 
:

dissipate Ëhe vortex system.
I

As the scouring process continues, Èhe materíal adjacent Èo the scour 
i

ihole starts Èo slide inÈo the hole as a result of reduced lateral support.. ] ,

!üith Ëíne, the scour hole extends both downwards and outr¿ards due to Ëhe

eomplenentary Processes of maÈerial removal and sliding. Eventually Ëhe

whole process tends to equilibritrm.

At equilíbriun the shear stress developed ín the scoured zone is no 
t';':;l;;ttt"

,;,tt;,,;.,t,;;t
longer suffícienË to move the bed maËerial. In cases where there ís .,,'.,":':

general sediment movemenË on the bed (live-bed situations) the equílibrium

condition would be characterized by equal rates of sediment supply Ëo and

sedíment removal from the scour ho1e. ,:,,,:,'',
ti; '1i ' l

3.3 Sharp-Nosed Píers

A sharp-nosed pier is defíned as one which causes only a weak ' 
,'

separation of the boundary layer- on approachlng the pier, and hence pre- 
1.,,:,,'":.1,:,,

venÈs the fornaÈíon of a strong horseshoe-vort.ex systen. This type of ',,:''.,".,
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Pier is illustrated in Fíg. 3.3. The curvature of the flow streamlines

near Èhe upstream end of the pier is said to be the majoï factor that

deternines the magnitude and, also, the locatíon of maxirn¡¡m seour ¡shen

the najor axís of Èhe pier Ís alígned with the flow (shen er al, 1966).

Thus streamliníng the front end of the pier reduces the strength of the

horseshoe-vortex, thereby reducing the scour. Ho¡¿ever, a sharp-nosed

píer in straight fl-ow could behave like a blunt-nosed pier if the flow is
aË an angle of attack. For instance, a sharp-nosed pier aligned at a

skewed angle with the fl-ornr has been observed by Roper et aI (Lg67) to in-
duce a strong horseshoe'vortex syste¡n and develop a large scour hole at the

nose of the píer as a result.

3.4 Other Vortex Systems

The wake-vortex system has a vertical axis and develops because of

partial blockage of the flow by the pier (sinnons and sentürk, L977). As

outlined by Roper and others (1967) the wake-vortex system is formed by

the rolIing up of the unsËable shear layers generated at the surface of

the píer. These shear layers are then shed alternaËely fron the píer

and convected dornmstream. The sËrength of the wake-vortex system depends

on the pressure gradients over the rear whose strength is in turn de-

pendenË on the shape of the tail of the pÍer. The wake system suspends

the scoured material whÍch is then carried a línited dÍstance dor^rnstream

fron the píer. For most piers, horsever, very líttle additíonal scouring

is caused by wake vortices

the other type of vortex systen is cal-led the trailing-vortex systen.
tThe trail-íng-vortex systen usually occùrs only on
conpletely subrnerged piers and ís símílar to that
which occurs at the tips of finíte 1-iftíng surfaees
in finite wing theory. It is composed of one or

i.l,

i.,:
iL"

lil'.:.ri¡:;ir:.ì:
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more discreÈe vortices at,tached to the top of the pier
and extending downstream. These vortices form when
fínite pressure differences exist between two surfaces
meeËing at a corner, such as at the top of the píer. I

(Breusers et al, 1977)

Again, thÍs system of vortices contributes l-íttle or no scouring in

addition to that caused by the horsehoe-vortex system.

ì.;::j .11Ìl
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CHAPTER IV

EVALUATION OF LOCAL SCOUR

4.L General

Local scour is a function of a nultiple of interrelated factors in-

volving complex \¡raËer and sediment movement processes. The m¡mber and

complexity of these facËors is such that predictÍon of the value of

pot.ential scour continues to defy rigorous mathenatical analysis. A

satisfactory theoreËícal analysis would probably have to awaít the de-

velopment of a model for compuËíng the velocity field and the related

loca1 sediment-transporË phenomena in the scour ho1e. As of yet the

attemPts ËhaÈ have been made ín this dírection arerat best, explanatory

only in view of Ëhe underlying assumptions.

Ïnasmuch as an exhaustive theoretical solution seems illusíonary

under the above circumstances, present knowledge of the scour problem

aPpears to be linited to experimental observations and theoretical approxi-

mations. Dimensíonal analysis, conplemented with correlation of experí-

mental data' seems Ëherefore, to provide the only avenue leadíng to the

derívation of pertinent locaL scour relationships.

4.2 Analysis of Local Scour Parameters

4.2.I VaríabLes Affecting Local Scour

There are many parameters which may ínfluence the scouring phenomenon.

For t.he purposes of this study, in which Ëhe asumptíon of steady and

uniform flor¡ is perfeetly valid and in which consideration ís limited to

the case of an ísol-ated bridge pier, the following parameters may be

listed:
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(i) Characteristícs of the fluid:

a. - densiÈy, p

b. - kinernatic viscosity, v

(ii) Characteristícs of the bed marerial:

a. - density of sedinent, g"

b. - size distríbutÍon

c. - grain forn

d. cohesion

(iii) CharacÈerísrics of the flow;

a. - approach flow depth, dO

b. - mean velocity of undisturbed flow,

c. - roughness of channel bed, k

d. - slope of channel bed, S0

(Ív) Characteristics of the pier:

a. - shape, c

b. - dímensíons, b and f,

c. - surface conditÍon

d. - angle of attack or position of

the directíon of fLow, 0

(v) Other CharacterístÍcs:

a. - acceleratíon due to gravity, g

b. - tíme, as ít reflects the stage of scour, t

4.2.2 Dimensíonal- Analysís

For purposes of analysis, certain restrictive conditions have to be

imposed on some of the variables and consideration has to be l-inited to

t'he quantifÍable varíables. Under such restrictive conditíons the per-

tínent varj-ables nay be reduced to the following:

pier ín felatíon to

1',;.i!
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fluid density, p

fluid kinernatíc viscosíty, v

aeceleratíon due to gravity, g

density of sediment, g"

mean size of sediment, convenient.ly represenÈed. by the

mean graín diameter, D50

depth of approach flow, dO

mean velocíty of approach flow, U

width of pier, b

shape of pier, c

(i)

(ii)

( r- l_l- l

(iv)

(v)

(vi)

(vii)

(vr_ r_ l_ )

(íx)

In addition, the bed material r^ras restricted to non-cohesive sedíment, and

the flow to a flat bed without dunes or rípples (fixed-bed condition).

The piers studied were all recÈangular r¡rith smooth or smoot.hed surf aces.

The shapes of pier noses and tails were rounded, square and Ëriangular.

The varÍable which ís of paramount interest in the study of local

scour is the depth of scour, d" . tr{hen Ëhe significant variables are

included in a functional relationship, we have:

t4.11 d" = fl (p, v, B, D5g, p", d6, u, b, c)

where the force, length and time dimensions are listed in the nomenclature

(pages x to xiíi).

The Buckingham II therorem then permits us Èo reduce the nr:mber of

separate variables of Eq. 4.1 to a smaller number of dímensíonless groups

in the following systematic manner:

Eliminating the force and time dimensions leads Ëo:

ì:.,Í:iì:lr rtìi¡ì::

d"=f2 ,9" ut-tp t v ,#",o5o,do,b,c)14.21
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l: . ., ,

i, 
t 
,',:tttt'I,Iíthout any loss of generality the specific density term, p"/p can be 

,

replaced by the relative submerged densíty, (ps/p)- 1, which arises I

frequenÈly in sedimenÈ transport phenomena when the equilibrium of forces
on sediment partícles is considered. Hence,

t,1 .. ,, ¡.,¡,
pt4.31 d" = f3 fau-t,l,d, oro, do, b, c)

The most usual and appropríate rÀray to non-dimensionalize Èhe scoúr depth is
through the use of the rario i ; this rarío pernits one to establísh
the stage of the scour-hole development. Hence,

dt4.4i f =0,þ-t,+,#,+,+,c)

The use of the variable b Ín non-dimensionalising the scour depth

night appear arbitrary since the variable dO , for ínstance, could have

been selected without any loss of generality. Hor¡ever, a nunber of
arguments nighË be raised in favour of Èhe selectíon of the variable b

FírstlYr of the non-dímensional groups used to describe scour at leas'
one grouP must conÈaín a Parameter or parameters descríbing Èhe interact.íon :,..i.,.ì.,:','

...,i. .'.
of the pier and Èhe flow. The use of the variable b duly satisfies this ,1..,.,¡,,r,r:

t 
,romôñl- .FL^ ..^^ ^€ rL^ r--!r "t-ti:t.tt:.t'requírement. The use of the depÈh variable dO would, on the other hand,

lead to Èhe parameters # and + ¡uhich are respecrively rhev'do 
,_=]^ -:- _.'--- :-"'":"-":" 

L'ç
Froude and Reynoldsnr¡mbers characterizing the flow only. Furthermore, 

,,,.:.r...,.;;.;,t,I the relative ímportance of the parameters i and Èhe Froude nr:mber (Fr) lt=¡"'i,'ii"'
oo

of flov¡ ín the equation that would result through the use of do would

be vulnerable to críticisn due to the confounding of the Èwo effects by

the common dependence on the upstrean depth (Henderson, 1966). rnasmuch
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as a rational functíonal relationship must of necessity cont.ain inde-
pendent dímensionless groups of variables, the effect of + and Froo
would not be considered independent since the parameters would tend to
vary simultaneously in a correlated manner when Ëhe depth was varied.

rn the presenË study, an attempt r.ras made to correlaËe, using

experimenËal data, the pararneters índícated in Eq. 4.4. The parameters
TIb U
ìJ- and 6 are herein, subsequently, referred to as the pier Reynolds

n'mber (nex¡ and the pier Froude number (rr*¡ respectively.

