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ABSTRACT

The results of the investigation regarding the role
of sediment characteristics on scour around a spur-dike in an
alluvigl channel are reported herein. The study is a continug-
tion of the analysis of the problem'of s;ouf‘ardund spur-dikes,
carried out by CGards and Subramanya [}Jj*in'the University of
Roorkee. The functional relationshlp obtalned by carrying out
dimensional analysis has been verified using experimental data
collected in the hydraulies laboratory in a 25-ft. long and
2-ft, wide rectangular flume. Contrary to some of the results
of previous investigators, 1t has been found that the character-
1stics of bed material affect the maximum scour depth appreclablj
The 1mpoftance‘of the Froude number of flow.'go“represepx the
effect of flow characteristics on the maximum scour depﬁhvhas
been stressed.'ﬁhe.effect of - sediment size on various other

characteristics of scour has also been studied.

* Numbers in square parenthesis refer to numbers in
Blbliography.
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CHAPTER 1

INTRODUCTION

It 1s often necessary to partially obstruct the fiow
of water in alluvial channels by the construction of hydraulic
structures across them. Most common among such structures
are bridges, gulde banks and spur-dikes., During heavy flpods
the bed of the channel around these structurcs gets scoured to
great depths, sometimes even to the extent of exposing thelr
foundations. One of the considerations in the deslgn of foundg=-
tion of these structures is the probable ua sximuam depth of scdur,
Also the loose apromns, lald around gulde banks and.spur-dikes as
a protection agalnst scour, are designed after an estimation of ﬂﬁ
maximum scour depth likely to oceur ardund them, Thgrefore; a
knowledge about the maximum scour depth around obhstructions during
floods, is highly essential while designing these structures. Al
present, no reliab;e'and definite rule is available for predieting
the maximum depth of scour around such obstructions except Laceys
empirical eﬁgations. an under-estimatlon of the depth of scour is
likely to lead to dangerous consequences. On the other hand, if]f
scour depth 1s overestimated, as sometlmes worked out from Lacey's
constants, the structure might be duite safe even during extra-ord:
nary floods, but there is every likelihood that 1%t may become too

Ccostly and uneconomical,

The phenomenon of scour around an obstruction is very

complicated sincelit is influenced by a variety of conditions,_Suct
as the type and geometry of the obstruction,the afflux created, the
flow conditions and the nature of the bed materiazl. The process

of local scour around obstructions can be eXplalned in the follow-;

ing manner: When the flow in a channel is partly obstructed, the J
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original flow pattern within the channel and around the obstruction
is modified. The'éhanged flowpattern 1eads'to\a read justment of the@
shear distributign on the bed of the channel. It 1g this changed
shear distribution within the channel and around the obstruction wﬁi
disturbs the normal movement of bgd material. Once the ?rocess of
scouring starts, the flow pattern, and hence the distribution of
shear on the bed go on cﬁanging. It 1s bglieyed that after a certal
time interval, for all practical purposes, the scour reaches a maxl=-
num depth when either'l).éhgar stress on the boundary of the scour
hole is at tthcritical Vglug o:‘g) the sediment supplied to the
scour hole is eéqal to the sediment thrown out of the hole, A know-
ledge of the flow phenomenon around the obstruetion is important
while1studyigg thg scqurvcharaqte?istics“around'them.  However, at
present’no‘&etailed information is avallable about the mecChanism

of scour, - o B - '
.\ . Considerable difficulties are encountered while making

field obgervations of scomr during floods. A method édopted in Iné&
is tolqbservg, after a flood has reqedég, the ?epthin»ﬁhich the ston
in a loosg apron or a'syone pitehing are burried during the flood.
This is very approximate and cannot always be relied upon. At pre-

sent, there are not reliable methods or equipments for recording the

depth of scour during floods, Hence-reliable prototype data, which
can be used for the analysis of the problem of scour, are not avaw- |

1lable. ' ' . : :
Furthermore, 1t is almost impossible to control the

different Variables in a prototype and study systematically certaln
Other variables. All these difficulties thai are met with in the -
field can be eliminated by studying the problem in a laboratory,
under a systematic control over the pertinent variables, though protc
type congitions cannot be cOmpletéiy reprodyced in a hydraulic mode]

except for very simple cases.,
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Many investigatlons have been carried out to study
the characteristics of scourvaround obstructions and other prob-
lems related to scour. However, the alm of most of these investi-
gations was to provide some eéuations for maximum scour depth,
than to investigate the problem from theoretical qonsiderations.
Exceptions to these are the works of Laursen [5,6,7,8] and Mushtag
ahmad [22, 23] .

The earlier works like those of Lacey [19], Inglis hE)
and Khosla[s] provide ompirical forﬁulae for determining the maxi-
mum scour'depth around obstrﬁﬂions. These formulae include a
factor which takes into account the characteristics of the bed
materiel., Blench (3), Andru (2] are also of the opinion that th
maximum scour depth is affected by a change in sediment size,
Laursén {546,7,8) studied-the,yariods aspeets of scour around
bridge piers and abutmgntsf According to him the maximum scour
depth is related to the depth of 'flow, and is independent of velo=-
city and sediméntvsize,_ Izzard and Bradley [15] believe that sedi.
ment size affects only'the rate of development of‘scoar Eole and
not the scour depth. Opinions of the different investigators,are
thus found to cantraﬂigt each Gther as regards theveffect.of sedi-
ment size on the maximum scour depth, Uptill now no definite in-
formation is avallable about the role of sediment size in determi-
ning scour depths, Howqyér, 1t 1s felt that the sediment size mig;

be important in scour studies.

]

The present study was restricted to scour around a spure
dike, Spur-dikes are solid structures constructed across a channel
and extending from one bank into the main flow [21] . These are
known by different names, such as transverég dikes; groynes or

simply spurs, and are widely used for.the training of rivers, They



serve the following purposeste

1; Training the river or channel along a desired
course. | | |

2. Pfotecting the bank by keeping the main flow away
from it, ' _

3. Contracting a wide channel for improving the depth

for navigation.

Mushtaé Ahmad [22] has doné some work to study the
behaviour of spur-dikes, Although he used a small range of sediﬁ%.
size, which showedlno'effect on the maximum scour depth, he sugg-
ests that a wider range of size éhould appreciably affegt the seot
depth.

THE PROBLEM AND LIMITATIONS:

)

The problem under consideration is to investigate the
role of the size of the bed material 1n the following aspects of

Scour around a spur-dike st

a) the maximum scoar depth, '
b) the geometry of the scour hole and

¢) the rate of development of scour hole,

The limitations which were imposed on the study are given

below s~

1, Only a single ideal spur-dike in the form of a
thin steel plate, placed at right angles to the

flow in a str~ight rectangular flume, was used.

2. A constant opening ratio (equal to the ratio of

the width of the channel at the contracted section



to the normal width of the channel)-of 0,835
was used, This limitation was imposed because
the role of opening ratio on maximum scour has

already been investigated [11} .

3. PFour different sizes of non-cohesive sand were
used, their median dlameters being 0.29 mm, O0.45 mn
1,00 mm and 2,25 mm. Their specific gravities wel
almost same and the average specific gravity was
2.71. The standard deviation of the various sand:

however, varied between 1.4 snd-2,1.

4., The discharge in the flume varied from 0.18 to

1.5 cusecs.
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CHAPTER =2

REVIEW OF LITERATURE

In spite of several attempts _____ both théoretical
and empirical___ to analyse the problem of scour around obstrue-
tions placed 1n alluvigl channels, very little is known about
this phenomenon as such, Thls 1s probably due to a large number
of variables influencing the scour phenomenon. It is felt that in
this connection a brief naview.of the avallable literature on the
subject wou;d provide sufficient back ground in order to understag
the problem. With this view, a chort summary of the significant

conclusions of the various investigstors is given below:-

. ¢ .

Lacey [19] was the first to give certaln empirical
formulae (obtained by applying the regime theory) for determining
the depth of scour at diffarent modifications of an azlluvial
Channel. Gbservationé of a number of alluvial rivers, which had
atained stability, led him to conclude that the velocity, V,
(termed a;'the eritical velccity) at which the stabllity or equi-
1librium of the river is maintained, depends on the depth of flow
and the nature of the bed material, This relationship was expre-
ssed as

2
Vo
Vo = 1,17 A/ fR,or R = 0,7305 g“ ’ (1)

in which R 1s the regime depth in ft and
f 1s the silt factor, which 1s approximately equal tc
1,76 / m for regime conditions, m being the
weighted mean diameter of the bed materialAin mm,

Another expression which related the dlscharge in the ‘



river to the critical velocity was also obtalned,

@ £2 =38 v° (2)

o
in which Q 1s the discharge in the river in cusecs.

