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FACTORS AFFEOTING FLOW
CHAPTER 7

FACTORS AFFECTING FLOW IN ALLUVIAL CHANNELS—
AS EXEMPLIFIED BY THE DIMENSIONS '
OF CANALS IN SIND -

7.00 INTRODUCTION

Lacey’s formul® have been mainly based on, and apply most clogely

;0, Punjab channels in incoherent alluvium. In this Chapter the effeat
7f the somewhat different conditions found in Sind are oonsidered and
sompered with the Lacey formulsa.

7.01. DISCUSSION ON FLAT GRADIENTS OF LEFT BAxk CaxALS
ARD STEEP GRADIENTS OF RigHT BANg CaNALS
AT SUKKUR

The Author has repeatedly emphasized that shape and slope; of &
ecanal depend to & marked extent on the quantity of sand in movement.*

If the 1342 data for the Rice Canal—which takes off from the right
bank of the Indus at Sukkur—are compared with those for the Rohri
Canal, taking off from the left bank, the designed slope of both of
which was 1 in 12,000 (=083 per 1,000), it will be noted that thotigh the
bed-widths were practically the same, yet the slope in the head reach
of the Rohri Canal was 11in 19,800 (=050 per 1,000) for a Full Su ply
discharge of 10,800 cusecs whereas the corresgonding glope in the Rice
Canal was 1 in 7,300 (=137 per 1,000) for F. 8. Q.=10,200 cuseos.

The question to decide is, ** Why have the Left Bank Canals scoured
their beds and flattened their gradients, while accretion has oscurred in
the Rice and North Western Canals on the right bank, causing them to

inerease their slopes?” ¥

In the past, it has been considered that the difference was due to
much more sand passing down the Right than the Left Bank Canals;
and it was in order to exclude this excess sand that the Approach
(Cbanunel was designed by the Central Irrigation and Hydrodynamie
Research Station, Poonat. Construeted in 1939-41, this has proved
very effective in reducing the acoumulations of sand on the beds of the
Rice and North Western Canals{ which shows that excess sand entry
was almost certainly the explanation of the previous aceretion.

Mr. T. R. Sethna, Executive Engineer, Barrage Division, produced
data, however, which was held to cast doubf on ‘*the quantity of sand
entering the canals’’ being the only, or even the major, factor eontrol-
ling slope. He pointed out that the guantity of sand collected in the
turbulence downstream of the Head RHegulators in the canals on the two
banks had been very much the same—wvide Fig. 7-1 (@)—and that the
grade of sand exposed on the beds of the Left Bank Canals was similar
to that on the beds of the Right Bank Canals—Fig. 7-1 (¢) and (d).

Though this data seemed to indicate that the material entering the
Right and Left Bank Canals was similar, yet all other evidence went to
show that this was not the case, and that prior to the construetion of
the Approach Channel, the charge of bed sand in the Right Bank Canals
was very much greater than that in the Left Bank Canals, The expla-
nation seemed to be that the single sample taken from the turbulence
at 06 depth from the middle of each canal was not a reliable guide;
because bed sand normally enters Head Regulators of Canals in a narrow
band, through a few spans, or even part of one 8pan; so that unless the
narrow band happened to coincide with the centre of each canal, the
single sample would not give a representative measurement of the total

. "Note ont * Divergence from Regime in stable ohannels in slluviom” by C. O, Inglls, printed in
A, R. (T) for 1941 of C. B. L and C- 1, and E, B. 8, A. B. (T) 194142, pors. 4,

1C. 1 and H. R 5., A B- (T) 194143, para. 8- .

$LW. E 8., A B {T) 1943, para. 8. :

8 75641 - 283

-

Pig. 7-1{n)

Pig. T-1{9)
. F}s.‘?-lé

d)



m‘ * 1‘1 ‘b)

Yig,
Fig71 (0

' THE BEHAVIOUB AND CONTBOL OF RIVERS AND CANALS

:to of bed material entering each cansl; and experience showed
gl:?:# gltznarrow band rarely passes throulgh the centralspan. There was
also good reason to believe that gamples taken from the turbulence
at 06 depth, did not give a reliable idea of the charge of the coarser
grades moving along the bed. :

It may slso be pointed out that when particles greater than 02 mm.
are considered—see Fig. T-1 (b)—the quantity was greater in the Right
Bank Canals than in the Left Bank Canals after 1936 when accretion
became serious. The grade exposed on the bed of the canals during the
“gbkalani’’ was also coarser in the Right Bank Canals than in the Left
Bank Canals—as can be seen by comIgarin%Ii‘:'li 7-1 (¢) and (d)—so the
heavy silting which occurred in the Right Bank Canals and heavy scour
in the Left Bank Canals were not contrary to the data taken as a whole,
though the wide difference in slopes in the Right and Left Bank Canals
might seem to exeeed what would be expected.

