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FUREWOLD

The mechanics of loeal scour is a study undertaken with the sponsor-
chip of the U, 5, Department of Comumerce, Bureau of Public Koads,
Division of Hydraulic Regearch, for the purpose of developiag mathemati-
cal equations for scour from basic principles of fluid mechanics, The
study is planned under a three-year program, In the first year a thorough
review of literature was to be made periaining to local scour, along with
a study of the fundamential equations for three-dimensional flow and scour
process, The experimental facilities were to be designed and constructed
and if possible, testing of some shnple geometric shapes of chsiructions
were tc be undertaken, During the second and third years-, develupment
of the basic eguations for scour are to be completed,

Thais report constitutes the terminal report for the first year. The
accomplishments are listed as follows:

1. Heview of available literatlure, domestic and foreign, haz been
completod and an evaluation of the state of knowledge on loeal
scour iz presented.

2, 3tudy of the thecretical approach to local scour is underway, but
no equations are presented ia this report. Several tecihmical
discusszions have beeun held with the co-project leader and advi-
sors conceraning the theoretical study. From these discussicas
a method of approach to the theoretical study has evelved. The
theoretical study will begin with development of equations des~
cribing tiae {flow and distribution of velocity around a circular
cylindrical pier in horizonial flow for conditions of fixed bound-
ary gecrsetry. The scour pattera will define the boundary geome~
try, and experimental measurementis of velocity and pressure
distributions will be made to supplement the theoretical study.
These velocity and preasure measwréments will be made by
"fixing " the boundary at successive periods of time during the

scour process until equilibrium conditions are established, From
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the resulting thecoretical equation for scour depth as a function
of time, various other obstructica geomwetries will be studied
in similar manner, and through successive adaptaticn, evolve
a generalized equation for lecal scour, |

3. The experimental flume has been designed and is practically
completed, the pump unit for the umé will be deliverad by -
the mandacturer in January. The {acility consists of a 60 £t
long flume 6 ft wide and 2 {t deep with a recessed test section
15 ft long located 30 ft downstream from the upstrearn ¢ad, The
approach distance of 30 £t was required to enable establish-
ment of proper flow and sediment transport coaditions at the
test section. The equipment is puwered with a multiple speed
pﬁmp and iz designed in such a way as to enable conirol of dis-
charge, depth and water surface level in the flume so that the
starting and stopping of flow at varicus times can be effected
with no disturbance of the boundary gecmetry,
Colurade State Uaiversity bas participated in the construction
of the equipment by providing fuads and materials,

4, Tests of simple obstruction geometries were not conducted in
this {irst year, however, these testz shall be undertaken as

soon a2 the equipment is completed.,

The authors wish to express their appreciation to the following indi-
viduals for thelr contribution and direct agsistance in the coaduct of this
study ia tais first year; to Drs, Yevdjevich, Simons and Cermal for
their advice and guidance, and to Mr, Markevic, Dr. Binder anxd Mr,
Yano for their assistance in translation of foveign literature, Appre-
ciation is expressed also to the Library Staff at Colorado State Univer-
sity, the staff of the U, 3, Geological Survey at Colorado State Univer-

gity, the U, 3, Bureau of Reclamation Technical Library in Deaver, the



Denver Public Library, the Libraries at the Universities of Calorado,
California at Berkeley and Staaford, aad the Bureau of Public Rloads
offices in Washingtoa and Denver, for asgistaace in acquisitica of many
references, | |
Special acknowledgements are due to the following individuals and
the institutionsz in response to reguest for literature and references: _
Mr. A. Paape, Waterlocopkuadig Laboratory, Delit, Netherlands,
Dr. Y, Iwagaki, Kyoto Universily, Kyoto, Japan.
Dr. H. i, Vallentine, University of New South Wales, Australia,

Mr, S. V. Chilate, Central Water and Power Research Station,
Poona, India,

Dr. Muastag Ahmad, Irrigaticn RHesearch Institute, Lalore,
Pakistan. ‘

Mr, C. &, Neill, Alberta Highway Department, Edmonton,
Alberta, Canada,

Dr. W. L, Moore, University of Tesas, Austin, Texas.
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This Numenclature applies only to the first part of thic report.
It does not apply to the Bibliography and Abstracts,
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MECHANICS OF LOCAL SCUUR
STATE OF KNOWLEDGE AND BIBLICGRAPHY

by

S. 3. Karaki and R, M, Haynie

INTRODUCTION

Progress towards complete undersianding of water and sadiment flow
hag been relatively slow, considering that roan through the ages has beea
concerned with changing and controlling waler courses to his bonefit,
Available histerical evideace indicates that it was not until near the end of
the nineteenih century before systematic nethods were utilized to selve
water-sediment problems. Nuor is it accidental that this should correspond
with the begiming of a peried of rapid development in {luid mechanics and
the scieace as we koow it today.‘ :