.: iji:. jyi:. j. j ji:%,iJäi ;1":¿t i.. ta j¿:;r), L
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CHAPTER V

REVIEI^T OF PREVIOUS STUDIES ON LOCAI SCOUR

-tæ¿'<srçL4:1ti,!i.-"Ëå"i4I4H-SÍ,Ëðä1.:1ij j

)..

5.1 General

There are literally hundreds of references perÈaining either directly :.,:

or índirectly to the basíc understanding of local scour phenomena. For

ínstance, a comprehensive list of assorted references (more than three

hundred), each with a bríef absÈracÈ were published by Karaki and Haynie

(1963). Most of these studies were confined to laboratory experiments,

where the velocities rârere, for the most part, below or at the crítical

velocity for íniÈiation of sedirnenË motion (clear-water scour). However,

due to the complex nature of local scour phenomena, experimental data

frorn dífferent sources have often been either incompleÈe or conflicting

and to date no generally accepted criteria for predicting local scour are

exisËent.

Despite the necessity of field d.ata t.o augment the knor¿ledge gained

from small-scale experíments, it is, perhaps, very unfortunate that the

availability of such daÈa is stil1 lirnited. Ilowever, Èhis lirniËaËion is

noË entirely regretËable since even well-docr¡mented data that have been

collected from prototype studies are often difficult to anaLyze due to

the nanifold variation exhíbited by the flor¿ of indívidual streams,

variability of bed material and complicated geometrical pier shapes.

Another complícation arises from the fact that a scour hole that rapidly ,.:,:...:,: r,:

' 
llt:i'll't.tl

develops duríng a flood nay fill up again as the fl-ood \daters recede; iÈ''¡:':*

therefore post-flood-recession data nighÈ not necessarily reflect the

maximr¡n scour depth reached during the scouring process.

'!lr::r::::_: lii;;
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The review on prototype studies will not be presented herein as the

main concern in this study is on model studíes. However, excellent re-

víews can be found in the publícatÍons by Breusers eË a1 (L977) and

Neill (L964>.

5.2 Experímental Studies

The influence of velocity has been reported by a good nr¡mber of pre-

vious investigators on local scour. For instance, Tison (1961), in ,r,,.,,.,¡;

surrmarizing his results, mentioned that the velocity profile exerted some 
;""'' ';''

i:,,jt,:.',ljÍnfluence on the maxímum local scour depth and that the curvaËure of flow r:1.-,:,';:,:

streamlines at the upstream end of the pier was responsible for causing

secondary vertical currents and local scour.

Breusers et al (Lg77) have cited the work of Chabert and Engeldinger

who distinguished two regimes in their study on the influence of flow

velocity: for velocities at or below the threshold velocity for the

initiatíon of movement of bed maËerial the depth of scour approached a
i.

linit asynptotically, as íllustrated in Fig . 2.2(a), whereas for velocitj-es

above the Ëhreshold value the scour depth oscillated aperíodically due to
ii 

;.. '..1:: ;:r:Ëhe passage of dunes through the scoured zone (Fig. 2.2(b)). Chabert :..:,r'r.,'

and Engeldínger also observed that scouring started at about one-half ,, 
l¡,'ri

:'.: .:: :-:

the threshold velocity and that maximum scour uras obtained at velocities
near the threshold value.

Laursen and Toch (1953, L956) concluded from their studies thaÈ ther" 
,,,,.:_.r'.''.

hras no systemaÈic influence of ve1-ocíty on local scour in the range studied 
¡i:'r';ii:':r'

Their studies musË have been conducted at velocítíes above the threshold

value since they observed that the depth of scour varied with tirne due Èo

the aperiodic dumping of sediment Ínto the scour holes by dunes moving
i-r,.rrr'..::;

Past the scoured zones. i:'ì'ir'.:,',,
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Breusers et a1 (Lg77) have also reported the work done by glncu

who found that the scour depth tüas constanÈ (d" d"*) above a certain

velocity (U.). At lower velocit,íes the following línear relatíonship

was obtained:

d (u)
t5.11 -s'-' 

= ¡2U - 11
d tu Ll
smc

as shorr¡n in Fig. 5.1. As reporËed by Breusers et al (1977), a linear
;,,.,t-it, 

',.t.increase of scour depth rsith veloeity for velocit.ies below the Èhreshold :'::,.:..,:,:.::

value r¡as also observed by Alvarez and Bribiesca, as shown in Fíg. 5.2 :':.:i.:: 
:

:.":.:rr'.::r.'

Breusers et al (L977) also cite the results found by Nicollet on the

velociÈy for the initíation of scour, whose ratío to Ëhe threshold velocity

(U-) was observed Ëo be O.42 to 0.53 for a circular pier and 0.50 to 0.65-c-
for round-nosed piers

In most reported studies on the influence of shape, a well-streamlined

pier was always found to reduce scour. In the comprehensive 1íst of :

absËracts coinpiled by Karaki and Haynie (1963) it ís mentíoned Èhat
::

Flanmant díscussed Ëhe experimental work on local scour by Durand-Claye

who compared the scour for square-nosed, round-nosed and triangular-nosed i:.r,,:J,'.r,,,.r:
:ì ;:'--:: :':':: 

i

rectangular piers. The experiments índicated that the square-nosed pier :,',',",.r' ":, ì, :,:,:,,:

causedÈhedeepeStScourwhereasthetriangu1ar-nosedpierresu1tedin

'a conparatíve1y mosË redueed depth of scour

Tíson (1961) found that a lenticular pier whose thickness was grad_ 
i:,,,,,,,'...,::,:ually increased from 5.3 cm àt the water surface to 8.1 cm near the ¡,r',,:.1,l':,;.,,'r.,.,.'.

bed resulted in a reductÍon ín the depth of scour of 2.5 cm, r,¡hereas a

f1aredpíerwithawidebasegavevery1itt1escourunderthesamecon-

ditions. The maximum scour depth hras observed to occur at the upstream

nose for the rectangular pler and at the sides for the streamlined shapes. : i, ' ... ,
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The length of a rectangular pier at zeÊo angle of attack was found to

have an insígnificant ínfluence.

In the extensive prograrîme of study by Chabert and Engeldinger,

another aspect of loca1 scour that was investigat,ed on was the effecË of

pier width (Breusers et aL, L977). ExperimenËs showed that the depth of

scour increased with the width of the pier as bo in which s < 1.

Other results showed Èhat ax zero angle of aÈtack, streamlining the pier

reduced the potentíal depÈh of scour, but thaÈ thís advantage could no

longer be capiËalized at angles of aÈÈack above 10o.

Laursen and Toch (1956) concluded fron their sÈudies that the depth

of scour depended on Èhe depÈh of flow (dO), the shape (c) and the wídth

(b) of Èhe píer, and that the ínfluences of graín size and velocity were

insignificant, as shown in Fíg. 5.3.

The conclusíon drawn from the experíuental results obtained by

Varzeliotis, cited by Neill (L964), rnras that, in the range of mean

velocityused (0.40 to 0.58 n/s) Ëhe depth of scour increased slow1y with
d_

depth of flow up to # equal to 2 to 3. The length of a round-nosed

pier was also observed to exert no influence on the scour depth for zero

angle of attack and length/width (Ub) ratíos of 1 to 20.