Combining these two equations, an expression for the
rogime depth, which is also the scour depth in normagl stable
chagnnels, was obtalned. Thus, .

v2

R = 0,7305 —~ = 0,7305 (

¥
.B.r‘)

- 0 3
or R =D, = 0.47( 9 * (3)
| L =% ($)
vhere D; 1s the depth of scour below water-surface.

This formula can be used only for regime channels,
At channel bends with different curvatures, Lacey suggested the
following scour depths (Tgble -1), |

TABTE NO. 1

8 Nature of bend ' Scour depth in terms 8
d ! of Dy 8
[ - ! : 8
§ . s . e : i
§ 1. Straigbt reaches ww == : 1.27 Dy, g
§ 2 Moderate‘bénds - - : 1.5 Dy, g
% 3. Severe bends == - ! 1.75 Dy, g
§ 4, Right angled bends == == ! 8.0 Dy §
%”"""‘"ﬂn-mm“wnnﬂnwnmnm nnnnnnnn LT T ‘—l—-nqﬁnnﬂn-— dad L —--»----n..g

However, it is to be remembered that these scour
depths are only approximate and the cholce of the coefficlents
can be made only with considerable experience in the field.



Using Lacey's regime formula, Khosla [18] derived an
expressioﬁ-for the scour depth, relating it to the discharge
intensity in the river, in the following manner, The minimum

stable waterway, P,y according to Lacey, is gvVen by,
Py = 2,67 Q* (4)

The discharge intensity, aq in the waterway will then be,

P

i
2.

= - W =

A = Py 2.6 5,67

. -
or Q = (2.67 aqj)

Substitution of this relationship in equation (3) gives

oo R 1
Dy = 0,47 8 = 0,47 (2.67 q1)
L (#), = o7 g
q1 - 3

Equation (5) 1s widely used in the design of loose

(5)

aprons below weirs and barrages. With certaln coefficients appliec
to it, equgtion (5) is used in the case of guide banks also.
These coefficlents, as proposed by Khosla, are given in table 2

ARV ACINCN MR ICI R A WOR WA VI

belowi= o -
TABLE NO. 2
, . ‘ - - a
Location 'Range of scour v Mean depth 8
:depth ' + to be adopted i
. ! 4
, v ' 5
Nose of guide bank o= :2 Dy, to 2.5 Dy, ' 2,5 DL §
. 4
Transition from nose ! ' g
to straight portion -- 11,25 Dy, to 1.75 Dy, 1 1.5 Dy §
. 1 d 'y " '
Straight portion of t ' ' g
guide bank : - :w 1'DL to 1,5 DD ' 1,25 Dy, §
1
— ' ' - g




Khosla's formulae also suffer from the same dravwe
backs as those of Lacey's in that the coefficients to be applied
to different parts of the guide bank are only arbitrary and are

- p.

found to vary consideradbly in actual practice.

Inglis [13 refers to the work done in the Central
Waterpower, Irrigation and Navigation Regearch Station at Poona,
vhere certain experiments were carried out with regard to the
protection of bridge plers against scour, Model tests, ustg a
single bridge pler model placed in a bed of sand of medlan dia~-
meter 0.29 mm. in a rectangular channel, gave the relationship,

470,73
D1 {6)
2 = 170 [ = ] _

-~

i

in which » depth of scour below watr sufface,

1
b

i1

width of pler in ft, and
Qe = discharge per foot width in the centre of the

channel 1.8, upstream of the pler.

However, this was not found to agree with the observations made
at the actual bridge site. Later Joglekgr [9] pointed out that
the reason for this deviation was that the horizontal extént of
scour ina vertically exaggerated model was always relatively
greater than that in its prototype, the angle of repose of the bed
material in both cases being the same. Furthermore, the discharge
intensity, dc’ being dependent on the curvature of the channel
upstream of the pler, was difflicult to be determined. Therefore,
the avallable prototype data was analysed and the scour depth was
found to be of the order of twice the depth obtained from Lacey's

formula (equation 3 ).



Inglis (18] has suggested the following scour depths

downstream of bridges and at noses of guide banks and spur dikes.

These are in terms of Lacey's scour depthie

to Lacey's

rent types

a) Maximum scour depth downstream of bridges 1s of the
order of 4 Dy

b) Scour at straight spur-dikes, facing upstream with
steeply slopiﬁg heads (1:}) is of the order of 3.8 Dy
and with 1qng sIOping‘hgads'(l in 20), 2.25 D1»

¢) Seour at noses of guide banks with large radius is
of the order of 2,7 Dy, and 7

d) Scour at spur-dikes along river banks is 1.7 D1, to
3.8 Dy depending on the severety 9f attack, which varie:
according to condltions such as length of projectioh,
shérpnesg of curvgtu?e,/:zglgositlon relative to embay-
ment ete, |

Blench (3] has proposed certaln coefficients to be applied

regime depth for detormining the scour depth around diffe-

of obstruetions, as given in Table 3 below:=

IABTE N9, 3

Pt B WEAMCIANEDR WEDUNET WCDL SR IR WA AT VIR SN W KM

, ]
1 4
Locgtion t  Coefficient g
t
o | é
1. TNoses of spur dlkes and v ' §
guide banks ' 20 - 2,75 §
L]
2, Flow impinging at right ' g
angles to bank ! 2.26 8
. f
3. Between and around bridge~ ! _ %
plers ! 2.0
1
4, Downstream of barrages with ! §
Hydraulic Jjump on floox t 1,75 - 2,25 ?
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These figures were based on the findings of the previous
investigators like Lacey, Inglis and others and on his own

experience in the field work,

More reaently'ﬂushtgg shmad [22) carried out labo=
‘ratory investigations to study the behaviour of spur-dikes. Two
sizes of bed materials of 0,354 nm and 0,695 mm mean dlameters
were used in his experiments. The maximum scour depth was found
to be unaffected by this change in the sediment size, However,
ha belleved that a wider range of size should somehow show an
effect on the maximum scour depth. For detarmining the scour
depth at the nose of a spur-dike he has suggested an expression
of the fornm,

— ®

Dl = K¥ ., ql‘a' ’ (7)

in which the factor K' depends on engle of inclination of the
spur~dike, flow concentration and angle of attack. For various
locations and angles of the spur~dike and different flow condi-

tions, he has proposed certain ranges of the value of K!,

It was found that the rate of development of the
scour hole ecould be expressed by exponential funetlons of the
fornm, |

D
5§ = (1-1b e-at) (@)

Depth of scour below water-surface
after time 1,

B

in vhich Dy

D; = maximum scdur depth below wateresurface;

c¥
i

time elapsed after placing the model

and a and b are constants,



The coefficient 'b' and the exponent 'a' were found to

depend on the sand diameter. Thg data with the two sands sﬁowed
that the value of 'a' _varied approximately in the ratio of the
sgnd diameters. Also according to him the rate of development of
scour is much more rapid for a finer sand than for a coarser one,
though the maximum scour depth is almost the same, In other
words a coarser sand would take much longer time to attain the

same depth of scour than the finer one,

Later, he [23} carried out experiments 1n order to
find Optimum spacing and lengths of spur-dikes for effectlve
protection of the bank, T-head spur-dikes were used for this
study instead of simple straight ones. It was observed that a
single T~head spur-dike could protect the bank to a length of
3 to S5 times the projection of the spur-dikes., Further, he
has shown that, if two‘Spurfdikes are used, the optimum spacing
should be approximately five times the projection of the spur=
dikes. It was also suggested that if the bank to be protected
is considerably long, more spur-dikes with the above mentioned
Spaclng could be uséd. Howé%er, these conclusions have not been

verified by field data.

.

~ Laurgen (5,6,7] carried out Iaboratory 1nvestigations

-

in order to study the scour characteristics around bridge plers
and abutments, The 1nvestigation.was done under four phases:

1) Geometry of piers and abutments 2) hydreulic characteristies,
3) sediment characterigtics and 4) /gedmetry of the channel
CrOSS - sectiop~and alignment, Theshape and details of the
abutments and plers were found to have only minor effects on

the maximum scour depth, According to him,.there oxists a ~—

limiting depth of scour which will be gpproached asymptotlcally



with time., His significant inferqve was that for glven geometry of
obstruction, the maximum depth of scour around bridge plers and abut.
ments 1s directly relatéd to the depth of flow in th9 channel sznd
the ﬁidth of the obstruct1on, provided there 1s appreciable sediment
supply. The velocity of flow and the sediment size were found to
have 1little influeqqe on the,eduilibrium scour depth, Four sizes of
sediment in the range of 0,48 mm and 2,20 mm median dlameters were

used in his investigation,

 Recently, Laursen JL:i has considered bridge crossings

asa case of long‘contract;onvforeshortened to an extreme 1limit, He
hgs obtained relationships from a combination of theoretical consi-
dem:ioné a.nd anélysis o_f gxperim_ental data f‘or predic_tingnthe scour
depth around piers and abuiments, for the case in whicﬁ sediment was
3upplie@ to the scour hole, Manning's formulaw was used_for Qescfi-
bing the uniform flow conditions in the normal and contracted channe!
sections, and an approximate form of total sediment load relationshi,
was used to‘deséribe the sediment concentration, Thus, relatidnship:
for determining the depth of scour in the contracted section were
Obtained, These relationship were further solved for the case of an
encroaching abutment., The final design relationship for an encoract

ing abuiment was of the form,

ds . (b‘v |

D £ ﬁ’ﬁ)? ‘ ' (9)
in which ds = depth of scour below original bed,

d = depth of flow,
b = length of abutment

VY = shesr velocity =  ,/gD8
and v = fall velocity of sediment particles.

