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ABSTRACT

Observation and analysis of cleatr water scour at spur
and interference spur type constrictions are pfesented in
4.
this thesis. Analysis is based on observations and

dimensional considerations and a design chart for maximum

clear water scour at spur, ir®erference jpuf and jet is

» prepared from data collected from present work and the

studiés of Rajaratnam‘hnd Humphries, Nwachukwu, Gill, Garde

et al. and Liu et al.
' [4

Location of maximum scour and scour profiles could be
{

established from the relevant figures a

nd MAength scales.
\ﬁ
A brief study was carried out on b ater and a chart

was prepared to estimate the maximi} backwater.
A parallél analysis based on regime.considérations is

also included.’
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1. INTRODUCTION

Constrictions, either man-made or occurring naturally

In a river or c¢hannel, will chan the original flow pattern

in the vicinity_of constrictions’. Liu et al. (1961)
confirmed this from observations on their laboratory
experiments, which indicated that the stream lines at somé
distance away fsom the abutment was not affected by its

presence in the flow. Some man-made constrictions are

‘end-dump closures, bridge piers and abutments and spurs.

.

The change in flow pattern in “the v1c1n1ty of constrictions

will affect the equ111br1um and the river or channel will

readjust to it after a period of time. The process of new
equilibrium may involve scour near the oonstfiction. Thus
this scour is local in nature. .
The problem of scour around .constrictions is host
important to engineers because many bridge failures recorded
in the past'we;é the result of inadequate knowledge of the
scour and thus not providing adequate foundation depth or
bad practice in maintenance. Many investigators have
developedkformulae to estfmate»the,makimum scour depth for(i
clear water scour and live béé scour. Their suggestions
were based on experience (Regime theory) or dimensional
analysis with the support of laboratory experiments.

F1gure 1 shows the definition sketch of flow through a

constriction which indicates the maximum clear water scour



i

AL L L

L
—

l'

Y ) <

|
o
|

< < < N

) <

PLAN VIEW

qf

Yo<
Y.

1

SECTIONAL VIEW

FIGURE { — DIMENSION SKETCH OF FLOW
THROUGH A CONSTRICTION



(9%

&t crannel centre e___, Glstance of upstream lip of scour
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cance to a point where the scour depth eguals to
heli the”mafimun scour depth at channel centre X',.approach
depth of water y_ tail end water depth y . maximum
backwater Ay and the height of ridge Ac_ -

Tt is reasonable to accept Neill's (1964) definition
Hfor depth of scour as depth of material rémoved during the
SCOUringG procéss measured below the origihal bed. The total
scour depth is definec as the depth c¢f scour measured from
water surface. Clear water Scour is defined as the scour
which occurs when the bed material upstream of the
constriction is not in transport. The bed shear stress in
this arec is less than critical shear stress. Live bed
c=cur is the scour which occurs when there is general bed
lcad transport in the river or channel. The bed shear

stress in the approach flow 1s greater than the critical

The aim of the‘presén: work is to carry out experiments
to sﬁudy the maximum clear‘water scour depth, pattern‘of the
bergey gcour and finaily to formulate a design chart to estimate
the maximum scour at cqnstrictioné and also to compare the
results‘with the predictions from a simple regime theory
method.
Experiments were carried out in a flume 10.7C m long,
'2.29 m wide and 0.305 m deep in the Civil Engineering
Hydraulic laboratcry at ‘the University of Alberta. Twenty’

eight experiments were performed anc 1in all these

’



\
experiments, the our pattern was symmetrical,

From the resZits of the present experxments and the
prev1ous studies of Ra]aratnam and Humphries, Nwachukwu,
Gill, Garde et al. and Liu et al., a design chart was
developEd to estimate the maximum clear water scour at
contrictions.

‘A'brief study was also done on packwater produced by
the constriction and a non dimensionallceert relating the
ratio of backwater to the tail end water depth and {aﬁi'end
Froude number with constriction}ratio as a thirc]‘.pa‘:‘iamete'r';.t.h

was developed:

\ “' J‘\ s
Using sediment transport analysis, a plot wasjé,epared
gl

for Q-Factor versus h/D. Quazi and Peterson
a plot for Q-Factor versus-h/D for rip rap,

also included a compendium of sediment tr';?

flumes by Peterson and Howells (1973) and for end- dump .

closure by Das (1972). This was:included in the present

plot. From this, an a§erage clean water scour at |

1

constrictions can be calculated.



2. LITERATURE REVIEW

This chapter deals with the previdus studies on maximum

scour at the constrictions. It also includes the discussion
on the disagreeﬁént of the factors causing the scour amongst
different invéstigators. This chapter also presents studies
carried out on backwater due to constrictions in alluvial
channels.
2.1 MAXIMUM SCOUR DEPTH N
Several studies;ﬁave been carried out by engineers to
predict the maximumyéCour depth at constrictions, which is
important for the stability of the engineering structure.

The methods:developed for predicting the maximum local

scour can be grouped into three categories:

2.1.1 Equations based on Regime Considerations.
2.1.2 Method based on Dimensional Analysis.

2.1.3 Analogy with Long Constriction. .

2.1.1 Equations Based on Regime Considerétions.

Regime equations have been derived empirically from
experience gained from Indian rivers and irrigation
channels. It is believed that the discharge intensitf and
the normal flow depth are important factors and all- the
formulae are based on them.

. | o
5



Khosla (193€) modified Lacey's formula as, \

where f‘, is Laéey's silt factor = 1,59 VB, D 15 median
size of sand in mm, g is the discharge intensity in

S eppilath SeCtiul, €15 the maxlmum scour depth below
the original bed level, Y, 1s the approach flow Gepth,

C is & coefficient which ranges from 1.0 to 3.5 Q

depencding on the angle of attack.
' 14

€

Ingiis (194¢) analysed field data ¢on maximum scour
depth at spur dikes and suggested a formula for design

pLrposes as,

[em'm + yO:I = 0.95 {

O

[
N
N

where f is silt-factor = 1.76 VD and Q is the

discharge.



Ahmad (1087) developed a formila from experimental

R . . L
tests for estimating maximum scour at Spur nose as,

RO
'ﬁﬁ' '1 ,w\

where ¢ 1s the discharge intensity at the constrictiorn
anid K is a constant depending on flow concentration,

anale of inclination of spur and different angles of

2

attack.

This formu.a is identical in form and power ¢f g tc the

relasior. derived from Lacey by Khosla.

Blerchr (1957) prepared an empirical correlation between

D

our and discharge intensity in the form,

-+
O
(s
v
[
103}
(@]

liem:r_‘,yo] - 1.35 qo 75 F~b‘/3 2.4

where Fb is the Blench bed factor.



2.1.2 Method based on Dimensional Analysis
Based on dimensional analysis and their experimental

data, Garde et al. (1967) concluded,

where k and n are functions of average drag coefficient
of sediment and F is the Froude number of the normal
flow and m is the constriction ratio defined as m =

(B-b)/B.
Liv et al. (19€1) conducted laboratory experiments cn
vertical wall spur ané abutments and suggested.formulae fer

clear water scour and live bed scour.

a) clear water scour,




“h) live bel scour,
¢ i ’
5
€ +y J' “a L0 .8
n meoe © - 0.3 + 2.15 l:___:‘ F'/3 2.7
Yo v,
%

is the length,c? the‘obsiructioh'perpdndicula;—x

e

to the flow.