Tarras anaLyzed the data obÈaíned by Chabert and Engeldinger (quoted

from Breusers et al, 1977), and concentrating on the maximum scour depth

near the Ëhreshold velocity of the undisturbed bed material, the following

relationship was deríved:

d = 1.05 kbo'75 (s.r. unirs)
sm

.:-.t':?aÆ*;.¿&L*i:'jyß:i:fLr*1!,1-rtt":¡t:Èti.i!È¿i!5:i-í.lZi+!láèil:í--X:jiì.j
I. : ::
l.i

ls.2)

ín which k = 1.0 for a circular pier and 1.4 for a rectangular pier.

Tables were also gíven showing the influence of pier shape, and using a
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círcular pier as a basis, it rtras found Èhat lenticular shapes produced

a relative scour depth of 0.75, ellíptical shapes 0.85, rounded piers l.O

and rectangular piers 1.1 to L.4 at zero angle of attack.

The report by Breusers et al (Lg77) also indicates that Hfncu found.
d-

that the influence of rhe depth of flow was negligíble for f t ,- and

that d-- inereased with grain size. In t,his case the results hTereSM

correlated with the expression:

t )\1/3 )a /u'\ tJ"is.3l #=2.+z\:r) roro.os<+<0.6

I/üith a relation given for U" as a function of g, D, ps, p, and d6 :

Breusers et al (1977) have staÈed that, for natural sands, the relation

may be converted into:

5.3 Analytícal Studíes

Cartsens (1966) developed símilarity criteria for localized scour.

The approach adopted in thís study involved, fírstly, the formulation of

sedíment-transport functions of localized scour which were Ëhen integrated

Èo obËain scour-depÈh functions. The principal assumption in the

derívation of the scour-depth functíons r^7as that Èhe velocity and velocíty

distribution in areas of actíve local scour were functions only of the

geometry of the obstruction and the scour hole. Analysis was made for

flor¿ sÍtuations free from gravíty rüaves, sedÍment inflow from upstream and

extraneous influences on the flow pattern such as dunes passing through

the scour hole. For scour around a verÈical cylinder the followíng

scour-depth function was deríved:

trr:: t:.

::if:tìr1::r'-l
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N" ' defined as the sediment number, rüas deríved from a consideration of

the forces acting on a typical particle on the bed surface (drag and lift

forces versus the stabiLízírng force of Èhe effective weight of the partícle).

N^^ was Èhen defined as the lowest value of the sediment number for r¿híchsc

scour rrould occur. The scour-depth function, Eq. 5.5, as r^rell as some

experimentally-deÈermined results are shown in Fig. 5.4. Eq. 5.5 is valid

for clear-ÌraÈer scour conditions on1y.

shen et al (1966) investÍgated the magnitude of maxÍmum scour

analytícally using Ëhe momentrrm princíple, by attemptíng to íntegrat.e the

Navier-sÈokes equaÈion in the boundary layer in the scour hole, and by

attenpting to specífy the relation between the sÈrength of the horseshoe-

vorÈex and local scour. ThÍs analysis led to the conclusion that the

circulatíon of the horseshoe-vortex r^ras proportional to Y . FurËher

analytical consideration of the behavíour of flor^r in the vicínity of the

pier led to the conclusion that the strength of the vortex could be ex-

pressed as a function of the pier Reynolds number (ne*¡. From the

hypothesis thaÈ the naxi-mum scour depth was related to the vortex strength,

Ëhe conclusíon was made that the maximum scour depth could be expressed



-23-

as a function of the pier Reynolds nr:mber. From a combination of ex-

perimental data from a nr:mber of sources, the followíng regíne-type

relation, shown in Fíg. 5.5, vras deduced:

I s. oa]

Eq. 5.6(a) can alternatively be wrítten as:

dts.6bl += 2rro.¿3 (do/u¡o.3ss

Coleman (I97L) analyzed laboratory data under condiÈions of continuous

sedi¡renË Èransport from experiments conducted on a círcular cylinder. From

these data the conclusion was made that the scour Euler number (E¡*) was

a Parametric funcËíon of the pier Reynolds nr¡mber, as in the following

equaËion:

þ=,f; (b/do)f 0.,"

::::_:.:;.r'.

15.7al

"æ=oF*)n"o
where the paremeÈer of the functíon was written in terms of the fluid
propertíes, the pier diameter and the gravity fíeld strength, as ín Èhe

equaÈion:

rs.7br A = o.uf--:-r-\"to
Ve 

r/z b3/2/

The introduction of the.rrr,rj of A inro Eq. 5.7(a) enabled the Euler-

Reynolds functÍons to be coll-apsed into a single function relating the

scour Euler number and the píer Froude number, as in the equaËion:

i,,iì,,.
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[ 5. 8a]

By solving

u :^al- u ln"-o
çzsaJm 

= u'b 
l@-l

Eq. 5.8(a) for d", the following equatíon resulted:

ts.8bl

This correlation reduces to

[5.8c]

The relatíons found by Colenan (1971) are summarized in Fig. 5.6.

Baker (1980) recently developed a theoretical model which provides a

basis for semi-empirical correlation of the variatíon of the equilíbrium

scour depth upsËream of a circular cylinder in a bed of sand, wiËh the

various f 1ow parameÈers for clear-r^rater scour. His derivaËíons r¡rere

based on assrr¡nptions made about the size, shape and st.rength of the

horseshoe-vortex responsible for the scouring process and abouÈ the forces

on partícles r¿ithín the scour hole. The following formula was arrived at

for clear-waËer scour:

is.el (arN - ar) tanh (a, 5
D

where ]i[ =

d = 1. 49 bglro
s

t)L/rc

þ=, on (*)''*
= 1.39 (rr*¡1lS

i ::.::-
¡t:.:

d
se

b

tr'it:¡.:..ri:.-

ijj .:r . l

[þ ', ,o,o]'
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I
and

where

Good agreement

of Baker (1980)

(d0/b, c)

EDso

^L'^2'^3

was found betr,reen this

and those from another

the experimental resulÈs

indicated in Fig. 5.7.

formula and

source, as

)::.',.:'
t'. : :::r...;,.:,: .
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CHAPTER VI

E)GERIMENTAL PROCEDIIRE A}ID OBSERVATIONS

6.I Experímental Apparatus

A steel flume 14.0 rn long, 0.91 rn wíde and 0.76 m deep was used for

conducting the local scour tests for this study. The floor of the f1ume,

with an average slope of 0.002 was deliberately modified by constructing

a wooden floor that raised the original floor by about 17 cm. Thís

construcËíon permitted the provision of a recess section, 2 m long and

17 cn deep, located approxímately 5.70 m downstreem from a baffled section.

At this location the wal1s of the ËesËing section were made of glass

whích' therefore, faciliÈated observations of the scour phenomena. Al1

the piers that were tested were set in the recess section such that the

nose of Èhe pier was I m from the upstre¡m edge of the sectíon, Ëo mínimíze

the effects of transítion from a r¿ooden bed to a bed consisting of the

sand which fílled t.he recess section

I{ater flow was recirculated through the flume by a centrifugal punp. 
.

:

Thef1owrateIÁ7asmeasuredeíthervo1umetrica11ybyaeo11ectingsumpor
I

by means of a water-mercury manoneter connected ¡s ¿ Ventuïí meter in the i

suppl-y líne or by both methods, depending on the punping system in operaËion. 
l

The pumping systen was able to provide controlled discharges of up to
?

0.085n-/s (3 cfs). The depth of flor¿ in the fLume r.7as controlled by a

tailgate.

In order Ëo reduce Ëhe turbulence of the water gushing into the headbox

fron the supply pipes, a baffled section r¿as instal-led in the headbox

consÍbtíng of plastíc pipes eacb about 35 cn long and 5 crn in diameter.

These were stacked ahead of a screen configuration which assisted Ín

uniformly distribuÈing the flor¿ and carrning surface rùaves.
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The flume was provided with level rails and a gauge carriage. A

point gauge was used to measure the depth of flow, lrrater surface slopes

and bed configuratíons before and after each test run.

6.2 Geometrícal Characteristícs of the Piers

A1l the piers tested ürere rectangular and basically of the same length

(40.6 cn) and wÍdth ( 7.6 c¡n). Two of the piers, the round-nosed and the

triangular-nosed (with their correspondíng tails similarly constructed)

were made of wood and their surfaces hrere smoothened. The third pier,

wíth square nose and tail, r^ras constructed fron plexiglass, to enable

provisíon of piezomet,er taps on the nose, tail and sides. The relevant

geomet.rical characteristics of the piers are shown in Fig. 6.1.

6.3 Bed-Materíal Characteristics

A well-graded sand with a medían díameter (oso) of 0.37 rnn was used

as bed materíal during the course of the study. The sand had a density
?)

of. 2680 kg/m', a coefficient of unifornity (c,r) of 2.2, and a coefficient

of curvature (C ) of 1.5. The partíc1e size distributíon curve for Èhe'c
sand is shown in Fig. 6.2. Results from all test runs indicated an

average submerged angle of repose of 40o.