The scieace of river hydraulics, although historically originatiag from
ancient times, received puch interest and thus impetus in tie late nine-
teenth century. Iarly methods involved appralsing existing sivuctures in
the field, noting the successes as well as fallures and assembling {from »
collections of data, satisfactory solutions to describe the various phencmena,
The procedure is asically scund but inherently requires long pericds of
time for data collectivn aad analysis. Aa exawple is the regime theory,
Although lisnitations exist in its application {¢ water courses in general,
the reghine theory contributed fundamentally to the concept that alluvial chan-
nels transporiing given amounts of water and sediment, and given sulficient
tune, will establish equilibrium conditions of width, depth and slope. @

The furn of the twentieth century brought forth a surge of interest in
guantitative analysis of alluvial chanael problems. The nunber and variely
of soluticns applicable to sediment transport, chanunel stabilizatioa and
local scour problems are almost as numervds as the iavestigaiors them-

selves. Cuonscious of the excessively leag pericds of time required to
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collect sensible quantities ui field data, researcher mncemr, ed wo small

scale models to reuw:e the time element and v@::ry rapidly, t‘mlu maethods

were superceded by improved laboratory {lurres and dimaensivaal techaiques,

Tals mf:tlwd was practiced almost exclusively into the nid-twentieth ceni
tury, zmd indeed it is still a pupular approaci to wzﬁer«sedim&ui ;:«rgbléxtm.
The curreat trend in ;maly'si:; i3 to utilize the mowledge developed in Nuid
mechamcs;, asalyze the g 1'001“*.1 mathematically and derive ;sx’uporti«mality
and other coastants frum laboratery data, Laboratory techalgues, parti-
ul arly lastrwrnentation {or canfrw_uu‘z of data, are alsor Apxdl‘y .v.dvmc:.ng
aad will help mh i1 *m need for more acouraie data to assist ia the analysis,
Use of diniensicnal J.‘uly sis and laboratory data alone does not ;alw.tyﬂ pro-
duce uwcml sulutions tu sedlment problems, prisiarily because ‘;s:a.,;ze.r :
muds..l protetype relationships are aot established for alluvial channels,

It is the purpose of this report te ascemble historical and recent refer-
ences to publicativas on local scour and | prepave brief abstracts of these
references, aud {rom this survey of literatare it is the aim tu esiablish a

curreant statue i knowledge ca lucal scour, The report therefore s pre~
pared in two paris, Part I Discugsien - Status of Knowledge va Local Scour
and Pact II Bibllography., No new theory will be advanced in this report,

=

for {t is intended that an investigation be condu d to stud t§*w o4 ‘.eh:lmf-v
3

of local scour in the ixixzzedi&te periocd aheaad,

i, LIsCOs 51 N ON LCC AL 5COUR

Any list of references to local scour hag the option of including or.

-exclading references o other waler-sediment problems., ' Local scour how-

cver is not an isolated problers, and henco, the optica has boen exercised

“in this report i {aclude some references, alboit arbitrary, tu sedineat

transport, chas stabilization and geaeral soour,

A, Local Sccur Process

e e 15 o o

Local scour is defined as the proceas of removing more alluvial material

at the bed cf baaks of chaanels, tn a relatively small area within the chaanel,

han that whics (o supplied to the same area. Local scour ig caused by
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increase in local veloelties and turbulence which increases lucal {ran port
rate from the avex to be greatm than tho supply rate. Loeal : cm:r i1z &
tirme-variant pheaomenon., | ‘

If there iz no sediment transport to the regicn of lecal scour, x*ei';zoval
of material will continue uatil the change in bouadary «*&ome::y roduces the i
shear forees and {urbuleace aad a balanee iz achieved between the g twe i
and rezistive furces on the sediment parttcles within the area of 1ucal .mour.
In other words, with zero sediment cupply, cimngca in gecmetry of the
boundary will scour until the sediment sutput 15 zere. Por this conditicn,
many lavestizntors have shown exzperimentally tiat the depth 2f scour fne
creases as an gxpsnential function of time, Theoretically then, thaé seour
hole never reachen 2 eondition where vediment osutput is zere, O (.u"uf""'@,
in sractical toror, beyond a certain ;‘zc"*iw of timme when lacrsase a scour
depth is insignificant, the scour can ez mn.n’;‘" be considersd a2 h wing
reached a limi#, Nelther the period of {ime nor the increment of SEOUY depth
from the limit are defined, Also, under natursl coaditions, stream discharge
and velocity vary with time, and these cause aditional chaagen of scour o
denth with tin e, |

If the alluvial chanmel traanspoerts sedinoont te the SOOUr TO glon, sz:mges
fa boundary goeomelry in the area of loeal sesur will take place walil ihe
velocity aad deplh, hence shear, and turbulence reaches magaltudes sulfi-
clent to cubstastially balance incoming and cuigoing sediment, For this con-
dition, the terw “eguilibrium scour depik’ o applied, ' The rate of sediment
transport ia the chanagel iz geanerally expresszed as a time~avoraged value,
The total sediment luad should nelude batl suapended and bed loads os thelr
{5 a2 constant exchange of particles betwesn the nwdes of transport, and the
rate of ezchange depends upil luul shear awl wrbulence characieris d.mp
of the flow, The tr sasport mode uf :unk aded sedliment is easily viouxlized,
Bed lead however, is more difficult to fizuadice, and hence, to define, but
for the purposs herels, bed load shall be lovoely distiuguished as the sedi- |