Mr. Bethia also showed that the shapes of channel with similar dis-
charges varied widely in Sind. This can also be explained by differences
of grade and charge®; because heavy charges of coarse sand create wide,
shellow, channels; while channels carrying only & small quantity of
coarse bed-sand are normally narrow and deept. The Author in his dis-
cussion on Lala Ishar Das’ Papert on ** Hydraulics of Irrigation
Channels’’ gaid :—

*‘The shape of a channel in incoherent alluvium delpends not
merely on the mean diameter a8 determined from terminal velocities
by means of a siltometer; buf also on the relative quantities of the
fine and coarse particles in movement. If thereis a normal distri-
bution of the various grades, regime conditions obtain, and the
dimensions closely follow the dimensions of a Lacey channel; but
if, a8 is frequently the case—especially in rivers—the bed silt charge
is disproportionately high, the width of the channel is dispropor-
tionately great, and the depth small. If, on the other hand, the
quantity of fine silt relative to the bed-sand is high, more berming
takes place, and the channel i narrower and deeper, and has
& flatter slope than a Lacey channel. Channel shape in incoherent
elluvium is, in fact, essentially & balance between bed-sand and
fine gilt in motion.”’

We also know that where a channel is excavated in tough material
to an upnatural section it tends to persist; and the ton gher the material
and the lower the velocity—i.e., the finer the berm material, and the
smaller the channel—the greater the divergence may be without scour
ooourring.

Examples of channels of unnatural section which mav b
persisting are the head reach of the Rohri Canal, which yhag %%ﬁi?nfg
wide and shallow; while the inundation canals, which, in most cases
were originally designed for smaller discharges than they now carry'
have, in many cases, been constructed and maintained a8 deep, narrow:

:gﬁ?f:\:Tln order to pass early supplies down them when river levels are

The very fiat slopes which have developed in the Rohgi
Nara Canals are not, however, due to their having beer? c%n%ﬁu?&sdteﬁ

. & wider section than is natural for Sind; but to another factor, the

importance of which has been generally overlooked—
the bed is very smooth, ag it was originally in thesu;1 %Tvzlycﬁﬁlsw}lfﬁe
sand charge i3 sweptalong the bed, accompanied by gradualbed-scoilrsf‘

due to the high velocity, and low d . :
hag ocourred at the htga;ds of the igfl];lgfagg“&,o 8o that retrogression

works. wnstream of masonry
" * Note on *Dj ; n -
ol Wi, Divergenes from regime in stable ehannels in allavian”, G, B, I, Annusl Report (Teehni-

1 Paper No. 349, Punab Engincering Congress, February 1941,
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FACTORS AFFECTING FLOW .

Experiments which we have carried out at Khadakwasla to verif
this point, show that with a smooth bed, several times as much san
charge can be carried with the same slope as where sand is flowing on

a sandy floor; and that the same charge can be carried with a much.

flatter slope. This indicates that it is possible where canal beds’ can be
stabilized, to design canals in such a way that they can be run with
very much flatter slopes than we have considered safe in the past, a fact
which is clearly demonstrated by the flat slopes of the Rohri and
Eastern Nara Canals. )

702. ErrecT OF ArPROACH CHANNEL ON Rigut Bang Canars °

In judging the merits of the Approach Channel design, it has to be

remembered that conditions had reached a sorry pass when the Poona .

Station was asked to tackle the problem—indeed it looked as though the
North Western Canal was going to silt up altogether in a few years; so,
what had to be done was not merely to stop this deterioration but also
“‘to bring the canals back” to their original condition. The North
Western and Dadu Canals, being perennial, began to improve at once;
because the clear water of the fair season washed the sand down.the
canals, but recovery in the Rice Canal was much slower—because it is
closed during the fair season.

703, Errect oF ApPROACH CHANNEL ON NORTH WESTERN CANAL

Fig. -2 shows bed levels of the North Western Canal on 20th Sep-
tember 1939 before the Approach Channel was constructed, and on
1ith September 1943, 1st January 1944, and 17th January 1945, after
completion.