& ‘ *
2.1.3 Analogy w1th Long Constrlctlon

1

Laursen (1963) extended his analy51s for a long
‘Const r¢¢t on to a}local scour‘aroUnd abutments by taking the
wzdth o‘ &he zone 1nfluenfeo by th° abutnent as 2.75 -,

'.excluc ng the Yength of abutment 1tself The %ésultlng

AN
‘expre551on“for clear water,ssour at abutment is,

\ e

o

1-‘ € | ‘1 ‘ € ' -
Zo=2.75 = |- [ mes 1] | [la] - 2.8
yO' yB | r yo. TC o :
T v?
; 0 = °
i s 2,3 (V72
T 120 D Y, .

. where 1" is length of}embankment,lpgis'ratiq‘of depth of
. . . ) o . . ":.'
scour at pier or abutment to depth of scour .in
equivalent-long contraction.,
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Gill (1972) modified Straub's (1934) e@uation for sccur

in a long rettangular éonstriction to,
J UL ‘

+ 6/ 7 1/ n -
€ mes yo B B / T r 3 '/%7
= —_ — 1 - —C + C 2.9
Y, b b T T
o] o}
iy
In this eguation ‘
. »
7:') s
t- L =0 when -c > 1
T s T
o} U{’ 0

"where « ié a coefficient which depends on flow depth

and size of bed material and equal t6'8.375(D/y;).

Eguation 2.9 was modified for local scour around a spur to,

a) clear water scour [TO < Tc] i
) € + 0.25 6/ 7 1/ 7
mee . B T
° -'8,375 [—— ] H [ _ﬁ} 2
yo ’ yO b TC

i



~

) live bed sccur {7 ST ]
‘o c }
€ + D 0 25 Bre . 6,7 - 3n/7
= ° = 8.375 [—-] [_} [_} 2.1
Y, Yoo b bi{
15
vihers v \:}ies from Z S

[

(&4
O

¢

Gill suggested that the maximum scour occurs when critical
shear stress of the bed material egquals the bed. shear

.

stress.

Das (1672), from laboretory experiments for end dump

closure of alluvial channels, developed non-dimensional

5.

‘design crerts relating constriction ratio m, approach flow

depth Y, o mayimum scour depth € medium size of sand grain

(e 4
! o
D, covering Froude number from 0.05 tc O.6.
’ »
peterson (1875) used dimensional .analysis and

regression technigues to prepare a series of universal flow

" diagrams showing the relationship for_discharge intensity,

approach flow depth, median size of sand grain,
cediment-concentration C and channel slope for mobile
boundary channels. The depth of maximum scour at

constriction can Dbe estimated from these Giagrams.
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2.2 DISAGREEMENT ON FACTORS AFFECTING MAXIMUM LOCAL SCOUR

2.2.1 Effect of Sediment Size

Gill'(1972) agreed with Ahmad (1953) that the rate of
scour development of fine sand was higher than that bf
coarse sand, but digagreed that the maximum scour was:
unaffected by the size 6f bed materialr

Garde et al. (1961) conclusiongéontradicted Laursen's

(1953) statement that the bed material size does not affect

the scc Jepth. ‘ : : o

"2.2.2 Effect of Approach_Veléc]ty
- Laursen (1953) concluded that the veiocity_had no
effect on the depth of scour,‘but.Garde et al.. (1961) found
"out from their experiments thatvthe velocity of flow was an
importanf factgr in‘determin%%g‘the maximum scoh; dgpth.
The ASCE Task Committee on Sedimentation (1966);§tated
that mean velocity aione cannot express, the scouring action
6f the water at the bed and that to cohpletely specify

conditions the depth must also be given.

2.2.3 Effect of Approach Depth of Flow :
Garde et al. (1961) suggested from their findings that
there was no correlation of maximum scour depth with the

approach depth of flow for spur dykes. According to Laursen

ek
L gy,

(1953) and Gill (1972), scour was a functio# of flow depth.
N . _‘b .

.\l@



13
Y ,
2.3 MAXIMUM BACKWATER
Althougﬁ ményhstudies haﬁe been made to assess the
maximum backwater caused by constrictions in rigid bed
channels, only a few invgstigators have worked on the
corresponding prgblem in an alluvial channel. These are Liu.
et al. (1961), Sandover (1969) and Das (1972).
Liu et al. have done extensive studies on‘backwater on
rigid channels. They found that the effect of sboﬁr made ?t
guite diffiéult to meaéure the backwater satisfactorily, but
_the difference of water sgrface elevafion across the
embankment was fairly coﬁéistent. They concluded that the
water surface drdp acrosé the. embankment was approximately
6C percent of thet in rigid channel.
sandover (1969) studied the backwater effects of
+ end-dumped dams . Usihg dimensional considerations anc
Vexpgrimentél observaﬁions, Sandover developed the fcllowing
relationship between backwater Ay , Froude number and

constriction ratioc

‘D
o
|
[anal
—
m
w| o
e
28]
N

ax and presented curves; Ay/y versus constriction ratio m with
. O ’

iy,
Froude number as the variable:
Das (1872) developedva plot of coefficient of discharge

versus Froude number with constriction ratio as thira



14

parameter., He considered the difference in water surface
elevation across the embankment in his calculations. On his
plot, the corresponding plot for flow on rigid bed due to

Vallentine was also included for comparison.



3. EXPERIMENTAL ARRANGEMENT, EXPERIMENTS AND EXPERIMENTAL

RESULTS

This chapter describes the épparatus used for the
experiments and discusses the various measurement methods.
This section also presents procedure and the experimental
Fesults. The limitation due to the apparatus and

experimental procedures are also pointed‘out.

3.1 EXPER;ﬁENTAL ARRANGEMENT
. gﬁg apparatus used in’the experimental arfangements may
be deétfﬁbed under five headings:.
3.1.1 Flume
3.1.2 Flow system
3.1.3 Models
3.1.4 Measuring devices

3.1.5 Material

3.1.1 Flume
a. The tilting flume, madecout of metal sheets is 10.70
m long, 2.29 m wide and 0.305 m deep. This flume
résts on 1 beams. The upstream I—béam was supported
by paiig of electrically operated screw jacks.
Inverted T-beams were used as guide ‘rails for the
instrument carriage and we?e mounted on'top of the

flume walls by means of bolts. The downstream end

15
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f the flume.waé connected to the sump by means of a
25 mm pipe and a 125 mm pipe. The opening‘of 25 mm
pipe wzs controlled by a valve conneéted to it and
the 125mm pipe was adjusted by covering the top of
the opening by means of a metal platé. FigdreIZ

shows the plan and sectional views of the flume.

W
Yo il

N

b. For the last three experiments the %idth of the
flume was reduced symmetrically to 1.20 m by means
of 250 mm x 12 mm plywood sheets placed parallel to

full length of the side walls.

3.1.2 Flow system
The water was pumpecd from an underlying sump by a 50 mr
centrifugal pump of maximum capécity of 14 L s . A valve

.

and magnetic flow meter were fixed to the 50 mm delivery

pipe.

3.1.3 Models
The model used to provide constrictions was made out of
3 mm thick aluminum plate. The constriction opening was

varied by adding extensions to the aluminum plate.

3.1.4 Measuring Devices

3.1.4.1 Magnetic flow meter

The water was delivered through a magnetic flow

meter which sends signals to the digital multimeter to
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. . -1 . . . .
read the discharge in L s . The valve in delivery line

was used to obtain the reguired discharge.

e

3.1.4.2 pPoint gauge
water surface and bed surface elevations at any

boint in the flume were measured by a point gauge
equipped with a vernier to measure to 0.0t in (0.25
mr.). The point gauge was mounted on a carriage which
travelled along the flume on guide rails. The point
gauge was also fitted to slide transversely across the
flume on rails mounted on the carriage. Steel tapes

S fixed on the wall of the flume and on the carriage were
used for longitudinal and transverse location of the

pcint gauge respectively.