ment transporied ln close proximity wo and in contact with the bed of the
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channel, The cs,afiguratiozi of the channel bed, in lengitudinael section, may
contaln waves of various amplitudes and lengthe or it may be a plane, de-
pending upoa flow, fluid and sediment characteristics, If the bed load is ‘
tr&mspurted in waves, the rate of {ncoming cedimeat load to the area of local
scour would vary appreciably depending upon whether the sand wave xﬁachlng
the arez was a crest or 4 trougﬁ. if the sediment s‘upply to the scour hole is
large as it would be if a crest of a4 sand wave were to cascade inte the scour
hole, then over a short span of time the rate of supply would exceed the rate
of outflow and the scour hele would fill, Conversely, if the sand wave at the
edge of the scour hole was a trougn, the sedimeat supply would ba less and |
the transport rate ovut of the scour hele would exceed the transport rate into
the scour hols and a deepeaing of the scour hele would result. Thiz constant
imbalance between sedinient inflow and cutflow from an area of local scour
and correspoading fluctuationg ia scour depth leads to the concept of equili-
brium depth of scour, or a tirme-averaged depth of scour, |
Should the bed load be transported as plaue bed, wiich is probably niore
generally the coadition for rivers in flowis, the transport rate of sediment
to an area of local scour may not fluctuate noarly so radically as it does with

sand waves,

B. Regime Theory

The concept and deiinition of the term, regime, as applied to alluvial
chaanels i{s attribated to R, G. Kennedy as expressed ia his publicaiion in
1885, His regime fermula was based uopon cbhservations and data taken

from 22 selecied canals of the Punjab, in [adia. The formula iz

v = 0.84p% % () |
where V is the nmiean caunal velocity and 2 iz the depth of {iow ia foot~ *
pound-secoud units, A channel is said to be ia regime wiaen for a given -
quasntity of water and sediment, aa equilibrium gevinetry of the canal ia

terms of widih, depth and alope is achieved, The lerm equilibrium iruplies
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thme~average rmeau values which perinits certaln {inlte changes about a e

mean,
The Keanedy regime equation has been allered te be more adaptable for

canal design, Oae change was expressed by . 3, Lindley {1u10), While

Keanedy believed that bed width had ac relaticaship to depth escepi with dis~

charge, Lindley offered the following {ormalae using the same data, 2
v = 0.95 p%%7 . (&)
v = 0.57 8938 | | e iten il (9)
and consequently, that ,
B = 3.8 DI.SI ) | : ()

where B is caual width in the fvot~-pound-secind uvoits. The dillerence
between equations (1} and (2) is defended with the fact that under a givea set
of flow conditicns and sediment dizcharge, there is some latitude of velecity
between incipient scour and incipient depuositica. In establishing equation (3)
and hence, eguaticn (4), Lindley believed thai twoe canals carrying the same
water diecharge but different sediment discharge would assusie dilferent
regime geomelry, The canal transporting the larger sediment load would
be wider and shsllower and the canal slope would be steeper, |

Cther refiaements are made, aot oaly (¢ Kennedy's equation but also
to the furmulac by Liadley, Having made the ubservation that differeat
average veloeltios are required to scour the wiluvial channel bed a,;zd to l
maintain sediment particles in motion, Fortier and Scobey (1626) pro-»“
pouaded that silting and scouring iavolve two fundamentally different pré-‘-r
cesses. Ia the firat instance the opposing furce was believed to be due oaly
tu gravity aad {a the second {nstance the movewment of the particlas was be-
lieved to be dependent on gravitational fuerce and geomelry of the particles}.l
In hig publicativn, G. Lacey {1udy) introduces a silt factor to account for

sediment dizscharye {n a canal as beinz a dowiaant {actor in detleruining the
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canal geometyy. Later (1934) he expresses formulae in terms of the silt

factor: 3 0
o v o= 1,181 Ryt | - sth. its)
= 2,87 Q”z (6)
15/3 _
v " T.788Q (

where { is silt factor, P is wetted perlmetar, Q is total discharge and
S is canal siope in foct-pound-second units, TFurther meoedifications and re-
finement were offered by Bose, Blench, Griffith, Iaglis, Wood and others,
Tie complexity of alluvial channel behavice precludes either simplifi-
cation of conditions or statement of precise conditions for which the regime
equations apply. In order to use the equaticas satisfactorily, the engiueer
must be acquainted wiih the variable conditiona of the chaunels {rom which
the theory originated and be able to visualize similarities for design and ik
compare conditions for analysis, These abllities are generally included in
the meaning cf the term experience, and in order to expect any degree of

competence i ihe use of regime equations, this experieace is mandatory.

C. Applicatica of the Regime Theory to Local Scour

In 1027 W. M. Griffith applied the regime formulae, somewhat contro-
versially, to rivers, r‘easoning that the ceefficient of 0,84 in equatioa (1)
is dependent upon the guantity and character of the sedimeat being trang~ ' *
ported and asstumed that it may vary from 0,84 to 1,08, the Iarger values '
applying to rivers in flowd, Assuimcing the coeflicient is equal to 1 for sake
of discussion, equation (1) leads to

v = DO.G‘?: .