For small variations in the ratio of shear velocity to fall velocit



the depth of scour was found to depend mainly on the geometry
of the obstruction and the depth of flow for a given mode of

sediment movement,

For the case of scour around dridge plers a dosign
curve of S% against % bagsed on the experimental datas, has_beén
proposed, | -

In the discussions on Laursen's paper Tgon (9]
stated that scour was found to occur even in the case of 1nsigni-
ficant degree of contraction and attributes the cause to the éur:
vature of t@g4stream lines around the pler, By applying Bernoulf
theorem to points on the curved streamline and on the relatively
Straight ones near the bank, he has'shpwn that the flow dives dow
around the upstream face of the pler resulting in scour, Ryland .
Thomas [9] analysed the data of model experiments on bridge pler
which were carried out in CWINRS, Poona, in the light of Laursen'
design curve for bﬂd—gé pie:s, 1t was”obssrved that these data
did not agree with the‘design curve and fell much below it, The

reason for this could not, hqwevér, be explained,

Andru (2] collected all the avallable data on scour
depths from Laborgtory experiments and prototype observations,
obtained from varkous sources, With»an aim of providing a practi
cal rule for determining scour-depths around obstructions, he
plotted all the data on a single graph after changing the dischar
into discharge intensity. No attempt was made to separate the
data according to the tyE; of obstruction. The best-fit line by

eye could be expressed as,

- - 0,7
Dl » Fbi = 1,36 q3 " (20)

in which Fy is the bed factor proposed by Blench and equals 1,9 A’
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where 4 is'the mean diameter of the bed-material in mm.

Another line was drawn with a slope of 2/3 and passing through
the field data. This gave an expression,

Dl . Fb.é- = 1,8 q]_% v (11)

He has suggested that this equation could be as plausibleas

the best fit 1ine. Because, for the model tests, he believed
that the maximum scour depths'were not attained in most cases,
and hence model data fell lower than where they should be. Alsoc
the model data could be expected to have shifted towards the
right because, while the river gave an average discharge 1ntené§
of the whole river width, the flume data gave él actually
-attacking the obstruetions.

Further, the data were grouped according to the type
of obstruction and the followlng relationships have been sugges-
ted 1=

1, For scour around bridge plers,
Dy By = :L.'zc{,g (12)

in vhich ¢y is tha mean discharge per foot width

Upstream of the bridge waterway,

2. For severe scou¥ at obstructions 1like guide banks

and spur-dikes,

”19%{’ = 2,05 g% " (13)

in which q; 1is the discharge per foot width of
the contracted section in the case of spur-dikes an
1t is the percentage of toal di;charge attacking pé1
foot wiéth of attack in the "cgse of guide banks,
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Izzard and Bradley [15] also collected avallable

model and prototype data from different sources and correlated
the maximum scour depth to the discharge intensity in the

contracted section. The relationship could be expressed asy

el

Dy = 1,40 q1 é. (14)

They believe that the size of the bed materisl does not affect
the maximum scour dopth., According to them only the rate of
scour was affected by the size and gradation of the material,
the scour in finer sands reaching the eqnilibrium‘conditians
sooner than scour in sands coarser one%. Further, they obser=
ved that_the_qngle made gy the sloping face of the scour‘hole
to the horizontal (pin Fige 1) varled from 20° to 30°,
In éther words the ratio {%s Varied approximately between
1,73 and 2,75, L being the horizontal extent of scour along the
spur-dike (See Fig. 1), This variation, according to them,
‘depends on the characteristics of the sediment and geometry of

abutments,

- Liu and Skinner [20] studied the scour around bridge
abutments qualitatively, As a result of observations of the
scouring process, they concluded that an eéuilibbium scour depth
was obtained only in the case where there was appreciagble sedi=~
ment movement from upstream. In the case of no sediment motion
the scour depth was found to 1ncrease indefinitei}, though even
in such a case, the coarser materials £illing the scour hole
helped to check the scouring. Mention has been made to the
works of Keutner, Ishihara and Tison, who have attempted an
analytical solution of the problem of scour, Reference was also
made to Straub’s agnalysis of equilibrium eonditions in a contracs

ted section in which he had expréssed the regime depth in the



contracted section as a function of the approach depth of

flow and the degree of ccntractiaﬁ.

Eyggaki and_others [(14] have_alsb stressed the

importance of the effect of sediment size in scour studles.
They have suggested that the parameter which tikes into account
the characteristics of the bed material and of the fluid, is

the average drag coefficient of the sediment particles.

“Recently Garde and Subramanya [11) carried out
investigaticns to study the role of the different variables
which affeet the scour around a spur-dike. Dimenslonal analysis
was car:ied‘out in order to find the various non-dimensionagl
p;rameters which influenced the phénomanon.: The final form of

the functional relationship was,

B @, oe<) o s

in which Ry = the hydraulic radlus with respect to the
bed, ‘

-

V _=7Fp = Froude number of flow,
+/8Bb ‘

width of opening

L = opening ratlo = eecswcvccnmanaa.
| . width of channel -
Cp = average drag coefficient of the sediment
paruicles_
and 6 = angle of gpur~dike to direction of flow

¢

Experiments conducted 'in the laboratory showed that fér given
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@ and size of bed material, the dimensionless maximum scour
depth could be expressed as a function of the opening ratio

and the Froude number.

The present study 1s based on the above anglysls
to determine the role of Cp on the scour characteristics

around spur-dikes.
SUMMARY ¢

The review ofiwqus\of;the varipus investigators
shows that many of them prqvide'certaih practical rules for
determining scour degths, Congiderable differenece exists in
considering the role of the different variables, such as the
degree of contraction and the sediment size. Thﬁs Lacey,
Khosla and Andru inclgée in their formulas certaln factors,
which take into account the size of the bed material. On the
other hand, some ofltbe iﬁvestigators like Izzard and Bradley,
and Laursen malntain that the equilibrium scour depth is un-
affected by changes in the sediment sizes Considering the
importance of the prpblem of scour, it 18 felt that a thorough
‘knowledge of the effect of sediment size on scour characteris-
tics 1s highly essential, This can be obtalned only'by a Sys=~
tematic experimental investlgation in the 1abora€ory.



CHAPTER III

DIMENSIONAL ANALYSIS
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CHAPT"R «~ 3

DIMENSTONAL AVALYSTS

It was pointed out in the previous chapter that,
due to the complex nature of the phenomenon, it is almost
impossible to solve the problem of scour around obstruections
by purely theoretical analysis. Therefore, experimental
investigation has‘io_be adopted 1n order to determkne the‘laws
governing the phenonenon. However, before starting the experi-
mental programme, it 1s necessary to determine the important
paramoters which are involved. Those perameters can be deduced
logically by subJecting all the pertinent variableés to dimensiam
anglysis., This analysis need to be verified by experimental
data.

DIMENSTOTAL CONSIDERATTONS : .

- The maximtm depth of scour below the water surface,
D1 (ses Pig, 1) is considered as the dependént varliable in orde:
to study the effect of the different varigbles on it, The
independent variables which influence the phehomenon can be

classified into the following groups:

1, Varigbles describing_the goometry of thé channel
and of the spur~dike, |
variables describing the flow,

)
.

variables pertaining to the fluid, and

L J

[ V)
.

variables which describe the characteristics
of the bed mgterigl.