6.4 ExperÍmental Procedure

Each pier was fíxed to a wooden baseboard approximately 91 cm wide

and 60 cm long so Ëhat, upon placenent into the recess section the pier

was centrally located across the sect.ion and r¡as also aligned at zero

angle of attack relaËíve to the direction of f1ow. The testing section

was then fÍl-led with the bed-material flush wíth both the upsÈre¡m

and downstream edges of the recess.
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Before each Ëest run, the surface of the bed was carefully levelled

to a flat configuration, and the mean bed elevatíon was determined. The

following procedure was then adopÈed for all test runs. i.Iith the tailgate

completely lowered, the flume was nearly filled urith water aE a rate that

induced no perceptible movement of bed-nateríal anywhere on the bed

surface. The tailgate üras then raised and the supply valves were adjusted

untíI a preselected depth of flow and díscharge and hence, the required

approach velocíty, were achíeved. TÍmíng of the progressÍon of scour at

the nose of the pier was begun immediately after the scouring action \^ras

observed regardless of whether or not the preselected equilÍbrigm flow

conditíons T¡rere established. Attairunent of equilibrium flow conditions

ín general requíred a t.ime passage of 15 to 30 ninutes. At equilibriun

the water surface slope r¿as deËermined and always found t,o be equal Èo

t,he slope of the flume floor, thus satisfying one of Èhe críteria for

uniform flow.

Each run was terminated when Ëhe poínL-gauge measurement.s indicated

that the limiting scour depth was being approached asymptotically at a

slow rate. In general, this required a running tíme of five hours or more.

At the completion of each run the flume was slowly drained, usually

overnight, Ín order to preserve the confíguratíon or scour pattern

establ-ished by the flow. ThÍs configuratíon was then mapped by taking

point-gauge measuremenÈs at preselected poínts in the neíghbourhood of

the pier. Photographs of the scour patterns were also Ëaken. In addition,

the angle, þ, Èhe scour hole made with the horizonÈal and the longitudínal

extent, Le, of the scour hole along the main axis of the pier were

measured (see Fig. 6.3 for the definition of the above variables).

.:,:
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The density and kinematic viscosity of the water were also deter-

mined indirectly for each Ëest run by neasuring the r^rater temperaËure.

The densíty was also measured dírectly using a hydrometer.

In a separate run, Ëhe bed surface was leve11ed in the absence of

any píer and the threshold velocity for the initíatÍon of bed naterial

was determined by the following procedure. The f lume was f il1ed r,¡ith

ÌIater as in Èhe case of other test runs. I,Iith an appropriately selectedpunp

discharge set, the depth of flow r¡ras very slowly lowered until the

threshold of sediment moËion was observed. The flow depth was arrested

at thís poinË and allowed to run to equilibríum, making certain that the

threshold condiÈion was noÈ exceeded. The velociËy was then determined

in the usual way, and the velocity profile was also determined both at

an upstream section where the undisturbed depth of flor¿ !üas measured in

the other Ëest runs and in Ëhe locatíon where the piers T^rere seË in the

recess section. Measurements of the point velocities r4rere, ín this case,

made by a current met,er.

6.5 Observatíons

1.. ,. ..
: .t:::

For each pier, the scouring process üras initiated near the corners 
,.,,,,,.,,,

B and Br (see Fig. 6.1). Breusers et aL (L977) aËtribute this phenomenon :.::,:::':

to the greater streËching of the horseshoe-vortex near the corners B and

Br and hence sufficientl-y increasing the rotational velociËy in the vortex

core to overcome the partíclesr resístance to motion.

In the case of the round-nosed pier, the vortex appeared to grow

rapíd1y Ín both size and strength, as evídenced by the uníformly scoured

hole aÈ all stages of the scour process. The progression of scour wíth

Èíme for the round-nosed pier is shown in Fig . 6.4(a).
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For both the square-nosed and triangular-nosed pier:s scour ï¡ras

inítiaËed at rhe corners B and B' by what appeared to be an eddy with
a vertícal axis' as material was observed Ëo be swírled up Ín suspension

on a periodic basis. The periodicity of thís action was, however, ob-

served to decrease with time as the horseshoe-vortex syst,em appeared to

be spreading around the entire nose and growing in strengËh. In the case

of the square-nosed pier, the scouríng action, inítially greater aË

corners B and Bt, eventually became uniform at later stages of the process

(see Fig. 6.4(b)). on rhe oÈher hand, the sËrengrh of the vorr,ex aË

corners B and Br for the tfiangular-nosed píer continued to be greater

than at corner A, as evidenced by the higher scour depth at any Ëi.me during

any individual tesr run (see Fig. 6.4(c)).

As the scouring actívity conËínued the material adjacent to the scoured

zone hras observed to slide inËo the scour hole as a result of loss of

lateral suPPort. It was also observed that at some stage in the scouring

process the horseshoe-vortex had apparently a 1itt1e more difficulty with
dislodging larger particles that had slid ínto Ëhe scour hole. Conse-

quently, a transition armour coat was formed in the hore r^rhich tended

to 1ímit' at least transiently, continued erosion. subsequently, of

course' these larger particles r,¡ere rolled out of the hole on an inter-
míttent basis. This Ís reflecÈed Ín Èhe time-progressÍon curves ín
Fig. 6.4 by the snal1 fluctuatÍons of the scour depth. In clear-water

scourr âny apparent oscillations of the depÈh of scour are, therefore,

not due to the Passage of dunes Ëhrough the scoured zone as would be ob-

served in the case of a live-bed sítuation (see secËion z.z).

During the ínitial stages of Èhe scour process the action of the

wake-vortex system was observed as bursts of sediment rùere throum up
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vertically by some sr,rirlíng acËion and swept downstream - much like the

whírlwind effect on dust and other debris. Large scour holes were ob-

served to start to devel-op dohrnsËream from the píers on either side of a

cenÈrel-íne ripple but these were later filled in by mounds formed by

material eroded from the scour hole around the nose of the pier. The

mounds progressing from either side of the pier subsequently coincíded

ínto one at the Èail of the pier; this larger mound, íllustrated in

Fig. 6.3, was then progressívely fl-attened and extended dor"¡nstream.

The scour PaËtern that eventually developed at the end of each run

was markedly símilar from one pier shape t.o another, even aË dífferent

flow conditíons. The shape of the scour hole was somewhat conical, deepest

close Èo Èhe nose of the pier, and tapering off downstream. The general

plan of all the scour hol-es r¡ras approxímately horseshoe-shaped. In

general the sides of the scour hole were resting at an angle 0 = 40"

(roughly equal to the angle of repose of the saËurated sedirnent) to the

horízontal except for the portíon of the scouT hole nearest to the pier

(zone YZ in Fig. 6.3). Sediment qras observed Ëo be removed, ín int.ensive

sweeping actions, from t.hís zone by the horseshoe-vortex system. Typical

scour patterns are shown in Plates 1 and 2 (Appendix C).

1 .'' :.: :r :
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CHAPTER VII

CORRELATION OF DATA AND DISCUSSION OF RESTILTS

7.L Experímental ResulËs

The threshold velocity for Ëhe initíation of bed material movement - ,

'i:.-: -.:

was, for the sediment used ín this series of local scour experiments,

found to be 0.28 n/s. Eig.7.l shows the velocíty profiles of the

threshold conditíon. Fig. 7.1(a) shows the velocity prof i1e obtained at t,. ,,.,,

;,'..t,.an upstream sectíon where the depth of flow for all subsequent tesË runs

on the piers qras measured, whereas Fig. 7.1(b) shows the profile above 1,,,;.';.'

the sand bed obtained in Ëhe recess section where the piers were locat.ed

in subsequent runs. The greater velociËy gradient above the sand bed ís

apparent in the second profile, obviously induced by the roughness elements

of the bed materíal in comparison to the smooth wooden board servíng as

the bed in the upstream section.

The inportant experimental data collected in Ëhís study are duly

sr¡mmarizedinTab1es7.1,7.2,anð,7.3(AppendixB)fortheround-nosed,

square-nosed, and triangular-nosed píers respecËively. Some of the time- 
i::.,..,:

progression curves for each pier are shown in Figures 7.2, 7.3 arrd 7.4 i,',,. ..,,.