If velueity {or nun-scouriag condition cannoet cafely exceed say 5 it per sec.,
thea D is limited to about 12 ft, and rivers must adopt wide shallow sections,
Where the noroial width of the river is unduly contracted, for lastance at

bridge sites, the water surface slope increaszes locally becauae of the afflux,



or backwater, created and the velecity will increasze and exceed the safe
scour velocity, hence, scour must oceur. Or alternatively from the.
Keanedy equatiut, an increase in V. must mean an increase in depth., The
scour depth, ds » at contractions then can be estinn ated from

0.61

Dl ) s (b)

W
e,
25

b4
where }31 and BZ’. are widths of the aormal river and coatraction respec~
tively and D
then

1 is regime depth for the normal river. The depth of scour is

d- = D. Dy . (sa;)'

4 ol 2

"

The Lacey furmulae expressed in a slighily different manner yields

33
3
U o= 0%7{‘) » {10}
for regime depth D , or alternatively
D = 0
L N f ; ’ (11)

in whicih C is a ceanstant and g is unit upstream discharge.

Equation (11) was applied to results of model experiments of the
Hardinge bridge piers, (1939), In this study, models with different geu-
metric scales of 3:40, 1:05, 1:105 and 1:210 were used, The study was mo-
tivated by failure of the bridge piers due tu abunormally deep scour, From the

studies, it was concluded that scour depth could be calculated from the equa-

tion
D 2./3\ 0.78
o L
7] L. \ D ] (1&) ‘

where scour depth i)s is measured from the water surfzce and b is the
width of the plev, The difference is exponent ¢f q between equations (11)
and (12) is explained by the fact that depth of scour is influenced by the width

of the pier in relation to depth of flow, Yquaticn (12) however, was not used .
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exteasively by bridge designers. They resorted instead to relating scour
depth with Lacey's regime depth, equation {10}, by a roultiple factor, That is,

D:; = KDL s K>»1 ' ' (13)

in which L and DI are both measured irom the water suriace, L.acey in
e :

&

¥

1345 expresses scour depth downstream {rom barrages in thiz manaer, and

o

Inglis who developed equation (12) recoramended the following cyiteria fur

deusiga: : ;
b, o= 2D, , forscoural bridge piers - .(14)A
D, = 4D, , downstream of bridges ‘ (15)
D, = 36L, , atspur heads (16)
D= 2.75D; , atlong radius epur - 2 H{37)

D. Critical Tractive Force Theory

The concept of shear force, acting vn an alluvial channel bed was intro-~
duced by du Boyz (1857), He assumed that the sediment moved by sliding in
layers due to uniforma shear or tractive force, and determined a relationship
for rate of sediment transport (bed load),

] { ’
0. = o - . 1&
G oo (7 5 c) {18)
where & = the transport rate of sediment per foot of widih
{lbs fcec),

\J I e :
I a coefflicient dependent on sediment size,

L]

r_ = ghear at the bed {1bjt%)

critical shear at the bed for beginaiag of raotion (Ib/ft¥

-
H

= specific weight of water,

e
¥

The average value of zhear in a reach wag expressed as
T Sy RS (19)

O

where T, ¥ average shear
£ = hydraulic radius (it}
hydraulic slope (ft /)

While admittedly the asswmoption upoa which b is based s oversimplified,

o

B




9
and neglects ihe mechanisms of turbulence and boundary layer flow, equa~
tion (18) bas boen essentially substantiated by Straub (1835), Chang {1239)
and others, Straub utilized du Bi:ys tractive force concept tegether with '
thae Manning formula and develouped the relationship

1.2 1.4 0.6 ,
nt®s 0.6 _ 0.6
K x.sosq ~ vl =g, )

(20)

wherein a iz Maaning's roughness coefficient, g is unit discharge and
q, is critical discharge for sediment movement,

A modification of the tractive force concept was iutroduced by Kalinske
in the light of improved knowledge of turbulent flow, In considering bed
novement, it iz {mportant to recognize not caly the fluid force to which a
particle roust be cubjecled in order to cause it to move, but the fluctuation
of the force Gue to turbulence. Through raticnal analysis, utilizing experi-
mental data to determine éex-taixz coefficients, the expression for transport
rate of sediment per unit of width iy glven az '

G =2V jay. . (21)

3 s 8 ;

In equaticn {21}, ;ﬁ is the mean sediment vzlocity and is approximately
equal to the difference between flow velocity and critical velucily for move-
ment, } is the portion of the bed area expuced to shear, 8 is sediment .
diameter and ¥, is the specific welght of sediment. By assuming that the
timne variation of flow velocity v follows the normal-error law, it is showa
that X‘?- is a function of ;—E and = , where % is the relative inteasily of
turbulence and ¢ is the sn?mdard deviatioa of the time variations o v .
¥rom the bownidary-layer theory, v = 1l \/7{—/;— ’

where p is u.ass fluid density, and re~arrangement of equatioa {21) gives

2 7T T a ¢ A0S0
u
G = T f|~——=|joy — . {22)
3 [ 5 P
)
[ ‘r.“
- e ) “ . . . . +
where  [== | is read as "function of" and iv given graphically as =2 function
v ‘To ’ ' »
2

of = and

<l
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Ehields (1430) determined that the relaticaship of the tractive force to”
the resistive force of the bed is a uaiversal function of the ratic of grain
size to thickaess of the laminar boundary layesr and develovped the relation-
ship. - '