' €
The geometry of the channel was considerably simplif
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by using a straight rectangular flume. The‘width, By of the
flume (see Fig.l) 1s the vairable which describes the geometry
of the channel. The flow pattern aroujd spur-dike will be
different for various lengths of‘the spur-dike, b, and also
for various angles or inclination, 6, of the spur-dike t; the
direction of flow. In the present serles of experiments, a
simple form of a spur-dike of very small thickness was used,
thus'simplifyimg_its geométry. éenge b and @ adequately
represent the geometry of spur-dike. The Varlables describing
the flow dharacteristiés are the mean veloclity in the channel,
V, the depth of flow! Dy and the slopsy S, of the energy
line. However, the slope, 5, being a function of V, D

and sediment and fluid characteristics, cannot be considered
as an independent variable. The mass density of water, ¢ ,

and its dynamic viscosity, i , are important vari?bles in the
study of fluid flow problems. Also the existence‘of a free
surface in”bpen»channeljflow necessitaées the inclusion of the
8raVitationalv£or¢e;’ The gravitational action dgpends on the
differencé between the specifie weigh%s»of the two flulds in
contact. Therefore, the difference 1nspeciflc waights bétWean
Water and alry, A” 4, is also included as an importance variable.
However, since the specific weight of alr 1s commaratively
negligible, A7, 1s approximately edual to theSpecific welght
of water, 7, For the sediment the median slze, d, can be take
as the representative size. The relative motigg%pf’§ed1ment
and water depends also on the difference/in specific weights

\of sediment and water,aA,. It 1sreasonable to 'Beli'ave that
the standard deviation of Bhe bed material, o 1s important ih
problems related to scour, The standard deviation,o 1is define

as * .
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o = }2*[%-_5[8— + g'gs%] . (16)

in which dsgy die and dgg are the particle slzes than

which 508, 164 and 847 respectively of the materlal are
smaller. The effect of the shape of the particles cannot be
ignored since 1t affects the fall velocity of the sediment parti-
cles nnd hence the sediment movement, Me-Nown and Malaika [16]
and Albertson [1) have shown how the fall veloclty 1s affected
by the shape of the,particlesﬁ _Theighave suggested that qﬁJgﬁg
in vhich a, b and ¢ are respectively semi-major, semi-inter-
rmediate and seml-minor axis lengths, is the bést way of rep-re-

senting the shape parameter, -~

o

Thus the different Variablescan be written in the

form of a functional relationship as given below:
Dy = f(B,b,e,v,D,e ;x,wg-d 2 A% 0 sy m ) (A7)

The fall velocity of the sediment particles, Wy 1is a function
of 4, M 4 py M and A%, Therefore the viscosity, u can be

replaced by w, Hence equation (17) becomes,
Dy =£(By by @ Vy D9, wya?, dy A% ,043m) (18)

Choosing_ Ve D and_g: as the repeatingvvariables and applying
the N theorem, the following relationship can be obtained:

a

o

B b
D D ] T

T - WEZED

Eqpation (19) shows that the non-dimensional scour

F N

D1
depth D‘ depends on nlne-dimensionless terms. Some of the
" terms in the above relaticnship can be modified in order to have

better significance from fluld mechanics-point of view. Thus,

.
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ve¢ _y°fg = ¥ 2 =f(V -%) (20)
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But the average drag coefficient of the sediment particles,

Cpy 1s equal to % A?’g,d and hence,
¢

v s
<CD ’ ; ] 57 ’ % ) ° (21)
As mentioned earlier, A7 can be replaced by 7 and hence

v

It

s
W

Also

wio

2, R =
D' B

Substituting thesem%elationships in equgtion (19) the following

relationshipe in-equesien is obtained:

Dy _ o8, 2,70, ot
'ﬁ—‘ = f('D! B’ 4 W'

However, it is not possible to analyse the experimental data

"CD’!%;“"’TZ) (22)

=) =R

with such a large number of dimensionless groups. Hence,
certain simplifying assumptions need to be made before equatlion

(22) can be conveniently used to analyse experimental data.

It 13 believed that the standard deviatkon, & , 1is
an important factor which affects the scour around obstructions
8o far its effect has not been fully studied.- Rouse [24]
observed that a wilde varliation in the size of the bed material
caused the coarser particles to remain 1n;thé scour hele while
the finer matasrials were scoured out. Thus the scour hole

became guadually paved with the coamser material, thereby.re-



ducing the rate offscour. The layer of coarser material which
gradually covers the scour hole acts as an armour plating and
checks further scouring., The 1limiting depth of scour could
therefore be different_for two sands having thé same diameter
but with different standard deviations. However, 1f the value
of o of the various sands 1s chosen to be approximately same
as that of the natural bed material, then as a first approxima=

tion o can be omltted.

‘Second¥y,‘it is known,vﬁhat the shape factor,7
of natural materlials does not vary widely and that it has a
value between 0,7 and 0.75. Therefore, 7 can be omitted.
Thirdly, the specific gravity of the various matorlals was
almost same in the present investigation. Alsq, 1t can be assué
that, rather than the ratio of the specific gravities of
sediment and water, the problem involves the difference be tween
the two which has been already taken into consideration in the
parameter Cp. Hence %? -ean also be omitted. Fourthly, the
ratio ”% in oven channel flow_is comparéfle to the samd grain
roughness)parameter in pipe flow problems, the size of sediment,
d corresponding to the helght of the roughness. In most of the
runs in the present 1nvest1gatidn, the ripples and dunes had
developed on the_’oed of the flume, The height of the ripples
and dunes was much greater when compared to the diameter of the
particles., For such cases it can be assumed that d is not
significant, Lastly, the breadth to depth ratlo, 3 is impor-
tant only for the case of three - dimensional flow problems,
The flow could be considered to be two - dimensional (which

occurs when the channel is either rectangular or very wide)

since a rectangular flume was used in tho present seftes of
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experiments. Moreover, Bhe side wall effect was eliminated by
using the hydraulic radius with respect to the bed, Ry, instead
of D in the analysis. For these reasons g could be omltted.

Thus, equation'(zz) reduces to

Dy, v b | Cp ). |

S | , X
The opening ratic, of = (1-% ) is used instoad of § -

Hence,
Dy A )
.ﬁ.g._.f<m y £, Cp » 0], (24)

Thus the non-dimensional depth of scour Dy
| Hp

S8eems to ergnd mainly on qur dimensionless parameters, namely
the Froude number of the flowy Fp ( =';%§% ) the opening ratio,:
the angle of Inclination of the spur-dike, © and the average
‘drag coefficient of the sediment particTes. Equation (24) pro-
videg a simplified relaﬁiQnsh£p which can beiuSEd for the gnaly~-

sls of the experimental data.

- The inclusion of the average drag coefficient of the
sediment particles, GD’, in equatién(24) indicates the importan:
of the role of sediment characteristics on the maximum scour
depth. The geometry of the'channel and the spur~dike is re-
presenteé by Land © . The importance of Froude number as the

governing flow parameter ¢an be explained in the following. manne:

In the case of open channel flow a frec surface exists
and therefore the gravitational effects are important, The
froude number of the flow 1s a measure oQ the influence of the

gravitational action on the flow phepomenon. The relative effect
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of gravity is greater for smaller values of F:opdq number and |
the effect decreases with increasing Fr. the various characlér-
istlecs of leW'in open qhannel,“suchwas tneﬂsurfacq configura-
tion, the flow patternand the pressure distribution are directly
related tothe Froude number (See p, 54 of Ref. 24), Considering
two geometrically similar channels, the flow pattern will be
similar 1f the Froude number is same in both the chanmels. This
is true also for the case of flow in open eban“ol with lateral
constrietion, The scour around the obetruction ig caused by
changes in the flow pattern which modifies the shear distributio
on fhe_bed,> Due to these reasons Froude number should be én
important parameter in scounr studies. Furthermore, it is well
known that even in the case of unobstructed alluvial channels
the Froude number is an 1mportant parameter. Garde ([12]“has
shown that the Various characﬁeristios of dunes on the bed of .
the, channel are frnetions of thgFroude number and the @imension-

less botom shear,

‘ In.thé yresept‘inVestigatiop, a constant.opening
ratio'<£_= 0,885 Was used. 'Also tﬁe spur-dike waé kept at right
anglgg to the flow (i.e,_é 2‘900). Therefors the eduation (24)
reduces to the fingl form,

D ' .
‘z?:;' = £ (Fp, o) (25)

In order to verify this functional relationship,
expgriments.were carried out in theAlgboratoyy using different
Sizes of sand and varying the Froude number of the flow. The
experimental data’were analysed in order to find the}éxact from

of the ralation between the threc parameters,
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EXPERIMETAL EQUIPMENT AND PROCEDURE
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CHAPTTR = 4

EXPERIMENTAL EQUIPMENT AND PROCFDURT

The dimensionalranalysis has shown that the dimension-
less maximum scour depth, g%,mdepcnds on the Fréude number of
flow and the average doag coefficient of the sediment particles,
provided the rest of the variables are held constant. This
functional relationship was_Vefified by carryling out experiments
in the laboratgry”anﬁ gnalysing the data. A detailed descrivntion
of the experimental equipment and the procedure adopted in

carrying out the experiments are given below:

EQUIPMENT :