A 3 mm (external diameter) pitot tube was mountec
to the pcint gauge carriage when velocity measurements
were taken. The pitot tube was connected to a tilting

manometer.

3.1.5 Material

One size of 1.32 mm median diameter sand was used as
the bed material. The specific gravity of tﬁe sand was
2.64. Tne results of the sieve analysis on tﬁis sand are
shown in Figure 3. Tne angle of repose of the sand,
determined under‘submerged condition was 32 degrees. The

Shield diagram with White data from Sedimentation
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Engineering by Vahoni (1975) was modified to obtain the
shear velocity on y axis only and is shown in Figure 4.
Based or. this Figure, the critical shear velocity for water
remperature of 207 C is 2.80 cm/s. Using the following

eguation,

-

. ,;y“
ot
i
L
-
b
e {7

‘ ' 2

where T is the critical shear stress, U,. is the

critical velocity and p is mass density of water.

the critical shear stress is 0.78 N/m? and the critical

particle Reynclds number u*CD/p is 36. 'The Nikuradse's

(o]

eguiveient sand grain roughness is 0,216 c%.
3 '. 2 EXPERIMENTS

Experiments were carried out to measure the scour and
ridge profiles for given velocity at approach, flow depths
at approach and tdil end. -

yz

3.2.1 Scour Profiles

The tilting flume was adjusted to be horizontal by the
electrically adjusted screw jacks and checked by an
engineering level. The aluminum plate was fixed

symmetrically perpendicular to the long walls of flume by
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angles, bolted to the plate and to the flume tray. Sealant
was applied between the plate and the flume tray and walls
to stop water leakage. A flo‘ ing plank of size 2 m x 1t m
x 12 mm was used as a dampey to stop wave action. The”blank
was tied to the del1ver;‘blpeugt the upstream end of the
flume and allowed to float.

The flume tray was filled with sand to a length of 6.9

o A,

a, width of 2.29 m, and depth of 170 mm. The sand bed was
screeded to horizontal and bed measurements were taken by
ppint gauge. The outlets Qere closed ‘and the water was )
allowed, on the downstream of the flume by a 12 mm hose—pipe,
till thyysand bed was submerged. Then the water was senﬁ
througé’the delivery pipe by opening the valve slowly until
the required discharge was obtained. The depth of the water
was maintained by adjusting the outlet openings. When the
outlet openings were slightly opéned, the depth of water in
the flume was raised and when they were fully opened the
depth of water was lowered. Expgriments which produced
non-symmetrical scour pattern were discarded: The duration
of experiments varied from 5 to\24 hours. It was observed
v1sually that there was no movem;dg of sand partlcles at the
constriction after 4 to 6 hours. This time depends on
constriction ratio, velocity and would appear to depend on
the sand particle size. '

When equilibrium was obtained, water surface

measurements were taken by point gauge and water temperature

was noted. The valve in delivery pipe was slowly closed and

(-
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outlet was controlled SO that no dlsturbance was created to
the’scour or rldge.x After the water was dralned detalled
measurements of scour and r1dge along longltudlnal and
transverse directions were taken by the point gauge. Before
the next experiment, the sand was mixed thoroughly and
screeded. .

The cbnstriCtion ratio was varied by changing opening
width of the constr1ct10n by add1ng exten51ons to 3 mm thlck
-alumlnum plate. These extensions were placed on upstream
face of the constr1ctlon and secured firmly by providing
enough length towards the walls of the flume."Sealant was
applied between the exten51on plate, flxed plate and flume
tray, to stop any . leaks. o

- The last three experlments were conducted with a main.
channel width ofv1.20 m. ‘The reductlon of the,w1dth gave
tiore variation in the constrlctlon ratio. '

Twenty elght experlments were performed wh1ch gave
‘symmetrlcal scour pattern along centre of the channelw In
these experlments, the constr1ct10n rat1o m was varled from
0. 493 to 0 989, the approach depth of water varled from 1. 86
to 7.62 cm and the Froude number varled from 0.011 to 0.313.

The experimenta} data in tabulated in Table 1 (Appendix A).

3 2.2 Comments of Symmetry of Scour
‘When the outlet openlngs were ad]usted the ]et of water .
from the constrlctlon deflected towards- the walls of the

flume. This may have beén caused by a slight” pressure
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<

:olﬁtﬁt-n e betweer either side of the jet water. Due to
this: de lection, a symmetrical scour pattern could not be
obta;heo - The deflection of water was minimized by placing

hvanlzed mntgl plates of about 300 mm x 200 mm downstream

f the flume. The direction and locatlon of these plates
varied with each experlment The scour and ridges due to
conetr1ctlonkwere not affected by these plates because they
were placed away from conetrlctlon.

In expetiments with.free‘fall, i.e. outlet pipes opehed
fully, a symmetrical scour pattern was always obtained

without any'adjustment of the flow downstream of the

constriction. :

3.2.3 Approach Veloc1ty

in lv Yper1ments the mean veloc1ty vV, was small.

Thus a pitot tube or-current meter could not be:"used to
.obtain'the_yelocity profiles.ﬁor the appromdb'flow. The use
of Hydrogen bubble technigue also failed because of the
reflectidn of the light on sand grains. Fiber optic probe
.ligh“ recuced the reflection of the light, but Stili the
pulse created by the bubbles were not seen through the
camera.

To‘obtain a velocity profile, an extra expefiment was -
vcatried out with increased hean velocity. Ever though scour
depth at the constriction reached the tray of the flume,
care was taken to see that the — was no bed material

\

movement »in the approach section. Pitot tube was.used toO



mezsure +he velocity profile because of the increased mear
velocity.

C.495, the approach depth.of water was 3.66cm and the mear

In this experiment the constriction ratio

approach velocity was 22.73 cm/s.

‘3.3 EXPERIMENTAL RESULTS

\

3.3.1 Mean Velocity at Approach and at Constriction

eq

A0

\

b v

Th#l mean velocity at the constriction V‘ was calculsa

u

&

{
was

 Approach mean velocity vV,  was calculated from the

icen,

.
-
S

2'5

: e
where Q is the discharge, B is the channel bed width-.

&

-and yois the approach flow depth.

where A is the flow area at tne constriction in

egquilibrium state.
£

s

5'

the

-t
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3.3.2 Bed Shear Stress

. -
Using "law of the wall" eguation

v y
= 5,75 1og— + C 3.
U, .

a8 plo ot U versus log y was prepared (Figure 5) and from the
slope of this plct the shear ve‘oezty was computed and. founc

tc be equal to 1.88 cm/s. Using the following eguation

where 1 s the bed shear, u, is the shear velocity anc

p is ‘the mess density of water,

the bed shear stress was calculated and found to be equal to

0.353 N/m?. o '

3.3.3 Scour Ridge and Water Surfé@e'Profiles

Data of the experiments for. scour, ridge and water
surface were presented in: graphical form.' Profiles of scour
.and ridge along the channel centre for exper1ments>1111 to
1119, 1121 to 1126, 1131 to 1134, 1141 and 1221 were

presented in the plots. Scour profiles along the line
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|
passing through the nose of the constriction for experiments
1111, 1114, 1118 to 11112, 1151 to 1153 and 1211 to 1212
were also presented in the plots. Typical plots are shown‘
ih Figures 6 and 7. 1In these Figures the location of the
constriction is at x axis equals to zero. The negative and
positive x values indicate the upstream and downstream of
the experiments respectively. Similarly, the negétive and
positive y values indicate scsur and ridge respecti&ely.
Figure 1'sh§ws the direction of x,y,z axis. |

Scour profiies across the constrictions and water
surface‘profiles along the channel centre are also shown in
~reépective'ﬁlots. Typical plots are shown in Figure 8 and 9
respectively. ‘

Additional plots for scour and ridge profiles along
channel centre, scour prbfiles along the line passing ‘
through the nose of the constriction, scour brofiles across
constriction and watér surface profiles at‘channel‘centre,

are presented in Appendix B.