:-:: 
- 

:

for Ëhe round-nosed, square-nosed and triangular-nosed piers respectively. ,,:'r'-'
ri :::j'r_ ::

The effect of velocity is clear in these graphs. In particular, the

effect of a velocity higher than the threshold value is depicËed, for the

'round-nosed pier, in Fig. 7.2(a), where the fluctuations of the scour 
i,:.:,,,:,r,,:

depth wíth tíme due to the påssage of dunes are evidenÈ. i':'i:j;r'i:::

In Sectíon 4.2 the important variables which may ínfluence local

scour were listed and summarized in the following functional relatíonship:

i4.11 d" = f1 (p, vr Br D50, 9", d0, U, b, c)
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follow, the influence of the parameters that were

are going to be examined, in Ëurn, on Ëhe basís of

funcÈíonal relationship that was developed in

d
s

E--= o

o'ê( ;= -t' UbU
v'{gb

Only one type of sediment was used in this study and,

relat,ive submerged density, ( O"/O) -1,and the parameter

essent.ially constant parameters.

therefore, the
Dso

b t l47ef e

In correlating the pararneËers defined in Eq. 4.4 there aríses the

probleur of selecting the pertinent value of the scour depth, d" , since,

as has already been observed, the depth of scour approaehes a liniting

value asymptotícally. To facilítate the correlation analysis in this

study, the scour depth obtained after a certain anount of time had elapsed

was determined by drawíng smooth curves through the experímenËal points.

This resulted in the variables ds3 , ds4 and d", which respeetively

represent the scour depths after the passage of 3, 4 and 5 hours from

the tine scour was first observed. These variables are subsequently

referred to as the three-hour, four-hour and fíve-hour scour depths

respectívely.

7.2 Influence of Ëhe Pier Shape

The effect of the pier shape (parameter c) ís clearly demonsËrated

ín Fig. 7.3, which shows the variation of scour depth with Èime for

different píer shapes under Èhe same flow condiËions. The square-nosed

pier caused the deepest scour whereas the triangular-nosed pier resulËed

in a comparativel-y most reduced seour depËh. This, naÈurally, leads
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to the conclusion that the nore pointed the nose shape, the more

effícienË the pier will be at reducíng the depth of scour around the

píer.

7.3 Influence of the Depth of Flow

The square-nosed pier was used to invesËígate the ínfluence of the

depth of flow on scour depth. The varÍation of scour depth vrith tíme for

different flow depths but under the same velocíty condítíons is shorrm

in FÍg. 7.4. It r.ras apparent from thís set of runs that the lírníting

depth of scour approached the same value for depths equal to or greater

than 20 cm, whereas for depths less than 20 cm a higher limiËing scour

depÈh r^ras approached

From Ëhe non-dimensional plot of the depth of scour against the flow

depth shown in Fig. 7.5, there does not appear to be any sysËenaËíc in-

fluence of the depth of flow on scour depth. However, there ís a

characËeristic jump in behavíour around þ = ,.U r¿hich probably
d_

plíes that free surface effects are significant for J. Z.O. On
b

basís of the observatíons from the experiments of thís study ít may

concluded t,hat the depËh of flow has no sÍgnificant influence on the

depth of scour except for relative depths of less ttran 2.6.

in-

the

be

'. ::.:.
L',: f'1.: ..:

7.4 Influence of the Mean Approach Flow Velocity

That the higher velocitíes cause the deeper scour depths is evídent

fron Fíg . 7 .2(a), (b), and (c). I,Ihat Ís not so obvious from this f igure

is that there apparently exists a l-inear relationshíp beËween the depth

of scour and the flow velocity. These relationships are shown for the

three-, four- and five-hour scour depths for the round-nosed pier in
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FÍg. 7.6, the square-nosed pier in Fig. 7.7, and the triangular-nosed

píer in Fig. 7.8. In each of these figures, poínts were plotted for

different flow conditions and the líne of best fit through these poínts

was determined by linear regression analysis. This also applies to all

subsequent linear relationships postulated in Ëhis chapter.

In the case of Ëhe round-nosed pier there is a considerable scatter

of the daËa points, an indication, probably, of poor quality data. There

is less scatter ín the data for the triangular-nosed pier, whereas t,he

data pertaining to the square-nosed pier shows the leasË scatter. The

inconsist,ency of Ëhe results is revealed in Fig. 7.9 where a comparison

of the linear regression lines for the different pier shapes is made.

Inasmuch as Ëhe round-nosed pier caused a comparatively intermediate depth

of scour between thât caused by Ëhe square-nosed (deepest) and that caused

by the Èriangular-nosed pier (shallowest) for the same flow condiËions

the expected resulÈ would be for slope in Fig. 7.9 to be íntermediate

between Èhe slopes obtaíned for Lhe squâre- and trÍangular-nosed píers.

On the contrary, FÍg. 7.9 depicts Ëhe round-nosed pier to be the most

efficient aË reducing scour depËhs.

One method of verifying the validity of the scour-depth data

use the additíonal infornation obtained at the end of each of Èhe

test runs, namely the longÍtudínal extent, Lê, of the scour hole

angle of repose, Q , of the scour hole to the horizontal. This

of course, that these parâmeters hrere more accurately determined

scour depth, which they were since Ëhey were measured under more

conditions after the flune was completely drained. The d", - Le

presented in Fig. 7.10.

is to

fíve-hour

and the

assumes,

than the

stable

ploËs are
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The angle of repose, averaged over approximately forËy measurements,

rüas, as already indicated in an earlier secÈíon,40o. Fig. 7.10(a) shons

that the slope of the linear regressíon line, which should be equal to

the angle of repose, for the round-nosed pier is 32", a value low enough

to ÍIarrant suspicion of the validity of the scour-depth data. The data

pertaining Èo the triangular-nosed pier depict an angle of repose of 34",

Índicating better data but still not good enough, ¡¡hereas the square-nosed

data indicate an angle of repose of 39o, which obviously explains the

l-east scatter in the linear relationships in question.

I^Ihereas the verif icaËÍon above seems to indicaÊe thaË the data per-

taining to Èhe round-nosed píer were Èhe poorest, the difference in quality

indicated by these daËa ín comparison to Ëhose obtained for the Èriangular-

nosed pier is low enough to conËradict the conclusion drarnm about the

accuracy of the slope indicaËed in Fig . 7 .g for Ëhe round-nosed píer.

Therefore, the informatíon depicted in Fig. 7.3 pertaining to the round-

nosed and triangular-nosed piers is not suffícienË to permit the conclusion

that the round-nosed pier causes the ¡¡orse scour to be drawn. Moreover,

the behavíour of the scour depths after five hours of Èest run (shown in

Fig. 7.3) seens to indicaÈe that the scour curves ¡sould eventually

coincide wíth or even cross each oÈher.

DespiËe the foregoing shorËcoming of the other data correlaÈÍon

analysis nas proceeded with the original untransformed daËa for all the

piers. The dimensíonless pl-ots of the ínfluence of velocity are given in

FÍgures 7.LLr 7.I2, and 7.13 for Èhe square-, triangular- and round-nosed

píers respectivel-y. Only the 4-hour scour depth relationships are shorm

for the latter two pier shapes. The resulÈing linear relationships are

surmuarized by the following línear regression equations.
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For the square-nosed pier:

lt.tal d"3:3.s4T-2.r7
o"

tz.rur u"4= 
4.L7 |'-2.3oo"

t7.Lct þ= 4.40#-2.43
c

For the triangular-nosed píer:

i7.2a1 
u"3 

= - Il
b 3.16fr_1.81

c

t7.2b1 þ= 3.33F- l.sebc

t7.2c) þ=3.4sF -1.s4
c

For the round-nosed pier:

d^
#=1.40F-0.245

c

d

#=1.6sF-0.3e3
c

d_s5-, toUr - r. /o =- - 0.472D.U,c

17.3af

t 7. 3bl

[7.3c]
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7.5

7.5.L Influence of the pier Shape

rt has been observed (Figures 7.3 anð, 7.g> that the square-nosed
pier caused the deepest scour to occur and Èhat comparatively reduced

scour depths hrere noted for the other two shapes. This is ín agreement

with Ëhe observation made by Durand-claye as early as 1g73 (cited by

Karaki and Haynie, 1963) and also by varzelíorís (cíted by r{eil1 , 1964).

rt has also been observed fron Fig.7.3 and 7.9 that the results
for the round-nosed pier and the triangular-nosed pier were contradictory.
The results obtained in thís study ar.e Ínconclusive in this sense but
varzeliotis (cited by Neill, Lg64) found that the triangular_nosed pier
caused the worse scour to occur than the round_nosed pier.