The fall in bed levels between 1939 and 1943 was very marked, show-
ing that the Approach Channel was excluding the excess charge of bed
material. This improvement continued in 1944 and 1945. In spite of
this, however, the water level—with 5,000 cusecs discharge flowing—
eontinued to rise until 19423 but there wes & considerable drop in 1943.
The surface gradient did not, however, improve until 1944, This
improvement was largely due to the seetional area beingRincreased by
heading up water 1} ft. higher than the dedigned level at Ruk regulator.
When the water level was lowered again in 1945 the improvement was
maintained, the improvement being at least partly due to a blanket of
finer material having accumulated on the bed when water was headed up
in 1944. Fig 73, showing specific discharge Gauges, shows the
improvement in Grauge readings at the Head of the Canal in 1945 for
Ganges in excess of 9 ft.—when Full Supply Discharge was obtained for
the first time with less than the designed water level. |

7.04. EFFEC? OF APPROACH CHANNEL ON BED LEVELS
IN THE RicE Cayar,  *

Fig. 74 shows bed levels in the Rice Canal on 2nd September 1939
before the Approach Channel was constructed; and on 18th Septem-
ber 1941, 13th October 1942, 16th September 1943, affer completion.

The improvement down to R. D. 42,000 ft. was marked in 1941—the
first flood season after the Approach Channel was completed; but bed-
sand, seoured from the head, built up the bed further downstream, so
that conditions continued fo deteriorate down the canal, though the bed

_scoured at its head.

The breach in the river embankment upstreasm of Sukkur in
July 1942, led to flood water breaching into, and flowing down the Rice
Canal, causing abnormal conditions to oceur below K. D. 52,0005 but
by 1943 a marked general improvement had taken place (except at one
point at R. D- 46,000) showing that the Approach Channel wag exeluding
excess material satisfactorily. In spite of this, the Full Supply
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disch#r e for the same Gra.ufe réading did not incregse correspondingly,

g further analysed. | '
* ﬂ?ig;?ﬁv;;owa (Gtauge discharge curves at the head of the Rice

Canal for conditions with rising and falling Gauges from 1939 to 1943,

and 1944. A

These showed that:— ' . |
() On a rising Gauge, the discharge for fthe same Gauge im-

ved at once up to a discharge of 5,000 cusecs; but deterioration
gz;ﬁnued with laprger discharges up to 1942. E
(i) On s falling Gauge, the deterioration for discharges between

3000 and 8,000 cusecs was very marked; but by the end of 1941

there was 8 marked improvement compared with 1940 for discharges

up to 7,000 cuses; and by 1945, a marked improvement had taken
¢ for discharges up 0 9,500 cugecs. Improvement up to Full
‘ gupply Discharge may be anticipated within the next few years.

The glow improvement in the specific discharge Gauges for large
dischurges was partially due to sand washed down the Canal from the
‘'head reach’’ taking & considerable time to pass down the Canal, and

artly due to ‘‘residual material exposed on the bed after heavy scour’
geing coarser than it was before the charge entering the canal was
reduced by the Approach Channel. '

Fig. 76 i¢ a longitudinal section of the Rice Canal down to
R. D. 190,000, showing bed-levels up to 1944, and water levels up to 1945.

A marked lowering of bed levels in 1943 and 1944 was partly due to
the destruction of fhe Fall st Naundero at R.D. 190,000 during the
floods of 1942, when, as a result of the breach in the river embankment
20 miles upstream of Sukkur, flood water breached into the Canal, and
flowed down it. The improvement has, however, been maintained.

7.05, CONOLUSIONS REGARDING IMPROVEMENT OF FLOW CONDITIONS
1N THE RicHT BaNk CANALS

When the Apﬁtx;oach Channel was constructed, the North Western
Canal improved almost at once, most of the improvement teking place
during the oold weather seasons. ‘The improvement in the Rice Canal

- was much slower, owing to there being no cold weather flow; but both

ml\ 7‘7

Canals have now markedly improved and further improvements may be
confidently antlciimted as the coarser grades of material are carried down
the Canalg, o be later blanketed by finer material depositing on them.
Improvement could be accelerated and inereased by removing residual
coarge aterial from the heads of the two canals.