3.3.4 Classifiqg;ion of Experiments
From the results, experiments were classified into

three“%ategoréfs; namely,

a) spur type constriction
b) interference spur type constriction

c) jet type constriction
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Spur type constriction - There is no alteration in the
shape of tg; stream lines near the center of the
constriction but adjacent to each nose of the
constriction lines are bent and close together. This
indicates that the flow is concentrated near the noses.
Thus, th; scour occurs around each nose of the’
constrictioﬁ. The scour act independently to each
other and feels as the other end of the constriction
does not exist. That is, the scour width at each end
of the constriction across the constriction does not
meet gt each other. Plate I indicates this clearly.
The maximum scour occurs at thg nost of the
constriction. The spur constriction is termed as

constriction type I.

Iﬁterference spur type constriction - The stream lines
are bent and close together near each nose of the
constriction. The lines near the centre are also
affected by these.bends. This indicates that the flow
is concentrated adjacent to the nose and lesser extent
around.the centré. Thus, across the constriction, the
scour at each ena of the constriction interferes at the
other end. Due to this interference there will be
always scour at the centre of constriction. This 1is
shown in Plate II. In most cases‘fhe maximum scour
occurs at or near the nose of constriction. The

interference spur constriction i1s termed as



PLATE 1 — TYPICAL OF CONSTRICTION TYPE I



PLATE 2 — TYPICAL OF CONSTRICTION TYPE I1
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constriction type II.

Jet type constriction - The constriction opening is
generally very small. Thus, the veloéity along the
constriction opening is almost same. This makes the °-
maximum scour to occur along the center line. Plate

I11 3hows a typzcal profile of this type. Jgt

constriction is termed as constriction type III.

;”/
Experxment numbers 11110, 11111, 11112 1181, 1152;

1211, and 1212 fall into constriction type I,

experiment number 1141 falls into constriction type III and

others fall into constrictién type 1II.

L
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PLATE 3 — TYPICAL OF CONSTRICTION TYPE II

3



4. ANALYSIS OF EXPERIMENTAL RESULTS AND DISCUSSION
By
!

This chapter presents the analysis'oflthe results an
discussion. From dimensional considerations, a design fhart
to estimate the maximum clear‘water scour at‘cénstfictioﬁst
is developed. The pattern of the scour éevelopment is also
déscuséed.' A brief‘study on backwater was also presented.

A comparison of the result; with regime theory égncept ié

I

‘also included. &
i ’ ”»
4,1 VELOCITY PROFILE
| The velocity profile plot,iFigure 5, indicatés that -the
flow was fully developed upstream of the constriction. The
non'aimehsional profile plot shows that it satisfies’the
Karman-Prandtl lqgérithmic law. From Figures 10 ana 11, the

fcllowing eguations -were obtained,

)

\ .

S u - = v R ’
~ Y - 5.75 logi— + 8.85 ' 4.1
N U K .
* s
and,
« ) - . )
T u o yu '

— = 5.75 log—* + 5,87 : 4.2
u % 7 .

/

Al

[

-
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the approach velocity at y cm above the

where U 1S

channel bed, u, is the shear velocity, v is the

kinemztic viscosity of water.

t

The ra:tio of becd shear streds to critical shear stress

of bed material is (.24, which indicates the bed materials

[y

in approach section were not in motion. Thus,  the scour at

cons:triction was clear water scour.

4,2 MAXIMUM CLEAR WATER SCOUR

-

Y . -

“ It is reasonable to consider that the velocity at
constriction causes the scour. To predict the velocity at

constricticn on an erodable bediis a-difficult task.

.
characteristic velocity v, at

Let us define &

constriction as Q/byo, where all three parameters are Knowr.

Trnis velocity will be referred to as the veloclty scaie.
o @}

y

4.2.1 Dimensional Analysisyr
~c  +Fc ~—zin

From previous studies and our observa:i.®

variables causing clear water scour can be grouped into four

categories, namely » i
. e
. “';' .

ki

-

a) Variables describing the constriction and channel

geometry

' ’ channel width B
: . v

-y e )
consel icoien Openlng



velocity scale : ” v
appréach flow depth Yy
maximum scour depth at

equilibrium state ‘ €
c) Variables describing the fluid (water)

mass density - ' P

kinematic viscosity v

&) Variables describing the sediment

(
median size D
mass density A )

Considering the equilibrium state, we can write

42
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Cnocsing V., y_, and p &s repeating variables,
. i ‘
me - f, Yy , V*yo, (B-b)' Zn, B 4.4
Y, vglhp/p)D v B D 'y

So long as B/yois very large, it will not be an
- Q

important parameter. Similarly, as long as y /D is very
large, it appears that it will not be important. If the
Reynolds number V*y;/u is also very large, it is assumed to

be of sécondary importance. Then equation- 4.4 may then be

\
\

reduced to,

ma Vv B-b 7 ~
= f,, F* =/:_::—*_.‘_—_:_—. , M = — 4.&
Y, 1 glAp/p)D B
°
~ ‘
R ™

4.2.2 Classification of Experiments

Using constriction rétio.aﬁd non~dimensicna. telo:it}
scale, an attempt was made to prepare a chart (Figure 12) to
draw.a.dividing line to separaﬁe Type I (spur) from Type 11
(interference spur) constrictions. Experiments on a
corstriction ratio of 0.867 gave a reasonable location of a
peint tc draw the dividing line from conctriction ratio. of
to 0.667. This is shown in Figure 12 by dashed lines.
Addifional experiments have to §e carried'out'to complete

-this Figure.
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4.2.3 Visual Observations of Scour Development

At the beginning in all experiments, a spiral type
vortex was formed at the nose of the constriction. This
caused the bed materials to move from the nose. The motion
of the materials was mainiy by rolling.

In the early stage, the eroded particles were piled up
do&nstream of the scour hole and then pushed further as the
scour progressed. Thus some bed zones moved from deﬁosition
to chur. The deposited particles eventually moved and were
spread by the expansion of the jet. As the scour hole
déepened, the bed particles from upstream'and side slopes
fell into the hole and then these particles were carried
away dowhstream. The initial process ofAscour was rapid and
then began to slow down. It indicates that as the scéur
depth increases the rate of scouring decreases. The rate of
increase in scour depth was minimal after 4 to 6 hours.

This could be seen in Figure 13, which is drawn with scour
depth versus time. |

As scour proceeded it expanded transversely and
longitudinally. For-smaller constriction ratios, the scour
widths ‘at constriction along transverse direction did not
meet each other. The constriction ratio equal to 0.867 also
behaved similarly when the discharge was low. When the
discharge intensity was increased and the depth of water was
kept constant, the scour widths met éach other. For
coﬁstriction ratios higher than 0.867, the scour widths mef

each other even for lesser discharges. A typical section is
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shown in Figure 14 which shows the degree of interference of
each scour hole width by the indication of scour depth at
the centre of constriction. Additional Figures are

presented in Appendix ‘B.

4.2.4 Location of Maximum Scour

For most of the experiments the maximum scour was at or
near the nose of constriction. Fof constriction type III,
the maximum scour was found to be downstream and along the
channel centerline.