7 .5.2

The results of thís study show a sna1l dependence of the depth of
scour on the depÈh of. flow, especially for relative deprh ratíos r þ I" tb 't

greater than 2'6' Below Ëhis value Ëhe scour depth increases the shallower
the nrater layer. The results found by varzelioËis (cited by Neill, 1964)

are contradÍctory ín that the opposiËe was found to be Èrue. However,

there is agreenent among many of the previous investigaËors as regards
the neglígible influence of the depth of flo¡¿ after the relat,ive depth

ratÍo exceeds a certain varue. ufncu (cited by Breusers et aL, L977),

for instance, found negligible influence of the depth of fror¿ ford
l̂t

E: t t, whereas this study indicated that there was negligible ínfluence
-dntor :- > 2.6.

b
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7.5.3 Influence of the Mean Approach Flow Velocíty

The l-ínear relatÍonship between the depth of scour and the mean

approach flow veloeity found in the present study has also been reported

prevíously by investigators like Hâncu and Lbvarez and Bribiesca (both studies

cÍted by Breusers et aL, L977) for veloeiËies below the threshold value

for the initiation of sedíment motion. However, comparison wíth Hlncuts

results is made diffículË due to the fact that the data obtained in the

present study do noÈ seen to indicate thaË there ís a definite const,ant

scour depth whích can appropriately be Iabelled as the maxímun depth of

scour. The author also feels that above the threshold velocíËy the scour

depth would noÈ be consËant but would oscillaËe aperiodícaLLy, as indicated

in Section 2.2.

A eomparÍ.son wíth the results of ALvarez and Bribiesca is indicated

in Fig. 5.2 r^rhere the present results have been added to the graph.

Reasonable agreement is depicted in thís case, but ít must be noted that

the depth of scour used by L1varez and Bribiesca r¡ras not clearly defined.

The ínserted data points from this study are those of the S-hour scour

depths obtaÍned from Ëests on the round-nosed píer whose nose is identical

to that of the circular pier used.

The results for clear-water scour reporËed by Baker (1980) also re-

duce to a Iínear rel-ationship between the depth of scour and the mean

approach velocity. Hor,rever not enough information has been províded to

a1low comparison. If, on the other hand, it is assr¡med thaÈ g"/p = 2.65,

v = 1 x LO-6 -2 1" and p = g.8L m/s2 , then the value of oSO that rdas

used can be inferred from the given value of G = 1 .47 x 103 From this

infornation Ëhe equation given by Baker (1980) for rhe plot ín Fig. 5.7 (a)

reduces to

i,::.
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dt7.4ù t'=to.Lu-2.2

whereas that for the plot in Fig. 5.7 (b) reduces to

d
l7.4bl t'=tt.7tJ-¡-.s

The value of D5O that rnras inferred from Baker's results r{as 0.45 mn

which ís almost equal to ÈhaË used Ín the present study, namely 0.37 mn.

The threshold velocity of such sediment woul-d, therefore, not. be expecËed

to díffer very much from that found for the sand used in thís study,

namely 0.28 n/s. rntroducing this velocity Ín Equaríons 7.4(a) anð, (b)

we obtain:

dL7.5af t'=:.rol-z.z and
c

dt7.sbl t'=:.rrþ-l.e
c

The coeffícients ín Ëhese equations compare well with those in Equations

7"1 and 7.2 obtaíned for the square-nosed and triangular-nosed piers

respectively. However, they differ substantially from those in Eq. 7.3 r.,, ,.i;,.¡
'.: :r::.obtained for the round-nosed píer r¿hich approxirnates most to the cylindri- r,. ,.,.,,,r .

. 
.t;t't' 

tttii'cal pier used by Baker. Nevertheless, there is reasonable agreement ': r':'i:::

between the two sets of results. Again it must be borne ín mind thaË

the depth of scour, as used by Baker (1980), uras not crearry defined.
!l:;i::': ":':Further comparisons wíth other scour studies were rendered inappro- r,r,;,.':^:,i,

.

priate because they were either conducËed in live-bed situations or.!üere

carríed ouÈ Ín both fixed- and live-bed conditions without a clear

dj-stinction between the Èwo flor¡ regines.

: ¡,r;.,¡;1:',1.::¡:
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7.6 Influences of the Pier Reynolds Number and the Pier Froude Number

In this study, the pier Reynolds number and the pier Froude number

were not varied independently. Therefore, the quesËion of whether either

of the nr:mbers plays an ímportant role ín loca1 scour or both are

significant has not been explored by the presenÈ sÈudy. Hor.rever, some

important remarks can be made regarding the influence of these paråmeÈers

in light of some of the results obtained in this study.

Inasmuch as open channel- flow ís a free surface phenomenon, the

Froude number ís expected Èo play an Ímportant role ín l-ocal- scour. on

the oÈher hand, íf free surface effects are ínsignifícant, as observed
d^

for -9, Z.O in the presenÈ study, then it seems reasonable to infer

that the Froude number will not pl-ay a sígnificant role in the phenomenon.

Furthermore, previous research seems to point to the facÈ that 1ocal scour

ís nobilized by a vorÈex system (Shen, 1966 and Baker, 1980) and Ëhe

actÍon of this vortex is Índeed apparent ¡¿hen one observes the shreeping

acËion on the sediment near Èhe nose of a pier. That vortícity is of

apprecíable magnítude only within the boundary layer, where víscous

forces predominate, is a well-documented fact. rf viscous forces are

imporÈanË in local scour, then it seens reasonable to infer thaÈ the

Reynolds nu¡nber wí11, in fact., be the more sígnificant parameËer than

the Froude n¡¡mber, as 1-ong as free surface effects do not interfere wíth

the boundary layer. However, this concl-usíon would have to awaít future

studies in order to be substantiated.
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CHA?TER VIII

PROTECTION AGAINST SCOUR

8.1 General

As an addendr:m to thís thesis, this chapter discusses the addÍtional

arrangements that have to be consídered, once Èhe potential scour depth

is estimated., to accomnodate, eliminate, or minimLze the scour rnagnitude.

Tests of scour protection for bridge pÍers hTere not conducted as part of

thj-s research. Nevertheless, the imporËance of developing acceptable

and proven methods of scour prot.ection cannot be over-emphasized and,

therefore, ít seens fitti-ng to include a díscussion of its subject matter.

As the firsÈ staËement implies, Ëhe protecÈion methods should really

be in addition Èo the besË selection of a pier shape and geometry that

will minímize the scour. A revíew of literature on scour problems re-

veals that the main scour protectíon systems that have successfully been

used are mats of ríp-rap or a caisson plaeed around the pier both with

top surfaces siËuated under the average level of the sËreambed; another

arrangement involves placing additíona1 structures such as sma1l piles

upstream from Èhe pier.

.t 
.:.: 

.:. : 
t: 

: -). : .:.'-.: a:8.2 Rip-RapMats ::: ::

The armouring effect due to large sediment partícles has already been

noted in section 6.5. This effect has, obviously, been long recognized

by bridge designers as ís evident from the frequenË reference to Èhe use ,ifiilffi
.

of rip-rap mats in most scour protection sysËens. Thís method is un-

doubtedly the most usual and probably the most economícal method of pre-

cluding erosíon around a bridge píer. However, before one can capítalíze

on the armouríng effect of large sediment particles it is necessary oï ;1,,1.,',, r;i-i¡i

1' 
''' lt"
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worthwhíle to knoT/¡ the type, gradation, Ëhíckness and size of the rip-rap

necessary to effect a good armour plaËe at an appropriately selected

depth. unfortunaËely, the evolut,íon of rational design criteria is,

perhaps noÈ too surprisingly, in the early stages yet.

carËsens (1966) suggested thaÈ Ëhe flow velocity giving rise to

inítial scour at the base of the pier was only one-half of thaÈ corre-

sponding to general bed movement. Breusers et al (L977) also reported

tests which have shown .that, regardless of the píer diameter, initial

scour at the base of a circular pier occurs, fot a given sediment, aÈ a

flow equal to one-half the crítica1 velocity. Using this information,

they suggested that the weight and hence the diameËer of ríp-rap capable

of restraining scour can be determíned from an equation of the form:

t8.11
p^-p L/2

u"=k[28(èo)n]

where k is a constant. Furthermore, Breusers et al (L977) suggested

that the horizontal dimensions of the proËected zone should be at least

twice the pier width measured from the face of the píer and should have

a thíckness equal to or great.er t.han three times the diameter of the

ríp-rap.

The design of an effective rip-rap mat requires that, in addition to

other considerations, fine material should not be washed up through the

voids of the mat, an actíon usually referred to as t'leaching". The

ínterstices in the protectíve mat should, therefore, be sna1l enough

to prevent the finer materíal belor¿ from escaping but large enough to

permiÈ the upward flow of water rüithout creating an excessive lift force.