T, =ft " )(y -3, | | "_(2.‘3)
':x4 which (Y—a‘} is the shear Heynold's aumber, v is kinematic viscosity .
of water, (y -y ) is the submerged weight of the sediment particles,
and Vg = ,-;m;s iy the shear velocity, where g is gravitaticaal accelera-
tion., The functional relaticnship is expresseid graphically using experi-
mental data, '

In 1860 H, A, Eiastein published the recsulis of a long term study o
gedimeat transpert in alluvial channels, The analysis assumes uniform
flew in a reach of stable alluvial channel, The resistaace to {low {s divided
into two paris; (1) resictance due to sand grain roughness and {2) resistance
due to form roughness of the irregular bed furms, He assumes that the .
roughness of the wand graioas, or shear at the hed, transforms {low eaergy
to turbulence which afiects the individual graing, hence, bed load transport,
but that part of the tetal flow energy which ic affected by shape resistance
causes turbulence at a considerable distaace away fron: the grains, and does
not affect the bed load transport. By using aviilable knowledge on turbulent
fluctuations and the boundary layer he develuped a relationship for calcu~
lating suspended load, belicved to be valid {rum the water suriace to a close
proximity of the bed, By using added tmowledge of probabilily theory on the
exchange of particles from the bed-layer to {hie stationary bed, and from
large araounte of flume and {ield data, he developed a bed load equation
which requires use of empirical graphical functions to solve, Thae bed load
equation e:—;peci:a.lly ig believed to be valid for a specific range of acdimeut
sizes but deviates from measured daia wilea sediment size iz large, There
have been nuuierous medifications to the Eiastein bed load function, almed

at unifying solutions for all sediment sizes and to be applicable to suspended
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load transport as well. These studies will not be included in this discussion, i
Einstein believed that the complex nature of scdiment transport defjeda - i
unified solution, ‘ ‘

A further modification of the tx;active force theory was expressed by !

28 I

Iwagaki and Teuchiya in 1856, Not unlike Kolinske's analyeis, the shear
force was considered from consideration of equilibrium forces on spherical
grains utilizi=y modern concepts of turbulenge and boundary layer theories,: ;
A dimensionless function of critical tractive force is glvea as

Ve 2 Vi o

- gf-.»—..:'....w’n

{24)
& "
{== = 1] g 8 tan 4

where Vgc iz eritical shear velocity, P ig sediment density and s;‘af is

“

e At

the Iriction angle of the sand graing,

Laursen developed an equation for total seciment luad carried by sireams
using experimental and available ficld data, Frum qualitative aasalysis of the i
mechanics of sediment transport he selecis the factors which are most likely

to determine the rate of sedirment transport, These are, (1) the shear
: \/ 7o y2 oi/3
velocity /fall~-veloeily ratio, —5- w , (&) tractive force Ts © T3DITI o

(3) eritical tractive force, T, > e 0 where ¢ is acoeﬁu,xeac dependent

on sediment properties, {4) ratic of velocily of sediment particles in motivn

on the bed to {all velocily, The equatiun

/617 N
P . R Q [....9. - } ki ' i
¢ = Zplp “”c 1} fl = {25) |

wacre is w.ean concentration p = fraction of bed material of diameter 8

and f vms preaented graphically. The neethod presumes to give

both quantity and quality of the total, suspended and bed loads as functions
of the basic hydraulic characteristics of the ciream and characteristics of i

the bed materinl.
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E, Apoplication of the Critical Tractive Parce Theory to Local Scour

The critical yraciive force theory has not been used exteasively o des-
eribe local scour. The reason lies principally ia delermining tise divection
and magnitude of the velocity in the scuur regioa. The three dimensional
nature of lecal scour presents considerable difficulty in developing a reliable
mathematical expression for the flow in the region.

Tsuchiya uiilized the dimenaicnless concept of eritical tractive force in
his study of scour downstream from the ead of a horizontal aproa. His re~

laticaship for scour criterion is

V2
¢ 4 " ’ :
(Pm ) =3 L= L23,3..., (26)
~— e 3l & taa § :
" | & Ve
V,.c 8
where Q‘i&i = { - " » The analysisz depends eva esperimeatal determin-

ation of :,’:i .
Laursen applies equation (25) to develup secur depth equations at abut-
ments and piers of bridges by considering the flow through a long contraction.