T06. VARTATIONS OF GRADE OF MATERIAL EXPOSED ON THE BEDS OF
THE EASTERN NaRA AND RomRY CaNaLs (SmvD)

The present practice in connection with regulating flow i
glarrage l;mals isto cloge d1ihe e gu%ators from the bottom Epw:.méltn:?n;};:
em work as weirs and draw surface water i
Fers b Nt ater in order o reduce the charge

The Author was asked in 'this connestion wheth i
Canal is scouring its bed and ﬂatteqi_ng its glope in the filr;gsrié];ghmal;r;
to the charge enfering the Canal being less than the Canal ig capa.b’le of
oarrying—it would not be advantageous to inerease itg sand charge by -

olosing the regulator from the top down i {
fice and dvaw more bed water an£ hencevfnaggz ggnlg?‘ ke 1 work as o ort-

Fig. 7-7 shows the discharge, mean s i
ot bed tud st dschargssia ign;tge"%'iséiif’ié‘iff‘ciiﬁl W D
anal & . 5,200. i 2 aterial
exposed on the beds of both Oam;.la dm%?&ge‘gziﬁlgﬁi%e puateria,
Beason) was very fine and that it became coarser in the winteg.-ln :égs%(;ﬁ
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N. W. CANAL
GAUGE : DISCHARGE (R.0.2000)
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FACTORS AFFECTING m;ow

This apparent anomaly was due to clear water Iileking up fine material
£rom the bed—to carry it away in suspension—leaving the coarser parti-
cles behind, while during the flood season, the charge of fine material,
being in excess of what the Canal can carry, deposits on its bed; so that
the grade exposed on the Canal bed becomes relatively fine. This isalso
" borne out by the longitudinal section of the mean bed level of the Canals,
which shows that several feet of silt deposited on the bed of the Canals
during the flood season, to be fooured away again in the cold season—
see Fig. T-8. . ‘ ~ Fig.7-8
The data thus showed that if more sand could be put into the Rohri
Canal it would not have any permanent good effect, but would, on the
conirary, be detrimental; because all the silt and sand which now
‘enters the Canal is scoured downstream; so, admitting extrs sand
would increase the quantity entering off-faking channels, in many of
which it could not be accommodaied, as their slopes are already inade-
quate.

7.07. 'THE DESIGN OF CANALS IN SIND—RELATION BETWEEN A AxDp Q@

As a preliminary step in oconneotion with the design of canals-in
Sind, the data available for the Bukkur Barrage Canals and the Jamrao
Canal in Sind have been compared with the data available for the Lower
Chenab and Lower Jhelum Canals. :

The relation which gives the highest correlation is the A:Q rela-
tion—ses Fig. T-8—and a8 V=Q/A, the V:Q relation is equally high.  mg.v-s
According to Lacey’s original formule :

A=PR=83Qix0em Q=126 Qi ... @
Lower Chenab A=1243 Q #%% =126 Q% BPProx.
Lower Jhelum A =1170 Q®*° =126 Q3 apProx. -

Sukkur Barrage ' a1 3 o
Canals A=1630 Qe =15Q%| _ 150t o

Jamrao Canal A= 1479 Q880 =145 Q¥

Note—Sukkar Barra%g Canals data = Sind data 1941 for Rohri and
Dadu Canals.

Compare these with Lacey’s value A =126 Q%/f?‘ .
For L.C.C., £,=10; for L. J. C, £, =10
Sukkur Barrage Canals == 54
Jamrao Canal='6
or 88y fa == 1-0 for Punjab, and *57 for Central Sind.

The reason why this relation is so constant is because P and R and
w and d (wd = A) tend to vary inversely.* .

7.08, RELATION BETWEEN MEAN DEPTH AND DISCHARGE PER FT, WIDTH

Considering the data available from the Robri and Dadu Canalst
and the Jamrao Canal, we see that by the rather unsatisfactory log-
statistical method, the data gives: ’ -

Sukkur Barrage Canals d=1192q°%** .. FigT-90 ) mgre 4oy
The Jamrao data gives d=1150q°** ... Fig 79 (i) (O) gy ramey
Corresponding values for the Punjab:
Lower Chenab Canal d =914 q¢%%
Lower Jhelum Canal d =919 ¢ 887
# Ses Dr. Bose'’s Paper No. 252, Punjsb Enginesring Congrens, 1942 : “Design of Chaxmels in nllnvlnﬁ." ‘