Das (1972) concluded that the maximum scour was at
vené—contracta for clear water and sediment transporting
flow for end-dump closure. Das's constriction was different
from the présent work because it was th an abrupt type
constriction. It was self formed and the flow made the ends
of constriction to form a curve (similar to a bell-mouth
opening) which created smoothed stream lines.

Garde et al. (1961), Liu ef al. (1961), and NwachukWU;
(1980) concluded that maximum scour would occur at the’‘nose
of spur type conétriction. Laursen-(1953) stated that the
deepest scour would occur'adjacent to the upstream corner of
abutments and the shape of the abutment affects ﬁhe scour to
a lesser extent.

Figure 15 shows the location of maximum scour measured
along the channel centre and from constriction type I. From
th}s diagram, the path of the maximum scour for spur type

"

constriction cah be found.
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4.,2.5 Similarity in Scour

-Longitudinal scour anc ridge profiles along channe.
centre and a- the nose cf constriction show & similar treng
of scour pattern to each other. |

Let X be the upstream length of scour hole from the
constriction to the lip of the scour hole for constriction
type 11. A plot (Figure 16) was prepared for the upstream

o

scour length versus maximum scour depth at channel center

and from this plot the following relationship was developed

as

Similarly, let X, be the upstream length of scour hole
from the consgriction tc the lip of the scour hole for
constriction type I. A plot (Figure 17) was prepared with X

vers_c the maximum scour depth. TFrem this Figure

c

similar relationship was developed as follows

The upstream slope at channel centre and constriction

makes an average angle of 28° and 30° respectively to the
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rtal, Let.Z‘ s the scou

1

a1
0

tion

3

tc the lip of scour hole meaSured along the
irection. A w‘lotﬁv.os prepared with 7 versus

a

m scour deptn and is shown in Figure 18. From this

(el

erse

: -y
an average vaiuewof Z /e . was found to be 2.
CD

n founéd this.to be 2.75'aﬁ% Garde ‘et al. stated that

Y

jes from 1.8 to 5.0.

th egual to the distance from the

Q)

et X' be the len
iction to a p01nf where the scour depth 1s equa‘ to
he may1mun SpCUf dep h at channel center for

1c*1on type 11, Tkls was used as length scale for x

nd the maximum ‘depth at channel center was used as

scale for y ax:s. Flgure 1 .shows the locatlon of %'

-

espect to the constriction. Typical non-dimensional

Bt

imilerly for constriction type 1, typical

[

mensional scour profile along the line passing througr

se of the constriction is shown in Figure 20. In
let X" Be the length equal to the distance from th:

ictfol to a point where the scour depth is equal to

half the max1mum scour depth and this 1s used as x axis

length scale. The maximum scour depth.1s used as lemgth

‘scale

4
- 9

for.y axas.

... hdditional Figures of non- clmen51ona1 scour profiles

for Type 1 and 11 constrictions are presented(in Append;x E.

B.ole width from the nose cf’

s
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Relationships for x' and X" are éstablished from

-

sree -1 and 22 ang they are,

251

N
-

Q]

&) constriction type 11,

X' X v Lo
—— = 0.69 { — ] + 0.2 4,
b/2 v

b) constriction type I,

It is possible to work out an aerial extent of the
scour using .the Figures and length scales discussed in this

Section.

4.2.6 Design .Charts
A non-dimensional plot (Figure 2%) was prepared for

spur type constrictions from the present?work and studies ci

Garde et al. (1961», Liu et al. (1861), Gill (1872),

! A
Nwachukwu (1980) relating the maximum scour depth e

" approach depth of water yoand non-dimensional velocity sca.e

H
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v, In this piot, the best £it line which was obtained by
lirear regression 1s drawn in dashed line anc the most
suitable 1ine which was considereé appropriate from visual
inspection. ci the data, is grawn as a solid line. Similar
plots for Type il (interference spur) constrictions were
prepared for the maximum scour and maximum SCOUT at chanpel
center respectively. These plots are presented in Figures
54 and 2¢. Data for Figures 23 t¢ 25 are tabulated in Takle
2 and is.presented in Appendix A.

4 non-dimensional design chart (Figure 26) was preparéé
using Figures 23 and 24. The non-diménsional plot which was
developed by Rajaratnam and Diebel (1981) for estimating the
maximum scour for jet -type constriction is also included in
the chart. From this chart, the maximum ScCour depth could
be estimated for constriction type I (spur), type Il
(interference spﬁr) and type 111 (jet), 1f the approach
depth of water, constriction'opening, discharge, mass

density of water and median size of sand grain are known.

4.3 STUDY OF THE RIDGE

A diagram was prepared for non-dimensional crest of
ridge versus non-dimensional velocity scale and is shown in
Figure 27. This Figuré indicates that for F_ ranges from 2
to 6, the data forvridge crest are scattered badly and for F_
gréater than 6, the non-dimensional crest'of ridgé appears

to reach a constant value of 0.57. Similar experiments with

‘ncreased ¥ have tO be carried ou:t to confirm this. Date



62

II 4dAL NOILOIYLSNOD — dN0DS JALVM VIO WANIXVA — ¥2 mm,wah

A

» -

. L
ot 8 8 L 9 -5 v € 2 1 ‘0

L 4 4 i R ¢ 4 4 L - o
N -1
-2
-€
-7
- S
£L8 0= & ¢

686 0= L
496 0=W ] =

he (EE6 0= %
98 0= O | 2

L ]

-6
o1

0&/'\"3



Y S

. R ’ RPN ,ﬁ.
el s M

o AMIdAL SOLIOTYLSNGD - HULNAD TANNYHO
- - 7 77 LV ¥00S MALVMA IVATO hINXVI - 62 380014

. ». ’ . .«4, N
Ty et w8 L 9 S - 14 ¢

L

-
b
-

L

L86 0=W

-1

L96 0=W
£ge o=wW
LLeg o=w

, o L98 0w

c 0O X p e

”

ot



64

ol

N . l.%
ITI ‘11 ‘T AdAL NOLLOIMLSNOD ¥0d ‘e
HNO0OS YHLVM UVATO NANIXVA d04 LIVHD NOISAU — 92 A4NOLA

4

6 8 L g
A

xS
«
™
™~
-

-
-

o
L

&
r
i

9.

0 /"3



€5

A1 40 LSTYD 10 AANLS - L& dNdId.

. ,«N.«
. ) . Hw . i
o1 6 8 L 9 , S . b £ 1" 0 .
L 1 L 1 = 1 - 3 1 4 - 0
) gL 0=w @
£6% 0=w
EEL O=W O . :
. 686 0=W & 20
bl - < <
R
- L96°0 A ~»
- €6 0=w ~ S _
‘ 498°0=w O . ° ’
‘L98'0=wW O i
a Lo ,Yv“o
Lo :
. Wm. &fn N
. o . . N
* o ©
) , : o
. « I 2
5 : : A 970 ¢
o Q »
A
° -, : -8 0
Y
f 3
p g 1
- Aﬁ.\.



@

& .
| | 66

a -t W! W

re 27 is tabulated in Table 3 and is presented in

or Figure. 27 i
endix A, S - o
‘;:Ek@:ge and

During experiments for the same d
constriction ratio it was observed that the deposit spread

w1del} for higher Froude ‘numbers than for low Fréude

numbers. : } v
An attempt\to plof.hon;diménsiOAal Locatlon of maximum

ridge failgd‘be:ause the data points were scattered Thus,

no aéceptable léng§h scalestweré ogialned '

- .