His expression {or scour depth in the contracted region ia

d?; Qt 6/1
-I.; =l = -1, (27}
“o !

where ‘“.,:t iz fotal discharge, Qc is discharzo confined to the main channel
and D is depth of flow ia the upstream main chaanel, By assuming that
scour in a leng contraction is a fraction 1/r of the scour at the abutment

d_ , equation (27) is rewritten

"

Qo ot d, ;1 d_ 7/6 ]
WO S B s S wale dl i 3§
o PR % el D {r i : 1| L (28)
W O 0 L o o

where Qo iz the combined flow at the overbaak, w* = 2,76 d  asswmed
8 "
to be the lateral extent of the scour hole, and DO is the average flow depth

in w' . The cquation requires a trial and error solution for d_ . The
. "
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depth of scous at the pler was pr'ese-ated graphically,

Some measure of success was achieved by Z. 8, Tarapore {1962) who
utilized the horizontal jet diffusion concept ia puteatial flow to derive the
magnitude of velocity ia the scour regicn, Together with the equation of
coatinuity and da Boys transport equation the expression for the depth of

scour with time is

4 1652 K :
1S PR A

5 2v4e'41{€//?t+/€
d

100 y2 ¢ -E_

(29)

H

where k coefficient of velocity diffusicn,

depih of scour at any arbitrary point oa the bed,

-3
L

L = reixiag lengih from the edge of the scour hole,
‘Kz= constant for describing scour hole proiile,
X a horizontal distance of the scour hole at the plane of the bed,
' = transport characteristic of the bed,
Y e specific weight of water,
C,= friction covefficient,
p = density cf waler, :
'V = mean stream velocity,
e = base of natural logaritiva,
¢ = distance the jet diffuses normal to flow direction,
t = time,
The scom’-time relationship {g described as occurring in three stages:
Stage 1. The rate of scour is rapid and non-logarithmic with time
stage 2, The gcour hole expands luogaritiviically with tince
3tage 3, The scour depth reaches equillbrium with or without sedimemt
supply. The selutica of equation (28) ig not entirely independent of the ex-~
perime:ital daia, eince K and {f/4 requires cxperimental determination,
'Sawople compuiations are given for limiting depths at circular and elliptical

piers.

e, Sy L o
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Equation (22) s the most recent forroula available for computation of
local scour deptia based on the tractive force concept, Some of the lmi-
tations of the eguativn are:

: 1. The velceity~depth relativaship in the scour hole is expressed in
terms of a diffusing jet, while other investigations have shown the exlsteace
of secbndary circulation and vorticity in the neighborhood of scour, around
bridge plers ia pariicular,

2. Appilicativn has been only to very small models,

3. Even after determination of the acour depth, since it applics to
wodels specitically, a time-~sediment scale relationship as required belore
it can be applied conlidently to the prototype.,

Neverthelsss, the approach to the probien: of local scour is based on
rational coacepts and is consistent wilh the recent trend for solution of

water sediment probleins.

F., Other Theoretical Approaches

There iz no theoretical approach to transport of sediment and scour sig-
nificantly differeat from the tractive force concept as mmodified by turbulence
and boundary layer theories, However, some theoretical exprassions for
the velocity function hag been presented which are worthy of mention,
Tison, {(1937) visualized scour as resulting from development of secondary
currents due to carvature of the stream lines around an obsiruction in the
stream. Utilizing the vertical velocity diztribution aleng a siream line and

assuming potential flow, he derived an expression similar to the Bernoulll

equation
l.»B
Ui, 4 == = —d = D 4 e— 30)
B Y g f,_\ r s A Y (

2
where -g—z; iz the lateral water surface slope in the gone of curvilinear flow
g

due to cenirifugal force, and r is the radiuz of curvature of the stream
lines. By apnlying the expressica to the fluw at the surface and bed, he con-

cludes that a downward velocity component munt exist at converging stream
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lines and an upward velocity must prevail at diverging stream lines, He
does not relate the magnitude of the dowmward velocity to shear at the bed,
but instead precents experimental results of the scour pattern to verify his -,
theory. BSubseguently, Ishihara utilized Tison's analysis to develop an !

expression for scour force,

y ) [, V!0 ‘
K ﬁéc 3 E{ﬁf}' 1;/ s dav. T, . (31)
' 1 et :
where K = scour force, and
a = is cbtained irom Laval-iRapp's equations for vertical

velocity distribution.
If scuur is propurtional to scour force, then scour depth must be proportional
to the radius of curvature of the stream lines, He does not elaborate further
to develup expressions for scour for specific structures,

A theoretical analysis is presented by DBata based con the Eulerian equa-~
tica of flow, The analysis was prepared princinally to develup a phyysical
interpretation &f lucal scour around bridge plera, A logarithunic distribution
of velocity in the appro;ich flow is assuraed and the partial differsatial Euler
equation is solved by successive approximativa, to describé the velaciiy'
distribution arcusd a clreular cylinder, The successive appm:aaiﬂtﬁatiun ap-
proach ig utilized in effect to adapt puteniizl theories to three-dimensional
flow. Haviug é-::veluped a gquasi-three dimensional equatica for "Lhe-velecity
digtribution, the author cbserves that the vertical veloelty component pos-
sesses sufficient rmagaitude to céu:%e scour arcund a pler aad subsequently
performs laboratory esperiments, nol 2o much to verily his low equation as
tu develop an ¢aipirical rél.xtiomship for scour at bridge piers using as others,
standard {low pruperiies,