The experiments were conducted in a strdght rectangular
flume (see flg. 2) with 7lass side walls, The flume was_Bth
wlde and 25§fﬁ. long andwas of the non-recirculating type. ﬁ
12-£t, long head-box, upstream of the flume was fitted with bdck
baffles gnd wooden sereens, A radial tail gete, which could be
operated by a rack and pinion arrangement, was provided at the
downstream end of the ﬁ%pme. At the upstream and downstream ends
of the flume,crdss walls 9" in height were provided and sand was
f1lled between these walls, Angle irons rumnning alohg the top of
the side-walls served as rails aldng which a point-gauge could be
moved, |

Water was supplied to the flume from g constant head
tank through a 6" supply line. A 6" x 3" venturimeter fitted in
the pipe line was used for measuring the discharge passing throug

the flume, The venturimeter was calibrated before>the experiment

[ ] . °
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Wwere started. The discharge into the flume was controlled by
the operation of a valvg_located in the supply line, The water
then passed through the baffles and screens in the head box.
The baffles and screens helped to destroy the excess energy of
the flow and to distribute the flow uniformly across the wldth
of the flume., The water then entered the flume and flowed over
the sand bed which was 9" in thickness and discharged over

the tail gabe lnto the sump. The water was constantly pumped
from the sump to the overhead tank,

A point;gaugg mqunted on & wooden»fyame vas used
for taklang the bed-surface and water-surface readingsg A
plastic shoe about $" in dlameter, was attached to the tip of
the point-gauge, in order to make the measurement of the bed-
surface elevation easier, The point-gauge could be slided aéross
the flume on a frame work which had a graduated scale fixed to
1ts side. The frame-work along with the point gauge could in
turn be noved throughogt the length of the flume along the hori-
zowtal rails at the'top of the side walls, Thus, the point-gauge
could be brought to any desired position in the flume. It was
possibhle to measuve”a difference of 0,001 ft in the olevation
with the help of this point-gaugs.

The spur-dike model used for the expe?iments_ﬁas
a thin vertical steel plate, 4" broad and approximately 2 £t high
This gave an opening ratio, & = 0,835, The temperature of the

water was measured with a thermometer,
SEDIMTHT s

Four different sizes of sand ¢of median diameters

0.20 mm, 0.45 mm, 1,00 mm and 2,25 mmwere used for the experiment
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The sizes of these sands were determined by sleving them through
a number of sleves and plotting the size distribution curves
(fi1g, é). Specific gravitieg of éhe various sanés were deter-
mined with the help of =2 pyknomet;}. The chéfacteristics of the

various sands are gven in Table 4 below:

TABLE 4
§ SAND : d mm : o : Sp. gT. : Remarks §
8 M N Y 8
§ A : 0.2¢ : 1,66 ' 2,69 ' Naturgl s=nd ]
g . ) _ : : (Ranipur) g
g | y 100+ 1.3 ! 2,76 ! Steved g
¢ : 2.25 : 2,08 : 2.72 ; Sieved - g
D '0.45 ' 177 ' 271 ! Sands Aend B §
\ ! : ! ' were sieved gnd §

. i ' ' mixed in cer-

. ! ' ' tain propor-
i ' ' ! ﬂ.OnSq §
5. _ o ' ! - §

PROCEDURR ¢

R S ' :
Before the beginnig of each run the sand bed was screeded

by means of a wooden template, to give‘an approximate prede-
termined slope. A desired discharge wés then allowed to flow
through the flume by opening the valve slowly so that the sand
bed was not disturbeds The tall-gate was carefully lowered and
adjusted in such a way as to make thé water=-surface slope fairly
the same as the bedwgsurface slope. The water was allﬁ@ﬁ to flaw
in thisg condition for two to three hours during which time the
bed of the flume adjusted itedlr toiﬂhe conditions of flow. When
a uniform and stable flow conditlon was attained, readings of the

water-surface and bed-surface elevations were taken at every 1



&3
along the flume, Fig. 4 shows typlcal water-surface and

bed-surface profiles.

When ec-xuilibrium conditions of flow were attalned,
the spur model was introduced in the flume at 9'-9" downstream
of the entrance to the flume, It was believed that the entrance
effects did not extend upto this gistance. A stop watch was
started at the instant when the spur model was introduced. Bed
readings were taken at the nose of the spur model at regular
4 hour intervals g#cept in the initial stages, when readings
vere taken_at clpser intervals, because of the higher rate of
scour, The scouping around the spur modéi was thus allowed to
develop to a stage when the increase in the scour depth was at
a very slow rate and could not be detected with the point-gauge,
This eéuilib&ium condition of scour was obtaiﬁed in 1} to 6
hours or #o:e after the intvoduction of the model. The temperag-
ture of wéter‘was taken at various stages duriﬁg the run in orde:

to get the average temperature of water.

‘ ~ When scour reached equillbrium conditions, the
distance N,from the model along the side wall to a point down-
stream, where a Jet of water flowing through the contracted area
hit the side wall, was measured, This point, which was termed
as the Null point, was located by dropping potassium permanga~
nate siutién at different points along the side wall. At a
certaln point the coloured solutlon neilther moved uvpsgtream nor

downstiream. 30yeve§; this point was fluetuating and it was very
difficult to locate it accurately,

The flow wasg then slowly stopped and the tall-gate

was lowered to drain the water in the flume, Care Was taken to
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See that the scour pattern was not disturbed. Polnt-gauge
readings of the bed around the spur;dike were then taken at
regular 3" intervals along and across the flume, Withthe help
of thesevreadings contour maps of the scoured bed around the
spur-dike could be plotted, In order to get a correct cross
sectlon of the bed at the'spurédike, bed readings were taken
at 1", intervals along the model.

The bed of the flume was rescreeded to give a
different slope and a similar procedure was adopted with the
same discharge as before, but with a different depth of flow,
After 4 or § runs with this discharge, another set of experl=~
ments were conducted with a different discharge, 1IN the case of
sandsy A, B and C the discharge wés maintained at 0,40 and
0,80 cusecs, and for the sand D a wider range was used, The
alm was to get as wide a range of Froude number aé possible, The
data collected by Garde and Subramanya for «= 0,835, using 0.29

mysand were also used for the pregsent analysis.

2

~ After the completion of the experiments withbne
size of the sagnd, the sand 1n the flumé was removed and a
1fferent sigze of sand was placed in 1t. A new set of experi-
ments were conducted. Approximately 8 rung were made with each

of the four sands, In all 35 runs were made.

—~——.

The clear water flowlng -over the sand bed near
the upstream end of the flume carried some sediment from thék
upstream end and provided the ngcessary"sediment éﬁpply to the
downstream portion of the flume, For the runs in vwhich thdrate
of sediment movement was large, the sand collected in the tail-

gage was occasionally taken out and was fed near the upstream en



in small quantities at regular intervals af time.

_ Irnprder to study the applicability of the
present'analysis to the case of scour around bridge piers, a
pler model (length to breadth ratio 3:1) with cylindrical ends
and giving opening ratio,dfa 0.835—was used, The pler model
was intréduced in the sand bed at a distance downstream of the
spur-dike far enough that the scour arcund the pler was not
affected by the spur-dike, At the end of'each run the bed
readiﬁg was rggopded at the polnt of maximum scour., The data
for the plér modél was collected only for 0.45 mm sand along

with the first five runs of that series.

For stndfing the present problem a recirculating
flume would have given better results, However, it wa® thought
that sufficlient information em gould be obtained with the

available non-recirculating system.
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PRESENTATION AND ANALYSIS OF DATA
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RESENTATEON AND AWATLYSTS OF DATA

The data collected in the Hydraulics Laboratory were ~
uged for verifylng the functional relationship# obtained through
dimensional analysis. The relationships proposed by the various
investigators for the determination of tﬁe maximum scour depth
were also verified with the help of these data, The role of the
sediment slze in determining the various scour characteristics-
namely, the rate of development of the scour hole, the geometry of
the scour hole and the maximum scour depth-was also studied.
Before preceeding to the actual analysis, it 1s thought necesséry
to mention the methods adopted for calculating the various hy-

draulic and other parszmeters used for the analysis.

The discharge flawing through the system was cbtained
by finding the average of several observations taken during each
run. The depth of watler gt one foot interVal along the flume
Was obtained from the vater;surfaqe_and bed~surface readings. The
mean Value of these depths was taken as the depth of flow, D.
Using the relationship, Q = V.D.B., the mean velocity of flow was

calculated,

-

The side wall effect was eliminated by using the
hydraulic radius with respect to the bed, Ry, instead of the actu:
depth of flow. Johnson's method [17] , used for this computatko:
of Ryy 1s glven below:
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The area of flow 1s divided 1nto&wo parts, the ares
of the side walls, A, and the area of the bed A, Manning's

formnla as applied to the glass side walls can be written as,

' 2
V = lsg% ™ R:’-——,gt Sd 9
r

in vhich n; =Manning's 'n' for the walls, vhich was assumed

to be 0,01 for glass.
and By, = Hydraulic radius with respect to the walls,

Hence,

K Y _
P‘W = V . by > /2” = é&: )

1,486 8% L
where Py is the wetted perimeter of the -slde walls = 2D.