This probrern is solved by the use of an inverred filter. posey (L974)

t:::-:llìì
t:.1.

i f., t...,:
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reported Èhat experiments conducted by the U.S. tr{aterways Experímental

StaÈíon índicated that the following specifications produced a leach-

proof filter:

[8.2a] Dts . 5dgs

t B. 2bl 4dt5.Dt5.20dr5

[g.zc] D5o . 25ð,so

where L5"a by weíght of the proËective rayer ís finer than the size in- 
i,,,,.,,,;,,,i.,1

dÍcated by Dt5 and 85% by weight of the layer being protected ís finer 
;';r';ri¡.':;

Èhan the size idenÈífied r" dB5 , and so on. posey Gg74) concluded thaË

scour could be prevented by no more than two layers of an inverted filter

extending out a d.ísÈance of 1.5 to 2.5 píer dianeters in all direcËions
l_i,

from the face of the pier 
:

Quazi and Peterson (1973) deríved design críteria for loose-stone l

pier rip-rap based on the results of a laboraÈory study. Their starting
point was the derívation of non-dimensíonal functional relationships, one

f orrn of which was: , ,l
:.:.-:ì11.-: ,r r!.:

il',r.,-,,ì,i,:

t8.31 . llut 'åo3 
-1

'lii'fr'l'l=o
From a combination of theír data and that obtained from other sources,

they developed a design curve for sizÍng pier rip-rap which is shown in iìtit,liii
Fig. 8.1. " 

'':""

In all cases of ríp-rap mat design, the top surface of the protecËion

shou1dbeatsomedistancebe1owthenor:na1bed1eve1toPrevenËexcessive

eXpOSu1' e. 
,,,,.:,1...,.,.'':l!,..,,;
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8.3 Foundatíon Caissons

The effect of pier fooËings on local scour is illustrated ín Fig. 8.2.

As this figure shows, Èhe founding of a pier on a caisson of larger

dimensions requires Ëhat the top elevation of the caisson be located be-

1ow the esÈimated lowest scour levels. Breusers et a1 (L977) have re-

ported on experimental ÈesÈs conducËed by Chabert and Engeldinger from

which Èhey concluded that a caisson having a diameter of three tímes the

pier díameter and a top elevation of about one-half Èhe diamet.er of the

píer below the natural bed reduced scour Èo one-third of Ëhat reached

T,rlith pier alone. Reduction of scour depths of up to 50i4 can also be

obtaíned by placing a horizontal f1-at plate or collar (Fie. 8.2(e)) r¿ith

a díameter of aÈ least three Èimes Ëhe pier diameter some distance belor¡

the undisËurbed bed level.

8.4 Piles Placed Upstream of Pier

Thís metbod is illustrated in Fig. 8.3. The objecËive in this meËhod

is to break the incídent current ahead of Èhe píer and hence weaken the

vortex generatíng scour at the pier. The maín problem $lith this method

lies in the fact that a large nurnber of paraneters are required to defíne

such a structure: number of piles, n; piLe diarneter, 6; pile spacing, e;

angle of openingr ai and distance from pier, L. The nr¡mber of parameters,

thus, prevenËs the formul-ation of general criteria for designíng such a

protective system, but it has been observed from laboratory Ëests that

such systems can reduce scour depths by as much as 50% (Breusers et al,

L977).

iÌi-ìì:ì:: ri :.r-.ì: .'.:: i
it,:.ìì: :.::ri: :lr.rr:r; :;

l: ::::::,;j:.-.: :.:..ì.í..-: :t'

:iì:r::i r:i::.,.
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CHAPTER IX

CONCLUSIONS AND RECOMMENDATIONS

9.I LimiËaÈÍons

The conclusions drawn from Èhís study are limíted to the followíng

condiËions:

(i) rectangular piers of length to wídth ratio of 5.3 and which

practically behaved as blunt-nosed píers

(íi) subcritical, unidirectÍonal and uniforn flow conditíons; the

Froude number of the flow varied fron 0.12 to 0.23 ,

(iií) non-cohesive granular bed material (sand)

(iv) clear-water scour; the threshold velocity for the iniËiation

of bed material movenent. (0.28 n/s) \,üas not exceedecl

(v) zero angle of attack; the maín axis of the pier was always

aligned paralIel to the flow.

9.2 Influences of the Parameters Affecting Local Scour 
!

9'2'L Pier Shape 

';;fi1-:::';;A well-streamlined pÍer reduces the scour potential. A square-nosed ¡',1:,:i:',-,,,

,rlu,.-.,,l,:,pier causes the deepest scour depths in comparison with a tríangular-nosed .,.',,,,,.,',:;_::'. :::: ;.r.:

pier. A round-nosed pier resul-ts in scour depths íntermediate betneen that

caused by the former two shapes. The last statement of thís concLusíon is,

however, not well substantiated by the results obtained in this study. 
;.,..,,,..,.,,9.2.2 Depth of Flor¿ : '':' -

There is no systematic ínfluence of the depth of flow on scour depth
d^ d_u-0as longasthe ratío 1 r 2.6. tr{hen i.2.6 surface effects become

signifÍcant enough to affect the scour depths.

|.::'.:':-:
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9.2.3 Mean Approach Flow Velocíty

For cl-ear-T¡rater scour, and as long as U. U" , the scour depth

varÍes linearly r¿Íth velocity.

9.3 Recommendatíons for FuËure Studies

The role of the flow Froude number and the effects of the free sur-

face requíre a more thorough investigation whereby the depth of flow

ís varied over a l¡ider range than was possible in this study. These

effects should also be invesÈígated for different pier shapes.

The influences of the pier Froude number and the pier Reynolds

number could also be investigated by varying these parameters índependently.

For instance, if Ëhe velocíty was doubled from one Ëest to Ëhe next, the

relationship between the depth of scour and the pier Reynolds number

obtaíned at a constant value of the pier Froude number r¿ou1d require

that the pier widËh be quadrupled. trIhereas this r¿ould affect the ratio
Dso

î somewhat, iÈ is expected that the influence of such changes would be

snal1 provÍded D50.. b If the effect of the relative depth of flow,
dn

f i" indeed neglígible above a certain value then the change in b

would not cause problems ín the resultíng relationship. However, íf iË
d^

0does Ëhen b could be kept constant by quadrupling Ëhe depth of flow

as l¡ell .

The effect of sedínenÈ size also requíres consideratÍon ín future

sÈudíes. There exists considerabl-e disagreement regardÍng the ínfluence

of this parameter. Ithereas some maintain that the depth of scour is

índependent of the sediment síze, others contend that the opposite Ís

true. Aceording to Henderson (l-966), however, the depth of scour is

independent of the sedíment size only in live-bed cases and that in

_ r-.r; :¡

L. .:_.

t:..:....
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clear-water scour the scour depth will be greater for fine sediments Ëhan

coarse. Some interest.ing arguments have been made to support this con-

tention.

The use of a point gauge in measuring the level of Ëhe scour hole

is díscouraged due to the problems Ít íntroduces. It was observed thaÈ

probing of the gauge ínto the scour hole ínitiated additional localized

scour around the poínt gauge. The use of sonic, optíca1 or electronic

devices such as depth echo-sounders, light-reflectíng devices and laser

beams is, therefore, recommended.

rt was mentioned that the square-nosed pier was províded r^ríth

piezometer taPs to pernit Èhe determinaÈion of the pressure distríbution

around the píer. However' no further reference to these piezometers r^7as

made. The reason for this was that the measured píezometer level-s re-
sulted in Ínconsistent pressure dífferences from one measurement Ëo the

next' which had to do with the insensitiviÈy of the apparatus. Inasmuch

as the pressure differences beíng sought are very small, of Ëhe order

of 1 nm, consÍdering the scale of the experimenÈal- set up, the use of

sensitive pressure transducers is highly recornmendable.

There exists a possibility that compaction of the bed material could

have an effect on the rate of scour. For comparison purposes, therefore,

Ít is advisable to flatten Ëhe bed under submerged condiÈions, allow to
drain overníght and proceed with the next test the followíng day. The

free-drainage ís expected to induce similar starting compaction conditions

from one test to the next.

r - -.: -::
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Fíg.8.2. The Effect of píer Footings on Local Scour

(a) Pier Ïtíthour Footing
(b) Píer wíth Footíng Belo¡¿ the General Bed Level
(c) Pler wíth Footing or Caísson projecting Abovethe General Bed Level

vo rt Gr
su ppresrcd

(d)

(e)
Píer with conÍcal Transitíon Between shaft and Footing
Collar Instead of Footing

(After Neí1l, Ig73)
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APPENDIX B

TASLES



TEST
No.