From cuncoepts generated alung somewhat a novel approach, Moore and
Masch also conclude that the downward velecity component aleng the front

face of bridge plers is the principal cause of scour, Utilizing observations
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in wind tunnel experiments that a long cyliader placed in the flow region
developed measurable vertical compoaents of velocity along the stagmation

line, and verilying this cbservation in a waler tunnel with circular cylinders,

they calculate pussible magnitudes of vertical velocity at the iraat face of a
bridge pier and {{ad that it is approximately equal to the surface velocity of
the upstream {low. Although scour relationships are not developed, pre-
sumably the tractive force theory can be utilized with the vertical velocity
component. The investigators realized {oo, that secoadary currenis and

vorticity generated at the face of the pier added {o the total scour deptih,

G. Experimental Methods

The aumber of avestigators utilizing the oxperimenial approach has
exceeded by far those who have utilized a theorotical approach to the prob-
lem of local scour. The reason cbvicusly iz the complexity of a theoreti-
cal solutica te water-sediment problems and the relative simplicity of de-
riving soluticng from cbserved flow and geornelric phenomena,

1. Scour prevention

Early egperimental methods werc concersed only with wmeasures to
prevent scour at the base of structures. In 1323 Engels conducted model
experiments to determine the proper placement of rip rap around bridge
plers, In this ctudy he discovered that inaximum scour depth occuryed a
the upstream nose of the pier, where {ormerly il had been aszumed that
scour was predominant at the downstream en’', As a rvesult of tlds vbser-
vaticn, he recommended that rip rap be placed in a horseshoe shaped pat-

tern arcund the pler, with the cpen end downstream.

.

Rip rap protection has not been entirely successful as for insioice at a

bridge across the Ganges in India, boulder pitching with sizes varying from
60 to 130 pounds was washed away during a flond, Increasing the gradation

of the rip rap han improved itg est.'zbility to sorme degree, If varying sizes

of rock can be placed in successive layers beginaing with the smallest sizes

at the bettom and with the larger rocks expuzed to the flew, further e

provement in prutection capability caa be expecied.
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Flexible willow mats were used at the Aerphis bridge across the
Missiszippt fiver and dowmstiream from a concrete apron beneath i bridge
across the Fraser River. Posey and Appel investigated use of flexible
rock mats arcund the base of bridge plers, Af the bridge site across the
Ganges where falluve of rip rap protecticn was experience, large coucrete
blocks were chained together, essentially to form a flexible mat.

Durand-Claye in his early experiments (1873) was cuncerned with re-
shaping the pler to preveat scour. Various siraple geometric {orims were
tected and it was cbserved that a rectangular shaned pier created deepest -
scour and a triangular-nose pler with the apex pointed upstrear: resulted in
a significant reduction of scour depth, Leaticular-shaped picrs, circular,
elliptical and parabolic shapes of varicus forms have alzo been fested in
the laboratory for sctual structures, A pler of novel shape was suggesied
by Tison, where the surface would be formed approximately accordiag to
the velocity divtribution of the approaching flow. In this wanner he coatended
that the verticsl componeat of velocity would not be ereated and bence, scour
arrested or provented entirely. Investigaticons in France and Rexico have.
suggested instaliation of a pile or battery of piles upstream of each bridge
pler so that material scoured from tie base of the piles would deposil down-
stream against the piers, T;:is idea would function moderately well for a
short period of tirre i we consider that local scour occurs because the sedi-
ment capacity exceeds the sediment supply. By increasing the sediment

supply tempuorarily from the material scoured around the piles, the scour at
the picr shoukl be retarded, However, as ilie scour arcund piles ceases to
procduce sufficiont sediment quantities, scour would then preceed arcund the
bridge piers,

An interesting method of scour preveniion was studied in a Inberatory
ia Yugoclavia where the flow at the the stagnation line of the pler was
siphoned off., They used the concept that the driving {low at the fcont of the

pier was responzible for scour to a large degree, and if the diving flow cculd




e B i A e A o

18

be prevenled, then scour should be reduced, Indeed, in the experiments
actual reduction of scour was ohserved, However, the relatively large
quantity of flow which needed to be siphoned made application tu actual piers
lesa practical, ' ' i
Concrete aprons arcund the base of piers have not met with any great
success, for acour at the downstream end of the apron undermiines the ‘
concrete and very rapidly the aproen iz broken up and the effectivencas lost.