4.4 MAXIMUM BACKWATER ,
From the prev1ous studles Us¢ng dlmep51onJT anaﬂ?% %4

Yo ‘3“ LR

.coula be concluded that

-
’ *
Ay v b

7’ o= =1 [ S B } . 4.10
? Yo 9y,. = M,'

\y is maximum backwater, Yy, is the”approach flow

. » “‘ N 9’ .
Q’ !

where Ay
o

depth"vh,as the ap
q)

r
Qggqgh men Veloc1ty, b is

« [o).%
. i
constrlctlonaopéﬁl 19 B is the channel bed w1dth and g

'is the. agceleratlon due to- grav1ty

x .
a

)

Vellentine (1958) and Das (1972) _assumed weir in“
.

through thet constrict 1on and used the dlscharge eguation in
| I c) |
: _ .

the form



.

67
; ) & ’
Cd = Q/bH:”“z ) 4.)\
where CE ic the coefficient of discharge ané H is the
» - ,
water depth in the upstream stagnation zone.

¥

' In this thesis, ap otifice formula is used to describe /

the'flow‘through the constriction and the relative discharge

2

@\ equatio% is 'given by

Mo
’j\\ ¢

Q = C'bhv2ghy i ’ 412

in which C' is the coefficient of discharge at
constriction, h 1s the depth of water at constriction.
N LY

Referring to dimension sketch in Figure 1, the equation 4.12

O_'_ .
is modifiec as,

%

O
1

be‘ﬂzgay
. r . %
wheré’c is the new coefficient of discharge which

‘includesvthe depth (h - y:). *




¥ ’ : ‘ ' S ‘\6%:

By combining eguaticnc 4.13 and 4.15 an eguation for o
backwater was obtained.’ That is, a
A F 2 _
2y . 1/2 [_L E 4,16
. C b .
w ! l*
By substituting’m for B/b in eguation 4.16, the backwater
equation becomes, : : - .
1 F 2
2y 1/2 [ —_t 4.17
g -m C

(%} R

Figure 28 représénts ébplotiof1coefficieht‘gﬁ“discharge

versus teail number .with constriction ratio as . s

0". . )
this, Ay could be.computed from .

thira parame-er..
" eguation 4,17, if the flow paradmeters before the

: L) . . )
constricti®n were Kaown

EAY \\
which 'gives a non-dimen:

Alternatively from Figure 29,

1 relationship of backwater
. &.\

R " LR S .
versus tail end Froude number, the maximum bpackwater cduld’

’

v be found. Data for Figures 28 and 29 are tabulated in

3 ' X . . L ‘ ) L.
" Tables 44 and 4B respectively and ar‘rgsent‘ed in Appendix
B N | . : ' T
. ~ Figure 30 is a reprint of Das's plot whi¢hvrela§es.the

coefficient of discharge and Froude number. Das alsa

’;/4“"\\«5\ ’ , o ' )
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1
Sl

“ncluded the corresponding plot for flow on a rigid bed by

Vallentine.

4.5 UNIVERSAL FLOW DIAGRAM METHOD "

Tutt-(1972) modified the equationg for pldts of the

basic sediment transport developed by Cooper and Peterson

)

(1968) as

sub - (SG - 1)pg, SG is specific
‘gravity of thefmaterial,“g isjégﬁelerétion,due to

4 4 '

. P B Vo e 3 L W . B g g g & "&
gravity, C is the sedimént sdischarge or concéfitration,
S e : ':t‘ :
D 1s median sizeaﬁf-sand grain® : . 3
. © !

5

In the present studies, there is no sediment discharge

in the approach flow. A plot was prepared in Figure 31

relating,ﬂfaéctbr (q/V(ysub/p)D3) and h/D. Quazi and

.

@373) prepared chart for Q—Factér»versus h/D for

”.,Jf&piers. They also prepared similar charts from a
’ e . —— : .

‘compendium of sediment transport data for flumes and frdm

. the studies+of Das (1972) for ggdﬁa\ur;1p closure and ir)clu;ie,d‘

.32

these- in one plect. This|plot is inCruded in Figure” 31.

g«

Data for Figﬁfe 31 are #dbulated in Table 5 and .additional’
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data in Table 6 are presented in Appendix A,

From Figure 31, the mean clear water scour depth can be
estimated. Q-Factor at constriction is calculated by
replacing q by qg/(1-m) where g is the discharge intensity at
approach section The calculated average scour depth is
tabulated 1in Table 7 and Jis presented in Appendix A. Table
7 also includes the measured maximum scour depth. From
this, it can be concluded that the sediment transport
analysis yields a conservative estimates for ma;imum scour
depth. ' | | _ ' -

. Figure 31 shows that the charts for rip-rap, end-dump

closure and present studies respectlvely $0 the right of the

chart for flumes The sketch of these four cases are shown

in Figure 32. ;
The flume situation is shown in,Figurev32é. The flow
is axial. The stream linés are parallel to the side walls

-~

’ and the veloc1ty is unchanged. There is an average charge

&

" of 0. 2 ppht afid i1t can be con51dered that there is no bed

movement

’}j? In brldge plers the stream lines adjacent to the piers

are cqued as indicated in Figure 32b. Due to this

T

Survature of stream lines, the velocity is increased

adjacent to the piers. Thus, scour takes place.
Figure 32c indicates the end-dump cyosure situation.
In this, the stream lines are smoothed at\the constriction.

This is because of ébe self formed . opening which also causes




/ | k Jo 1
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B
a) FLUME | ' b) BRIDGE PIER
o
3
b _ t
o B ® _.—_-—~: ®
@ < .
. ) ._,,,-K" "I::.. = By
c) END—DUMP CLOSURE ' J d) 'ABRUPT TYPE CONSTRICTION
- FIGURE 3; _ TYPICAL SKETCH OF FLUME, BRIDGF PIER, -
4 ENDDUMP CLOSURE AND ABRUPT TYPF :

CONSTRICTION
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The present studies were similar to end-dump closure
situation but the constriction was abrupt and is shown in

Figure 32d. Forsthis type of constrictions, the str%éﬁJw'
lines are bent and clouse together indicating concentgggign
of flow near the noée of ‘the constriction. Usually the -
maximum scour occurs adjacent to the constrictions.fii -t
From above, it is clear that the gedhetry of the .
constriction is the main factor for the difference. Thu§,
for different situations the initiation of motion will 5150‘

differ. e
| | | L



{ o 5.'%@1’1510}:5 AND RECOMMENDATIONS

5.1 CONCLUSIONS
- The objective of this research was to continue to
develop more understanding on scour depth and scour proflles
7Nin abrupt type constrictions and also to @evelop a des;gn
 chart for maximum clear water scour. Finallyrit was alsoﬁto

compare the results from the present studies with regl

‘theory concept. The following conclusions are formula
' )

from the limited experimental observations made.

- Maximum clear water scour due to constricty ftype 1

(spur), type 1I (interference spur) and typevIII

(jet) can be-estimated from the design chart, Figure

26,

, »- Maximum clear water scour at the channel centre for
interference spur type constriction can also be

estimated from Figure 25,

1 ) . §
G

- The ldtation of the maximum scour for spur and
interference type constriction was- found to be at
the nose of éonsgriction. ‘The location of maximum
scour for ]et type"constrlctlon was at lthe
downstream alomg the channel centre. From the

¥

figur§§@16‘to 22\andslength scages discussed in an

77
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earlier chapter, it is possible to establish the
scour patterr.
LS

.

4

The maximum back»aeer can be determined from Figure

28 or‘@Q which correlates the coefflcxent of

I3

lclsﬁharge Qnd Btdbde number at’ tall end F for

a

dszerent constr1ct10n ratlos

aFﬁ ' -

The .averaged scourecd depth can also be predicted’

¢ror sediment transport analysis which gives

cornservative estimates.