The area of the bed will then be,

Also B, = fb = Ap = BsDe = 2 D.By = D= 2D. By >

5 T B B
or Rp =D « 2D Ry . (26)
- B .

Thus, knowkng the values of EQ, B and Dy Rycan be calcu~
latedq

‘ - In most of the runs, bothkwaterésurface slope and bed-
surface slope were falrly the sames Hence the slope of the
water-surface was taken as the slope of the total ecergy line, -
For those runs, in which the two slopes differed appreciably,
the slope of the energy line was ealcuiated using the following
formula proposed by Einstein and Ning Chien:

5 |
Se = Sy = (Sy ~ Sp) ‘ég (27)
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in vhich 845, Sy and 8y are the slopes of the energy liney

water=surface and bed~-surface respectively.

The width of the scour hole in front of the spur
dike, 1 (see Fig. 1) was obtalned from the cross section of the
scoured bed at the spir-diks.

The average drag coefficient of the various materials
Wwas calculated from the formula,
4 A%d
=g 35

we@

. - o ' B
the 41 velocity W belng taken for an average temverature

for each sediment size, Thls is permissible, since the varig-

tion of temperature for each set of data was only about 4° c.
ANALYSTS OF DATA:

 Since a constant opening ratio, < = 0,835 was used
for the investigation, all the results and conclusions given in
the following rages hold only for a constant value of £ .
Hewaver, Garde and Subramania {11] hgve alrerdy sugaested pro-
cedure for considering the effect of varlation of £ en maximﬁm
scour depth, With this informgtion 1t is thought that the
results of the present investigation can be appliéd_ror differe

values of X also.

RATE OF SCOUR$

-~
-

| Whether the scouring process around an obstruction
attains equilibriutt conditions after a certaln time, is con=
troversial. According to Liu and Skinner [20] the scour depth

reaches a limiting value only for the case in wHch sediment 1is
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supplied into the scour hole from the upstream. If thers 1is
no sediment supply, the scour depth lncreases indefinitely,
Laursen (7] has also demonstrateq experimentally that equilibrium
condltions of scour exist for the case of sediment supply. In
the case of bed scour due to vertical non-submerged jets,
Doddiah and others 4l have shown that the depth of scour inerease
with time in a geometric progression without roaching a limiting
value. In almost all the runs of the present serles of experi-
ments the Scouring progess reached a stage when changes in the
scour depth with time were difficult to be measured with the
availgbls point#gauge. ?bus, for‘al; practical .purposes, the
scour depth attalned a 1imiting v-lue, though it may be inerea=
sing very slowly with time., This ;imiting value is taken as
the maximum scour depth, Dq for all the further calculations,
Fig, 5 shows typlcal cases of development of scour hole for the
ﬁiffer@nt sizés of.sand,_ The time taken for a&tainiﬁg the sfable
scour depth varied widely. 1In manyvof'the run$~§his time ranged
from 4 tmzﬁ hours, 1In certaln cases it took only. about 13
hours, whereas in fvrew others even 8 hours time was not duite

suffieient to reach equilibrium state,

In the initial stages of the run, the scour hole
deVQIOped at a very high rate. Thereafter, the depthpf scour
inereased at a much slowser rate untill 1t reachéd the 11m1tihg
Value, ©8inze the actual rate of scour thus varied with time
for s particular runy it was difficult to compare the rates of
scour for different sizes of sand as also for various flow condi-
tions, Carde \}Q] has shown!hat the dimensionless form of the-

Scour depth.a” after any time t can be expressed as a funetior
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of the ratio of & %o the time, T of attalning equilibrium.
The equation thus developed is of the form,

dt
ds

i

A Loglo -‘; + 1 (28)

in vhich the varlation of the coceffiecient A was suggested
to be dependent on the flow conditions for a particuar size of
the sediment and for given values of o and 6. Fig, 6 shows
t
‘ T
the correlation_seems to be quite satisfactory. Values of A

d
2 typleal plot of a§ against %w For measurable values of

Were obtained for various flow conditions with different sedi-
ment sizes and its relation with Froude number was studied. Fig.
7 shows the variation of A with ¥Fr for various values of Cp.
They show a definite trend although there is some scatter of the
points, The value of A is found to decrease gradually with
inereasing Proude number for a given Cp. This indicates that for
constant values of Cp and %, as Fr 1s increased the value of
%§ increawgs'correspondinglyfl However, *the time taken for
attaining equilibrium scour depth is found to be independent of
the flow characteristics, It is again seen from fig, 7 that A
has smaller values for the coarser materials than those for finer
onesy for the same flow conditions., These qualitative results
give a better physical picture_of the rate of scour, According —
to Mushtaq Ahmad [22) and Izzard and Bradley [15] scour in finer
Baterial reaches equilibrium conditions sooner than scour in
Coarser nmaterial. ‘However, the results of the present analysis
do not show such a condition to exist, On the other hand, in
most of the runs with the coarser sediment equilibrium conditionsl

were attalned in comparatively much shorter time,
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o, GEOMETRY OF SCOUR HOIR$

| The point gauge readings of the sébured bed taken
sftor the completlion of each run weTe ugsed for preparing c?ntour
maps of the scour hole., Fig. 2 18 typlcal of such a‘map.v Cerw
tain‘generalvfeatures of the scour pattern are common for all the
runs, In most of the runs meximum scouring occurred at the noss
of the snurfdikeﬁ;.‘Iﬁ few of the runs'with high Froude numbers, 
there was considerghle disturbance to the flow and formation
of vortices ner the upstream face of the spur-dike, Due to these
disturbances the scour depth along the upstream face of the Spurnd
was a little more than that at the nose, The location of the
maximum scour depth for the varlous runs is given in Table No. 1

of appendix.

Upstream of the spur-dike the scour hole has an approxi
mate shape of an invg;tqucone with itg apgx at the spurenosc,
The scour hole flattens out tcwaidg‘the downstream side. MOst of
the scoured material‘deposits_invthe immediate downstream of the
spur-dike along the side wall. A_bar‘is thus formed downstream
of the spur-dlke. _fhis.dgpdsgtion of the material near'the wall
is of practical importance, as it helps to protect the bank from
erosion. A study of the bars formed'fqr the various runs indicates
that their relative position 1s governed mainly by the velocity
of flow. Fig, 9 shows the positions of the bars for the various
runs with 0.290 mm, 1,0 mm and 2.25.mm sands. Mth lbw vgloaitig
the deposition 1s effected in the immediate downstream of the spur-
dike and the bar thus formed is inclined towards the centre of the

channel, With higher velocitles the bar has a tendency to move a
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11ttle downstream and to become fairly parallel to the side
~wall., This can be noticed in Fig. 9. 1t can be believed that
the effective length of the bank which can be proteceted by the
spur«dike depends on the position and length of the bar and
therefore on the veloqify in the channelf With the four sands
tedpd, there were no noticeéble differences in'the geometfy of
the scour hole due to changes in sediment sizd. Therefore the
size of the bed materlal appears to have no appreclable influence

on the qualitative appeargnces of the scour hole.

A The width of the scour hole iIn front of thé spur
dike, L (see Fig, 1) is important especlally in view of the
navigabllity of channels in erodible material. VWhen spur~dikes
are used for the improvement of the depth of naviszation, the
horizontal extent of the scour-hole has also to be taken into
consideration. In order to_study_the variations in L, it was
expressed in the dimensionless form é;- Values of L/d, Were
computed for those runs in which scour did not reach the oppo-
site wall of the flume, In fig., 10 are plotted the values of
L/dg for various values of Fr for the four sediment sizes.
‘Iﬁe_value_of L/&é,_is found to have almost a constant value
of approximately 2,0 for the finer sands. In other words,
the angle B (see Fig. 1) made by the sloping face of the scour
hole with horizontal has an average value of 27° and ranges
between 24° and 30°a_ Izzard and Bradley [15] obtained similar
results and in thelr case anglejg ranged between 20° and 300.
Laursen [8] has suggested a value of 2,75 for L/dg (B= 20°)

for determining the scour depth arcund bridge abutments, HoWever
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the resulté of thie analysis do not fully agree with the conse
tant value proposed by Laursen. There is & tendency for increase
in %s'values with decrease in Fr. However, there 1s appre-
ciable scgtter, as can be seen from Flg. 10.

The coarser)sediﬁent of 2,25 mm dJdiameter
behaves slightly different from the others in this respect.
The %; values are slightly higher than those for the other
three slzes of sand, for whieh fairly similar values are obtained
The values for the coarser sediment range between 2,75 and

3.25 (or B= 17° to 20%).