RN004 0.20

RN010 0.15

RN001 0.20

RN002* 0.20

RN009 0.30

RN003*ìr 0.20

RN011 0.25

RN008 0.30

RN006 0.25

RN005t 0.20

do do

(m) b

U

(n/s)

2.63 0.196 997

7.97 0.L96 997

2.63 0.209 gg7

2.63 0.235 gg7

3.95 0,245 997

2.63 0.246 gg7

3.29 0.250 gg7

3.95 0.272 997

3.29 0.273 gg7

2.63 0.316 gg7

TABLE 7.1

p

(te/r3)

vxl-06

(^2 / ")

(Note:

ds3

(n)

* 6-Ilour Run

1.03

0.969

1.03

1. 05

o.969

0.992

0.945

o.97 6

o.992

1. 00

b = 0.076m, U. = 0.280m/s)

ds4 d"5 Le U

U(m) (m) (m) c

0.063 0.06s 0.067 0.108

0. 0s0 0. 052 0. 053 o. 100

0.061 0.062 0.063 0.t_ls

o.062 0.064 0.065 0.110

0.079 0.082 0.08s 0.lss

0.066 0.100

0.093 0.097 0.102 0.I52

0.071 0.076 0.079 0.145

0.095 0.101 0.106 0.180

0.115 0.119 o.\27 0.18s

** 3-Hour Run

ds3

b

*5.5-Hour Run and U > U

0.700 0.829

0. 700 0.658

0,746 0.803

0.839 0.816

0.87s 1.04

o.879 0.868

0.893 L.22

o.977 0.934

o.975 7.2s

L.13 1.51

d"4 d"5

bb

0.855 0.882

0.684 0.697

0.816 0.829

0.842 .0. 855

1.08 L.I2

1_.28 r.34

1.00 1. 04

1.33 1.39

L.57 1.59

Fr

,Ë,

,:: :

,.4 ..,

0.140 4!"

0.162 410

0.149

0.168 4r"

0.143 37"

0.176 - 390

0.160

0.159

0.L74

0.226 4r"

I

Ho
N

¡



TEsr do

No. (n)

sN004

sN010

sN006*

SNOO2

sNo07

SNO13

SNOl2

SNO18

SNO14

SNOl9

do

b

0.25

o.25

o.25

0.25

0.25

0. 30

0.25

0.22

0.20

0.19

Up

(m/s) (tel.3)

3.29

3.29

3.29

3.29

3.29

3.9s

3.29

2.89

2.63

2.50

TABLE 7.2

0.195

0. 200

o.21_9

0. 230

0.243

0.250

0.250

0.250

0.250

0. 250

vx1o6

(^2 / ")

996

996

996

997

997

996

996

996

996

996

(Not e:

d"3 d"4 d"5

(n) (rn) (m)

0.953

o.937

o.937

0. 945

0.937

0.929

o.937

0.94s

0.92L

0.945

7-Hour Run

0. 035

0. 056

0. 071

0.072

0.089

0.098

0.702

0. 098

0.096

0. 109

b = 0.076m,

0.038

0.059

0. 075

o.07 6

0.094

0. t-05

0.107

0. 104

0. 103

0.117

0.040

0. 060

0. 079

0. 078

0.099

0. 110

0. 113

0.110

0.109

o.724

Le 
F 

d"3 d"4 d"s
cbbb

(m)

U. = 0.280m/s)

0.099

0. 125

0. 165

0.150

0.180

0.187

0. 186

0. 188

0. 190

o.203

0.696 0.461

0.7r4 0.737

0.782 0.934

0.821 0.947

0.867 L.77

0.893 7.29

0.893 r.34

0.893 1.29

0.893 7.26

0.893 \.43

0.500

0.776

0. 987

1.00

1.24

1.38

1.41

7.37

1. 36

r.s4

o.526

0. 789

1.04

1.03

1. 30

1,.4s

r.49

1.45

L.43

1. 63

Fr

rår
r'gdo

:r:i l::

i'..:.:.

0.L24

0.128

0.140

0.I47

0.155

0. 145

0. 160

0.170

0. 178

0.183

3go

3go

37"

400

3go

400

37"

400

I

Ho
U)

I

ContÍnued. . .

:."



(contlnued)

TEST

No.

do do

b
(¡r)

sN017

SNO15

sN016

sN011*

SNOO9

SNOO5

SNOO3

sN008

0.18

0.15

0.r2

0.25

0.2s

0.25

o.25

o.25

U

(m/s)

2.37

1.97

1.58

3.29

3.29

3.29

3.29

3.29

TABLE 7,2

p

(tel'3)

0.250

0.257

0.25I

o.256

0.259

0.263

o.264

0.276

vx106

(.2/")

996

996

996

996

996

996

997

997

7-Hour Run

d"3 d"4

(m) (m)

0.927 0.109

0.929 0.115

o.921 0.118

0.953 0.L12

0.945 0.113

o.945 0.110

o,969 0.7L2

0.945 0.r25

b = 0.076rn,

d"5

(m)

0.116 0,722

o.I22 0.I28

0.119 0.128

0.119 0.r24

0.120 0.724

0.118 0.125

0.115 0.116

0.134 0.141

i':],;.1
l':lÏr::
' :::. ,,.
't:i.:'il
.: í,..r :
:;lìi ;

Le 
F 

d"3 d"4 d"5
cbbb

U" = 0.280rn/s)

(n)

0. 205 0. 893 I .43

0.203 0.896 1.51

0.207 0.896 1.55

0.220 0.914 I.47

0.215 0.925 1.49

0.198 0.939 L.45

0.200 0.943 L.47

0.220 0.986 L.64

1.53 1.61

1. 61 1. 68

L.57 1.68

7.57 1.63

1. s8 1.63

1.s5 L.64

1.51 1.53

L.76 1.86

Fr

0.189 40"

0.207 43"

0.23r

0.163 39"

0.165 3go

0.168

0.169 39"

0.176 44"

;i
i
li

:i
I

I
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rl

ì:l

lr
L
Èi
ti;

i,
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il
';
Íì
11

:{
ù
t:
üa

fl
&i
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fi:
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È\;

li.:
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fi:l
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TN007 0.20

1N0L3 0.25

TN001 0.15

1N003 0.20

11{0L0 0.25

TN008 0.25

rN012 0.25

TN002 0.30

11{011¡t 0.25

rN009 0.2s

rN006 0.25

rN005 0.25

do do

(n) b

U

(m/s)

2.60

3.25

1. 95

2.60

3,25

3.25

3.25

3.90

3.25

3.25

3.25

3.25

TA3LE 7.3

0.184

0. 200

0.2L2

o.220

0.230

o.244

0.250

0.253

0.255

0.266

0.274

0. 280

p

(tel13)

vxLo6

(12l")

997

gg6

997

997

997

996

996

997

996

996

997

997

o.976

0.921_

1.00

o.969

0.937

o.937

0.929

0.976

0.937

0.945

0. 984

0.969

d"3 d"4 d"5 Le u d-(n) (ur) (rn) ;, q + + þ

* 7-Hour Run

o.026

0.036

0. 041

0. 037

0. 068

0.076

0.083

0.064

0 .091

0 .099

0.103

0.097

b = 0.077u,

0.028

0 .039

0.045

0.041

0.073

0. 081

0.o92

0.067

0 .098

0.106

0.109

0.l-03

0.o29

0 .041

0.048

0.044

0.079

0.085

0 .099

0. 068

0.106

0 .109

0.114

0.107

U^ = 0.280rn/s)

;:Ìr'

Ì

o.o42

0. 068

0.070

0.070

0. 115

0.135

0.150

0.130

0.I57

0.160

0. 170

o.657

o.714

0.757

0.786

0.827

0.871

0.893

0.904

0.911

0.9s0

0.9 78

1. 00

0.338

0 .468

0.532

0 .481

0.883

0.987

1.08

0.831

l-.18

I.29

7.34

r.26

0.364

0.506

0.584

0.532

0 .948

1.05

1.19

0.870

r.27

1.38

L.42

L.34

0.377

o.532

0.623

0.571

1.03

1.10

r.29

0.883

1. 38

7.42

1.48

1.39

Fr

rffr
0.131

0.128

0.175

0.157

0.747

0.156

0.160

0.1,47

0.163

0.170

o.17 5

0.L79

'':l I

¡:ìÌl

43"

37"

3go

370

330

3go

37"

37"

3go

34"
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APPENDIX C

PLATES
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(Test RN006)

From Downstream

Plate 1. Views of Èhe Scour PatLern

(a) From Upstream (b)
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(q )

(b)



-109-

(c )

Views of the Scour pattern

(a) Fron Upstream

(b) From Dormstream

(c) Longitudínal profíle

(Test TNOO2)
PlaÈe 2.