~
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. . ‘ S .
nough considerable understanéfﬁg\gf scour,caused by

constrictions has been obtained as a result of this

"

mcre thoerouch understanding cf the scou"

mecharics, measurements of scour ana backwateﬁ‘is still

L N "~

5.2 RECOMMENDATION

It

[3

is recommended to,

carry out similar ex eriments with varyin cediment
Y

- -

sizes and constriction ratio.

<

» . . P . .
*_ ~carry out,$imilar experiments to measure the
2 5‘ :

: T : - :
velocity at constriction when the scour 1s at

L oRN
\ ’
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Lipchud N
equilibrium state.

3
-~

modify the outlet of the experiments to provide free

fall so-that there will be no asymmetry.

v

¢

carry out more laboratory éxperiments to complete

the classificatioh.of iQterference spur and spur in

~.
\ .

Figure 12,
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TABLE 1 - BASIC EXPERIMENTAL DATA
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Fapt " Vo vt t ‘m¢ L. Ae,
Mo (1) (om) (en)  fcm)  tem) (C¢1 (hrs) (o G Cen
1 1.0 228 6O 30 4R 4.33 3.84 25 7 30.0 A13 08 1 eo’r 2 29
1110 100 728 30 43 162 7. 01 245 210 9 94 7. 74 3 84
11173 1 A A oan €Al SR AR AR 17T SIS 3 =0
i T aoae S S A PR 1ot LR AR
111¢ 8 O 2248 *30 ﬂﬂ 6 a6 5 RY 27 5 0 B. 14 6 77 2 71
1«47' 6 O D28 30 a8 4.75 3 81 217 2100 7.68 oo 2 a7
1146 6or o 2R 30 4R 2.@9 2 22 21 & 240 8 97 4 27 1 89
1119 5 o0 226 6O ‘39 a5 2 99 2 a4 217 200 7 28 3 o 1 8¢
1o ¢ oo 15 24 5 g7 5 a3 18 2 29 0 12 3% 121 1.6
R ¢ 208 Gl LRSI 3 Or ARARC] ARSI 1W< 100 ARG 107
LR 6 O 208 0 e y;’ 515 1 54 21 6 06G.C , 12.25 10 00 1.42
1173 44 AR 16 21 RS 1t 1“5 iR 7 2¢ 5 10 88 10 3¢ 1.68
1 e0a RIS 20R A 15 24 2 44 1.58 22 R 22 L tC . BR 10 42 3. 57
1108 2.0 22t C. th o2 3 2a 2.9 20.8 15 6 5 74 4.3 1 40
1126 2 226 66 1524 186 1 op 254 i8¢ 6 01 5 ca 1.37
IR ool 228 60 7.62 2 Ca $ 13 19.5 5 8 Q3 8 77 o 79
[ Rch 2 : 228 L 762 2 RT 2.29 18 2 17 ¢ Q a& g 48 0. 88
1433 oo 228 60 7 62 5.67 5.06 18 3 24 C 7.10 6.03 1.22
11 a e 29w g0 7 62 €. 55 5. 88 18 9 23 0 10.85 9 51 1 85
1148 10 ";R (S oo5a 539 445 16 @ 23 0 8 '99 8 Ga 3 41
RERE: 3.0 20R 6D 30.48 2 83 2.37 217 206 5. 58 00 5 06
:$§11‘ 2 228 67 2C 486 2.04 1.58 23.0 5.0 4 05 o C a4 .08
! KR 2.0 228 67 37 a8 2.50 2 o{ 21 7 5 0 3 54 o 2 68
1151 150 20R 6O 60.36G 4.2 3.63 17.0 24 .0 g.60 0.0 2.44
11%7 (PR 203 6! 60, 96 4,39 A 93 17 .6 23.0 12 19 00 2.35
1152 3. 228 £ 6C . 96 3.84 3.29 17.7 24.0 6.64 0.0 1.65
1o 6o 125 en49- oo 2 5% 187 e 6.¢h o0 2.72
12140 S 120 T ce oan a4 10’ 155 ot 7 Ot [olNaN 4 01
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TABLE 3 - DATL FOR CREST OF RIDGE

fept o e o Yo be, F"-‘ P Be /Y

L Ne (1/e)  (cm) Cem) (em) (cm)
tr 10 0 228 60 30 48 4’33 2.29 Q 867 5 20 O 53
i 1 2IR 60 ar ap 7 €2 3 84 Q 807 2 9% 0 50
1N IR SOR OGN A as Goan 3 22 oogeT 3 G [GIRI '
frd e ¢ 228 60 30 48 347 2 10 O aa7 5 0% 0.59

.

1115 80 228 60 30v§8 6. 46 2. 71 0 8G7 2.78 O 42
K (e 228 60 30 4R 4 75 2 47 n BR7 2 Ra O 52
t1IR 6 O 228 6D 30 48 2 99 1 89 C.Fb‘ a4 52 0.63
1410 s n 228 %60 I AR 2 oa 1 BG ~ORGT a7 O &2

1111 3 208 € anoag 2 BR 1 ¢ O BT 2.39 o o7

.

109t oL 228 60 It ag 2 ¢4 1 07 Q. 8&7 2 (GG

149912 20 t28 € RER 3 <) 2 ©0 143 o BEGT 1 B8O Q 57
1924 e’ c 228 67 19 24 * 3 0n8 1 €8 C 873 8 77 N 5%
1122 6 C 2728 ¢ 18 fd 5 15 3.57 ¢ Qasa 5 2% C 69 ‘
1123 4 ¢ 228 60 15 24 PARIS 1 49 ¢ 9233 7.C3 [O Rt
1174 a o 228 60 19 o 2. a4 1.37 0.932 7 38 O 5¢ :
1425 2.0 228 60 15 24 A3 29 [GIYAS] 0 9313 2 74 ¢ 24 ;
1126 20 228 60 15%24 t. 8¢ 0 88\\\Q o33 4 84 c a7
11231 2 C 228 &0 7. €L 2.04 122 S\?FT 8.83 ¢ 6C
t132 2 C 228 €0 7 el 2 87 i.8¢% 0. 967 € 28 C 54 '
1133 20 228 60 7 62 5.67 3. .41 0.967 3.18 O 6f
1134 30 228 60 7 .62 6.55 s 0e o 07 4.13 o 77
1141 {0 228 &7 2 54 5 39 4.08 0 S8a 5 01 O 76
1151 10.0 228 .60 60 .96 4 21 2.68 0 733 2.67 O .64
118z 12 0 228 &7 &0 QC 4 39 2 Aﬂ o 733 3.08 C 5¢
1153 8 C 228 GO 60 96 3 84 2 35 n 7233 2 35 [S3NcH
AAR I 6 120 20 o al 2 96 1. RS noa 2 2F ¢ £
1212 8 120 20 €0 9k 4 45 2 74 0 493 2 02 J.€e7
1209 6 C 12¢ 270 15 24 5 a7 4 D1 C 872 4 52 o 71
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TABLE 4L - DLTL FOR BACKWATER ANALYSIS -~
fope 0 - e o Yt m vt Fi
L ]
Q: (1/4) (em) {cm) (cm) fcm/s)
!1}1 10 0 228 60 30 48 3 .84 0O.867 11 39 Q 18¢C 76
IR 17 O 228 GO 3 4R 7 0O N RKR7 [T (S 15
1113 1200 228 o0 30 48 5 79 0.867 7T 56 o 100 6C
111 8.0 QQS.GU 30 a8 2 99 0.867 170 0O 246 (¢18]
11145 R 228 60 30 4R S 80 ¢80y 6 O O Hac 27
1417 6 ¢ 228 &C 30 48 3 81 O . 8BG7 6 84 ) 113 20
t1e e 28 6 30 4R 2 32 C 867 11 31 o277 34
1119 o C 228 GO 3¢ 4R 2 a4 C.8&/7 € 96 N otE3 0%
100 (SO 120 27 19 ? 43 C 8713 ISR Tor2n 23
P & C 228 & 1524 2 23_ ¢ 933 1477 o 27 ~2
A DO (I 228 67 15 24 4541 ~' 933 5 78 ¢ oR7 a9
1123 4.0 228 60 15 24 t.95 0.933 8.97 O D5 89
v S PURE- I 15 24 . 1.58 ¢.933 1y 07 (SIS [
112c )C 228 60 1524 2.99 ¢.933 2.93 © 0cg4 a1
[ 2 C 228 o 19524 1.28 ¢ .933 € éJ O.1a3 04
1131 20 228 &0 7. 62 - 1.13 C . 967 774 o 2z 5C
112 <. 228 ¢ 7.62 2 29 O 9¢7 3.82 O .0R1 20
11233 2.0 228 .60 7 €2 5.06 C ac7 1.73 0. 029 j219)
1134 30 228 .60 7.62 5.88 0.957 2 23 ©.029 8%
140 1.0 228.60 2.54 4 .45 ¢.989 C.98 0 012 06
t11C 30 228 60 30.48 2.37  0.867 5. .54 0 115 38
ERERE 2. ¢ 22860 30.48 1.58 0.867 5.54 0 14t 38
11§12 2.0 228 .60 30 .48 2.01 0.867 4 35 ¢ oenr 05
1151 10 228 &N 60 . 96 3 .63 0.733 12 05 o a0 34
1152 12 C 228 .60 €0 .96 3.93 0.733 13 36 0 21t 67
1153 2.0 228 ¢O GC.SE 3.29 ¢ 733 10 64 . 187 o
12 14 5 0 120.20 60 .36 2.50 0.493 19 .37 0.403 21
121 8 ¢ 120 ¢ 6. 96 4.0¢8 ¢ .493 16 31 Coonm 1z
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TABLE 4B - DATA FOR BACKWATER ANALYSIS -
} - Lo