2, Experimental Studles on Scour

The experimental ctudies on local scour are concerned with developiixgé
eriteria for designing depth of footings for structures in rivers, Systomatic
studies were made by varying the paraneters of flow, fluld, geowmalry, and
sediment, The general method involves 3$t3%:;>f;!ng the properiies most
likely to be significant to the scour phencmenon and from tests, develop an
equation for probable scour depth as o function of those propertics, Exist-
ing theoretical knowledge and qualitative cbaervations by previous investi-
gators were used ae guides to select the significant variables,

Among the carliest systematic stady conducted was that In India in con-
nection with miodel studies of the ardinge hoidge, From that study evolved
an equation for ealculating the scour depth which wés previoucly discussed i
in Section € and presented as equation {12}, Two different sizes of sand
were used in three flumes of different widihs with varicus discharges and
depthe,

An intencive ztudy of scour around bridge plers aad abutments was con-
ducted at Iowa Unlversity beginniag in 1048, The laboratory experiments
concerned firct a qualitative study to deternming relative effecis of different
shapes of plers aad {ype of abutment on the scour depths, folluwed by de-
tailed study on the prediction of mazimum ccour depth as a functien of velo-
city and depth of {iow, geometry of the channe] and struciure and character-
Istics of the sediment material. Some studies were Included to ascertain
the effect of angle of flow with respect to the axis of the bridge, Tue con-

clusion from this study was that waximuwsn gscour depth was a function of the
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size and shape of plers and depth of {low, aud there were no discernable
effects of velocliy of approach flow nor grain size of the material composing
the bed. The gouclusions are later qualificd by Laursen (1861} to be.appli-
cable where gzouersal bed movemeni in the chaanel occurs, With ac general
bed movement involved, he states that velocity of flow and sediment size
become fimporiant variables, Similar cbsevvaiions were made by Schwartz
in 1826, Whike hin experiments were not s gviensive ag those conducted at
Iowa University, Schwartz discovered that initizl scour rates varised for
differeut sand sizcs but the maximunm depth of scour was about ithe same for
all sand »izes,

A laburatery study of seour arousnd bridge piers was conducted in Chatou,
France (1956), “tadies included roughness of the bed and disteibuticn of
velocity in addition to the other flow, sediment and geometric propercties,
Atternpts wese made to establich zimilitude relationships between laboratory
models and protegype without much success, Some effort was givea to es-
tablish a relatinazhip between scour and shear as described by the Meyer-
Peter bed load formula, again without success, No quaantitative conclusions
are given bat the significant conclusivas of the study were:

1. Scour depth reachea a maxhmwn of a veloeity near that correspuading
to beziming of bed transport. ‘

2, Angle of the {low with respect to the iz of the pier has appreciable
effects on lucation and depth of magiuaum scour,

Studies conducted at Coleorado State University on scour at beridge plers

and abutmeats yielded an empirical cquation

\ut
1 t..
4 = d S M- {32)
3 8 t
B -
¢ 4§
wiere d = doplh of scour,
2
a_ = aximain depta of zcour
[
i
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base of natural legarithm

LCI -
[

= empirical ccefficient

= time factor = e‘B

“ e
©

= tirne required for ds to achieve cis .

m s s ‘ -
B = chaaunel width ’

The maxivum depth of scour is biven by

8, a 0.4 :
= 0,3+ z.xs(~5-) (33)

where a is the width of cbstructicn measured normal to the approach flow,
Althougi miwdel data can be represented fairly well by equaticas (32)

and (33) no definite conclusiona are reached for its applicability to field

structures, again because of the lack of appropriate similitude relationships,
Thne most recent experimental sclution for the problem of lucal scour

is presented by Garde (1961), Through dimensglonal analysis he establishes

taat a non-dimensional scour depth can be related o

if}—aﬁs.*)v“ql n
¥} "1"23;? (34)

where A is an experimiental constant = 4,

m =i (CD) » C;, =drag coeificient of the sediment
n, = £{r, 'B--) ., = pier length, b = pier width

n,. = £{F, <, 3 Cp = drag coeliiclent of the pler

1
F = Froude number of the approach flow,
, ‘. y B-b
e = opeaing ratio, 7

The equation {8 shown to fit flume daln but field verifizatioa is lacking.
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The mechanics cf local scour is a complex phenomenon ot subject to
easy mathematical or laboratory solution, It iavolves kacwledge of the
hydrodynamics of flow around objects placed in open channel streams, and
the iaterrelationships between fluid turbuleace, boundary layer and sedi~
ment movement, Each experimental study haz met with limited success
chiefly because of the lack of approepriate model-prototype similitude
relationships for alluvial chanaels, Some correlate well with other labora-
tory data, but acae are coafidently applicable to actual structures, Theo-
retical appreachcs have been few in the inaln, because of the complexity
of the problem,

Collectively however, there are several sigaificant observalivas and
conclusiong wiiich can be stated, They ave:

1. Local scour results where local shwar forces exceed the resistive

forces of the particles on the bed of alluvial channels,

2, Local scour coatinues until the change in boundary geometry is
gufficient to reduce the shear tov a value where capacity to remaove
sediment equals sediment input to the scour area, _

3. Deepest scour at the base of plera vccurs at the upstream nose,
Thiz is caused by the large vertical component of velocily created
therc ia the immediate neighborhood of the stagnation line,

4, The development of the gtrong downward component of velocity and
convergence of stream lines in the region creates scoondary circu~
latica on each side of the pier and the intensity of shear there is
sufficient tv remove the particles {rom the bed.

5. Thoe turbulencze and divergence of stream liaes at the downsiream

end of » pier is not materially imporiant to the scour phenomencn,
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