3. NULY, POINT:

In the chapter 'Eéuipment and Procedure! (p. 29)
the”null point was defined as the.point where the Jet of water
flowing through the contracted area hit the side wall on the
spur-dike side. When water strikes the bafik there is the possi-
bility of the bank being ercded, The positions of the null
point, therefore, is of considerable practical importance in the
protection of the bank from e:psioﬁ. This position will alse
throw some light on the desirable and safe distance between two
spur-dikes, | | _ '

1t was then mentioned that the distance, N of
tha null point_fram_the_spur model was neasured for the various
runs, These data are shown in Fig, 11 for various values of
Froude number with different slzes % of sand, after converting
N into the dimensionless form of ~g, vhere b 1is the length of
the spur dike. It is seen from fig. 11 thgt in most of the runs
the '% values like between 2 and 5, However, with 1ow'ﬁroude
numbers exceptionally high Valueq for % of the order of 10 are

Obtaihed.
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In general thgge is a tendencéhfor % values to |
decreage with ineresgse in Fr, This can be seen from the data
for 0,20 mmy 1,0mm and 2,25 nm sediments, However, the
scatter for sediment of 0,45 mm 1s too great to even draw a
qualitative conclusion. There seems‘%o be no reason why 0,45 mm
sand should not behave simllar to the other sizes of sand. |
The reason for the scatter can be attributed to the difficulty
in measurihg N aceurately.u‘ln practice the distance N can

be obtalned only by conducting model tests,

4, MAXIMUM SCOUR DEPTH:
a. YERIFIGATION OF DIMENSIONAL ANALYSIS

According to dimensional analﬁsis, under the 1imita~
tions imposed on the investiéation the non-dimensional depth of
scour ig a function of thé Froude number and the average drag
coefficient; or,

T f (FryCp) . ¢Bquation 25)
The experimental data were analysed in order to verify this

_ D
relationship. 1In Fig, 12 are plotted the values ofvﬁ%g against
Fr for all the four values of Cp. The correlation appears to
be very satisfactory. The slope vathe line in Fig. 12 1s found

to vary for changes in (p. For constant drag coefficient the

line can be expressed by the equationt N
Dy _ 1 - |
"ﬁ‘ﬁ’ - C . Fr (29)

in which n 1is the slope of the line and C 41s a dlmensionless

number. Garde and Subramanya {11} have shown that the value of
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C depends on the opening ratloy of 4 for given size of the bed

-

material, The relationshlp could be expressed ass

»

c = E » - (30)
oG
in which K 1s another coefficient, Hence equation (29)
becomes,
D1 . 1 n
b Bz B (31)

For an average drag coefficient of 2,85 (equivalent
to a median diameter of 0,29 mm) Garde and Subramanya obtained a
value of 2/3 for the exponent n , 1In Fig. 12, for ¢, = 2,85,
the additional data collected during thexﬁrQSent series of experi.
ments are plotted. I includes also data from two runs of the
previous investigation'by Garde and Subramanya for the same opgnig
ratio of 0.835. The slope of the line 1s again 223. For Cp = 1.8
(4 = 0.45 mn) the exponent n 1s found to be_edual to 0,75. It
can be seen from Ffig, 12 that with the four values of (p wused
for the investigalon, the steepest slope of the wek line occurs
When Cp =0.80 (d.=1,0m ) giving n a value of 0,90, When
Cp =0s45 ( 4 = 2,85 ém_), the value of n 1s smaller and equal
0.80 . Flg. 13 shows variation of n for various values of C(p.
The datg collected for the four values of Cp used for the in-
Vestigation indicate that the exponent n 1increases for decrea-
8ing values of Cp (il.e. for increasing size of sediment). The
Value of n appears to'reach a maximum of.O,QO for a Cp appro-
ximaldy equal to oﬁso (‘d = 1.0 mm), Thereafter for further

decregse in (p the value of n decreases correspondingly.

The coefiicient K 1In equation (31) 1s also found to vax
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with the drag cdefficignﬁ. The variagtion of K with Cy is
also plotted on Fig. 13. It is remarkable that the Variation
in the value of K with (p 1s comparable to that of n . The
value of K 1s also found to attain a maximum of approximately
5.0 when the drag coefflecient 1s 0.80. For Cp values larger
than 0,80, K decreases gradually. The decrease in K value is
muchmore rapid for Cp less than 0,80, The variations in the
Values of the exponent & and the coefficient K with drag
coefficient clearly indicates that the maximum scour depth is
considerably influenced by the bed material size.

‘ The data cql;egtas for the bridge pier model with
0,45 m sediment is also plotted in Fig., 12, These data also
fclloW'tha same t:end as the spmr~dike data, ™is shows {that
the present anaiygis is applicabdle to the case of scour around

bridpge piers also,

b, VERTFICATION OF =TSULTS OBTAINTD BY OTHWR INVESTIGATORS:

(1) MAXIMUM SCOUR DEPTH XS A FUNCTION OF DISCHARGE INTTNSTTY:

It would be of interest to see how the formulae
proposed by the various investigators behave in the 1ight of
the present anélysis,‘ These formulae have been discussed at leng
in the Chapter of ?Eev;ew_cf Litepature'.‘ Brlow is given a table

of the vagrious formulae and the name of the investigators:

ﬂg@LEZ NO. 5
Y
.g ) ] ‘ ' ‘ ’ ' ‘ 8
Sl.Nos ' Name of the ' Refercnce ! Formula
' investigator ! ! 4
7 ¥ o\ 3 §
g 1 ' Lacey ' [1e ' Dp=0.47 f)z g
t ] 1 ] ,&_ ’
2 2 : Khosla v (18] ; DL=0.90 %l )“ %
e 1 .
6 1 1] ¢ f
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w

] Y ¥ :
Sl.No. ' Name of the ' Reforence ! Formulsg 8
' Investigator ¢ ! %

: 3 i} A . 1 3

0.78
¢ 3 | owwms . (2l : P.Lélvo[gcgﬂ ’ i
b L ]

§ ] ] ' . - Q
g 4 ' Mushtaq fhgad ' (2] ' Dy =Kt.gy * g
§ ' ' ' 0
g 5 | Andru ' 2] ' DI ¥ = 2,05 q1? g
§ 1 1 ] ] Q
g 6 . Izzard & Bradley! (1s] ' Dr. = 140 @1 § g
*—-lﬁnm—sunnp-lo‘——-q---——-;-—-.-.-— ,-....--_...----u'- ~~~~~~~~~~~~~~~~ -.---.....Q

| It can be'qbserved from the above table that most
of the expressions relate the maximum scour depth 73 to the
discharge 1ntensity 'él 1n_the contracted section._ In some of
the formulae, factor which takes into account the sediment size
is glso inclyded. Fig. 14 shows thg‘variatiﬁn of Dy with thg
discharge intensity. él for the varous materials. The correla-
tion appears tq be énite satisfactpry for»thg.twc finer sands of
0.20 mm end 0,45 mm medlan dlameter. For 0,29 mm sand the re-
lationship can be expressed as,

b1 =137 q (32)

which agrees well with the formula (equation 14) suggested by
Izzaré and Bradley. For 0,45 mm sand the coeffleient is slightly
lower and is found to be 1.25, The dischaxge used for the coarser
sand in the present experiments was not varled and therefore data
are not sufficient to show any definite correlation. The few )
points with 2.25 mm sand, however, fall much telow the data for
the other sands. Eﬁuation of this type thus -ppears to be in-
ferior to the equatlion (31) for accurately predicting scour depths

around spur-dike.
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In the formula proposéd by Andru (equat;pn 13) a
Bed-Factory Fyy Which 1s a function of the sediment size, is
incluged. The values of Py for the various materials used in
the present investigation were caleulated using the fo;mula,‘

Fp = 1.9/d. Values of Dj3.Fy % were’then plotted against gq,.
Fig. 15 shows such a plot in which the equation proposed by Andru
1s also plotted, A comparison of this plot with Fig. 14 shows
that the data for the various sizes_ofrsgpd are brought'closer;q|
giving a better correlation. But the scgtter of the data for |
the same sand remains essentially ungltgped, “Fufthr,the cons-
tant se coefficient 2,05 in his relationship appears to be a
littlg_too high with regpect to the_authqr‘s @ata, An average
line through the polnts, as shown in Fig. 15 givesrphglconstant,
a value of apprqximaﬁely 1,40, Hoyever, 1f'thg data are plotted
on a much smgilg: scale as in the case of aAndru's plot, the
scatter of the points can be expected to become unimportant com-
pared to the scatter of other points on hisplot. Points on his
plot scétter eonsiderably,_especiglly his'own.experimental‘data.
1t is, tﬁerefore, believed that the expression in which the maxi-
mum scour depth is related to the discharge intensity, is not

very accurate.