9

Exp: o F B o Y1 m Vi Fi Av A/

Na (1/8)  tem) tem), (em) Jem/s) temd
[

Y111 100 228.6C  30.48  3.84 0.867° 11.39. 0.186 .0.42 .0.13
1142 100 22660 3048 7.01 0.867 6.24 0.075 0.61 .0.07
1112 1C ¢ 228 €3 30 48 5 7@ 0.887 756 0.1C0 0 &1 014
1114 8.0 208 60, 30.48 299 0.867 11.70, 0.216  0.58 019
RRE 80 226.60 30.48 582 0867 6.01. 0.080  0.64 .01t
1307 € 228 60 a0 4F 381 ©.867 689 0 113 094 ©.25
111 6 o 228 &0 3v.18 2.2 (0 86T  11.31 €237 0.67 0.2
t11@ s ¢ 228 60 30 48° 2 44 0.867 896 0.183  ©0.55. 023
122 & o 120720 1524  5.43 0873 e 19 0.126 0.54 010
1121 s z28 €0 15.2:¢ 223, 0933 11.77 0282  0.85 0 3F
112 5.0 zze 6. 18 24 4 51 0.933 5 78 0.087 ©'€: 0. 13
1125 © 0 22E G 45 21 1.65  0.933  .8.97 0275 0.81 0.9
1124 a.0 228 60 15 24 "1 58 * 0;933' 1107 ©0.281 0.8 © 24
t105 Moo 20B.GT 15,24 0 232 0933 2.93  CcCne o .3 S Te
(176 2 0 228.60 15,24 '1.28  0.933 6 &1 0,193 ¢ 52 Q4%
131 2.0 228.60 762 1213 0 967 7.74 . 0.233 091 0.8!
11z 2 ¢ 228 .60 7%2 2.2 © 967 3.82 . 0.081 C 58 o2
1133 20 228.6° 762 508 0,967 1.72 0 0.025 061 o 12
1134 3.0 228.6C 7 62. 5.8 0.967 2,23 0078 ©0C7T 0.1
11d9 ' o 228.6C  2.8% 4.45 0,989 0.98 0.015  “0 94 0.21
(4147 30 228 60 3C.4B . 2.37 0.867 5.54 G115 0.46 0 18
IEREE 20 228760 30 48 1.58 0.867 5.5¢  O.144° .0.4E. 0.28
11419 © 0 228.60 3C.48 2.01 ©0.867 435 ©0.088 043 0.24
1151 1.0 228.60  6C ec 3.63 0.733. 12.05 0202 0.58 0 16
c¥s2 12 0 20860 60 °6 393 T0.733  13.36 0. 215  0.46 O 12
1182 6o 228 60 60.96 3.29 0 733 10 64 0,187 C.58 G 17
1211 60 120.20 6095 2.50 0433  19.97 ‘c a0y 0.4c  © 18
1212 £.0 -+ 120.20° 6095  4.08 0493 16.31 0.258 0.37 0 09
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TeBLE 7 - COM?ARISION OF CALCULATED AVERAGE 'SCQUR BY SEDIMENT
TR4ANSPORT ANLLYSIS AND MEASURED MAXIMUM SCOUR
Exprt Q-factor G-fFacrtor h,D h/D Scour dep Scour dep.
. at at £ fume present calculated measut ed
unconst const . chart chart (cm) (cm)
RER 2270 17060 11,13 121.00 14 .50 1308
1112 2: 70 ‘170 60 19,13, 121.00 14.5b 9 .94
11172 ﬁ? 70 17060 11.13 121.00 14 .50 10 7¢
1114 18 .20 136 .40 9.30 98 .00 11.70 11.25
1115 18. 27 136 .40 9 30 98 .00 11.70 8. 14
1117 13.6¢ 102 35‘ 7.30 85 .00 10 30 7 68
1118 13.60 102.30 7 30 85.00 10.30 8.93
1119 11.40 85 .30 G 30 8G 00 9.70 7.28
11110 6.80 59 20 4 10 56 QO 6 9\') 5.58
1411 R 34 10 3 00 43 .00 5.30 4. 0%
SRR 1S a1 3.00 43.00 5,35 354
1421 13 &C 20470 7.30 132 .00 17 4G 15.25
o2 1e el 2024.70 7 30 139.00 17,438 12 2%
127 @ 17 13 an 5 30 98 go 10 90C 10 R8
T a 16 136 4C 5. 30 . 98 00 1220 10.58
1407 -4 ne 68 20 3 00 68 .00 8. 60 5.24
1126 4 57 68 20 3.0C 68 .00 8 60 6.04
1131 1°5C 136 .40 3.00 ag . o0 12.5C g 89
1132 460 136.40 3. 00 28 .00 12,580 a 48
1132 1.5C 136 .40 3.00 98.00 12.50 7010
. 11434 6 80 204.70 4.10 139.00 17.80 10 .85
1141 2 .30 204 .70 1.70 139.00 18. 10 8.99
11€ 1 22.70 85 .30 11.10 80.00 9.10 9.60
1152 27.30 102 .30 13.00 - 85.00 9.50 12.19
1153 18.20 sg 20 g9.30 €8.00 7.70 6 .64
1211 25 .90 51.20 12.40  56.00 5.80 6.95
1217 34 60 &8 20 15 70 68.00 6 aon 1 01
102 26 9. 204 70 12.4C 139,00‘ .a6 7O 12.35




8. APPENDIX B

ADDITIONAL FIGURES
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