It 1s possible, by slight manipulations, to convert the
Froude number relationships that were obtained for the various
8lzes of sand, into discharge intensity relatiQnships. For

example, with 0,20 mm sand the relationship can be expressed as,

»

= 4,0 Tr &

S
Rl

- (34)

= 4,0 v§ $
Hence Dy = 4.0 = Ry EFD = ZeV 1 R
. 1= %0 L o . 85 oL b
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45
21,26 qp ¥ (:'5,73) (35)

because, Ry 1is approximately equal to D, Similary for 0.45

mm sand the following expression can be obtained:
t

' 2 22 [/
D1 = 1.30 qlg(}%b) (Z”s) (36)

Similar expressions can be obtained for the other sediment
sizes also, These expressions include certain powers of o,

V and Ry, other than phe_dischargé Intensity, dlg It appears,
therefope, that 41. does not adequately represent the flow
conditions for determining scour depths. It might be due to
this reason that in §he Fig, 14, eveﬁ the points for the same

s8ize scatter considerably.

APPLICATION TO LAURSTN'S ANALYSIS=

Aecording to Laursen EE] ’ for a glven opening ratio,
the maximum scour depth 1s directly related to the depth of flow
and is 1ndep9ndent of velacitquf flow and size of bed material.
The present'exPerimental‘daﬁa are analysed in crder to verify his
g 18

plotted agalnst the depth of flow for the 0.45 mm sand in Fig.l

conclusions, The depth of scour below the original bed, 4

With this sediment a wider range of discharge was used. The
data scatter considerably and no cor:elatipn is apparent. Furthe
the scour depth 1s found_@q have remarkable correlation with the
Velocity of flow., This can be obse?ved in Fig, 17, whioh shows
the varlation of dg with Vv for 0,45 mm sand. Similar results
are obtained for the other sediment sizes also, The author's
data, thus do not agree with the.relationships proposed by Laurse
for the case of bridge abutments, |
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5, CONCLUDING RTMARKS:

Thus it 1¢ seen from the foregoing dlscussions that
the size of the bed'material plays an important role in the law
governing the maximum scour depth around a spur-dike., It is
believed fhat a plot of the type shown in Fig. 13 would make 1t
possible, for all practical purposes, to predict the law for any
Value of the average drag coefficient. The range of Cp 1in the
present investigatiop was between 0,45 and 2,85 {or d between

0.29 ma and 2.25 mm),



CHAPTER VI

SUMMARY, CONCLUSIONS AND SUGGESTIONS
FOR FURTHER STUDY
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CHAPTER = 6

SUMMARY, CONCLUSTONS AND SUGGRSTIONS FOR FURTHFR STUDY

SUMMARY AND CONCLUSIONS ¢

Analysis of the maximum scour depth oceuring aroun
a spur-dike placed in an alluvial channel is carried out b? the
principle of dimensional analysis, This 1s done in view of the
complex nature of the problem of scour and the difficuities in
solving 1t analytically, Dimensional analysis has revealed that,
other factors remaining the same, the dimensionless expression for
maximum scoir depth 1s a funetion of Froudevnumber of flow and
the average,drgg coefficient of the_sediment pgxticles,» iﬁis re-
lationship is verified with the help of the experimental data
collected in a 25-ft long and z;ft wide rectangular nonérecircu-
lating flume for varlous values of the Froude number and different
sizes of the bed material. Under the limitations imposed on the

investigation, the following significant conclusionsg can be drawn:

1) The size of the bed materlal affects the maximum
scour depth to an appreeiable extent. Thiso is
contrary to the results obtained by some of the
investigators.‘

2) The Froude numb@r of flowy Fp g?%ﬁb_is a better
criterion than the usual discharge intensity for
representing the effect of the flow characteris-

tiecs on the maxlmum scour deoth,

3) The drag coefficient of the sediment particles,
Cps adequatoly takes into consideration the effe



4)

5)

6)

of characteristics of the sediment and the fluid. How-
4
ever, A 7y in the formulation of Cp =73 __va '75.?.

was not varied.

The dimensionless equation (29),

-

D1 _ 1 n .
Ry T+ & fr | .

in which K and n are functions of Cps can be used fc
determining the maximum scour depth around spur~dikes,
For practlcal purposes, the eéuation}

Dy = gt élué , : : , ‘
with K' varylng betwe~n 1.2 and 1.4 Tor median size
sands can be used for approximate determination of maximu
scour depths. o
The present analysis 1s avplicable to the case of scour.

around bridge plers alsoq,

SUGGESTIONS FOR FURTHFR STUDY:

Many phases of the problem of gcour at obstructions are

Yet to be invgstigatedf fhe fact that the'bed materigl size i1s an

lmportant conslderation in scour studies opens a new avenue for

further-regearqh,on the probleme. In this connection, it is felt

that the following suggestions for further work with regard to the

bed material characteristics will be valuable for o better under-

standing of the phenomenon of scour at obstructio sz~

1} The exact form of the variation in the valuss of the ex.

ronent n and the coeffiecient K 1in the equation (31

D1
wm = kK g F°

. hex
for a wide range in the value of ¢p has to be establi

2) The role of the various other sediment characteristics,

Nahely its standard deviation, specific gravity and shg

factor, on the maximum-scour depth has to .be investigat
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APPENDIX
TABLE -1
SUMMARY OF EXPRIMENT T
& =(1-P ) =0.835
1 . . V. et . st

Q@ ++ D s Vv ds N Temp, Location Sediment
1 cfsgy £t fps ft ft o¢ of Max, movement
! { ' Scour=
' ' . ~depth ‘
10,80 , 0.432 .00215 0,925 0,391 1,04 29 U/§ Face Pairly good
10,80 1 0,386 .0019 - 1.038 0,431 1,33 30,5 Wall very high*
10,80 1 0.599 0021 0.668 0,230 1.00 31  Nose ry slght
10,40 1 0,250-,0017 0,80 0,280 0,75 30,5 Wall Fairly good
10,40 1 0,210 L0023 0,953 0,355 =  20.5 Wall High
10,40 ¢ 0.383 ,0011 0.5225 0,150 1,00 33  Nose w1
10,80 1 0,693 ,0011 0.5775 0.184 1,83 33.3 Nose Nil
vo.so .0.789 .00094 0,507 0.123 3.33 33,3 Nose Rl

. DATA COLLECTT™D BY GARDE Am SUBRAMANY A |
'0q40 1 0.4’70 » 0015 0.426 C.082 3,17 NOse S'light
'0.40 +» 0,304 0022 (0,658 0,267 1.0 q’ Nogé Fairly good
AR - L
10,80 ; 0.546 .0015 0.733 0,146 3,0 33 Nose N1l
10,80 10,438 ,0017 0,214 0,302 1,08 83  Nose Just starti
10,80 10,344 . ,002 1,162 0,478 1,08 31,7 Nose Very slight
10,80 10,266 ,0044 1.502 0,507 1,167 32° Wall High
10.40'.0.314v;0011 0.637 0,097 B8.33 31,7 Nose N1l
10,40 +0.241 ,0016 0,830 0,254 0,83 30,6 Nose Nil
10440 +0,201 .0017 0,995 0,326 0,75 31,4 Wall Ni1
10,40 10,173 ,00236 1,156 0,415 1.0 30  Wall Slight
10,40 10,231 ,0019 0.866 0.263 0.83 30.6 Nose Nil
'0.40 10,158 ,0018 1,768 0.387 0.875 30.6 Wall Very high¥*
; : ‘ | , _
10,80 10,527 40014 0,750 0,012 3,33 = Nose Nil
10,80 10,303 ,00256 1,80 0. 186 - 29 Nose Nil
'0+80 10,345 ,002 1,16 0,115 2,33 29 Nose N1l
10480 104280 0029 J420 0,226 1,04 30 Nose Nil
10,80 10.437 00185 oggls 0,043 . 29,4 Nosge N1
10480 10,231 4005 1,732 0.285 = 30 Wall Very slight
:0‘80 .0.218 J005 1,834 0,304 0.83 29 Wall slight
0,78 .0.596 00125 0,655 0,177 1,75 20,5 Nose N1l
'0482 10.354 ,00191 1,158 0,483 1,33 19 Nose High
10440 10.2875,00106 0,696 0,229 0.83 19 Nose il -
'0.40 10,318 ,00107 0.629 0,178 0.67 19- Nose Nil
10,60 10,328 ,0017 0.915 0,320 0.92 18:;3 Nose Falrly good
10461 10,273 00174 1.11%3 0.466 1,167 18,3 Wall Very high*
0418 10,150 ,00151 0.60 0.146 0.46 13.3 Nose Ni1
'1.50 10,802 ,00145 0,935 0,409 1.5 18  Nose ‘Very slight
'0.60 10,223 ,00283 1,345 0,457 1,0 16,5 Wall

Very high*

Sediment was fed from U/s end of flume at Tregular intervals.
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