$92 sites on the Bohri and Dadn Cansls shown in Btatement 8 of the Devolopment
Division's Ammmal Beport for 1941,  (Site 1is omittad asits dsta is highly meonsstensy "2 Bescazoh
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i 501 ifferi ponents; but it is con-
‘ 'quierfer)xi's;ghﬁzghrizsﬁsfuﬁed;ﬁgﬁo?gxponeni? of ‘66 when the
:ﬁllﬁes of the coefficients work out to
Lower Chenab Canal ~ 92¢°¢
Lower Jhelum Canal 95 ¢'*°
Sukkur Barrage Canals 116 q'.""
Jamrao Canal 114 q'¢¢

Soif wecall d= 035 q'“/fﬁ = unity for Punjab, then
d=115 q'*® gives £ =54 for Sind.
7.09. RELATION BETWEEN WIDTH AND DISCHARGE

Before We can work out the d: Q relation we must know the width
relation; because q=Q/w :
In the past, Lacey’s formula

P=26T4Q _ e (3
has dominated thé field. Later he changed this to
' W#2.36J"Q‘ “en (4)

. where W= Lacey’s * effective width’=A/vd D,
and D, = Central depth
also w=8/3vQ ‘ v (B)
where w = surface width.

The relative merits of the P: Q; W:Q and w: Q relations will not
be dealt with here; but it must be pointed out that P:Q gives least
" goatter, because P has an element of both width and depth in 1t; and as
variations in ‘width and depth tend to neutralise each other, P remains
relatively- constant, even where the width varies considerably from
point to point. »
Lacey’s equivalent width
W=A/vdD,
requires D, to be known, and assumes that the greatest depth is central.
W(}lere this i8 8o, W may be better than w; but in general D, is not
oentral, and Dy, varies and is greatest when furthest from mid-bed; so,
in general, D, varies more widely than d, and so W is not an improve-
ment on w=A/d; and both vary much more widely than P; so, unless
very great oare i8 observed in selecting sites and allowing for berm
oconditions, scatter i8 greater in w:Q than P:Q. This is clearly exem-
%liﬁed in the case of the Jamrao data. It does not follow, however, that
+Q is a more fundamental relation than w: Q. Indeed P:Q is definitely
wrong for small discharges; and, for design purposes, w has marked

advantages; and wand d are essier to visualise than P and R, and W
and D, 8o they have been adopted.

_ The ooemciez:_d: 8/3 in equation (5) does not agree with most of the
} Sind data, especially in the case of inundation canals, where wis as

low 23 1:33 Q%, or just half the Lacey width.

» In the oase of 1941 Sind data® for Rohri and Dadu Canals and the
~ Jamrao Canal data, we get the statistioal relations: :
Fig. (o) * - w=202 Q% and 1803 Q**! respectively... Fig.79 () (¢)
Fig.19l){a)

Again, taking th ' \ gl » 19 (i) @)
& ¢ mean exponential v 516 i
coeﬂimgenté, we ge%, P alue (516) for comparing

wg 2%18 Q*1¢ for Barrage Canals and w =106 Q%18 for Jamrao
anal.

The former is for canals construeted 10 years ago, and the latter

. fora oaval built forty years ago, which had be ad b :
value of 2112 may be acoepted agsozx standard fltﬁ:’.m.eefl og: ually silting. A

w=212 Qo1 ©)
*From data on pages 6264 of the Central Board of Irvigation 1939-40 Anngal Report (Teshnieal). =
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" FACTORS AFFECTING FLOW

710. d:Q RELATION

d =655 Q334 | u Fig."?—9 ) () rig. 7000t
derived statistically for the Rohri and Dadu Conals; and '
d="T73 Q3%

for the Jamrao. The Jamrao w and d data are not, however, very
reliable, due probably to the Jamrao. enquiry having been done in terms
of P and R, w and d being worked out later, making assumptions.

. For purposes of design of new Canals in Sind d="7 Q** may be
adopted. ‘

i
This may be compared with Lacey’s R =437 (%.)

711. 8:Q ReraTion

Finally we come to the S:Q relation which is the most sensitive
and also the most important relation for design purposes; beosuse
whereas the w: Q and d:q relations tend to right themselves gradually,
any mistake in slope will either lead to heavy silting, and eventually to
a reduction of discharge, or else to scour and retrogression of bed
levels, which in turn, may lead to deep scour-holes developing below
bridges—as has occurred in the Rohri Canal in Sind.

Before considering the slope data we should oonsider‘the Lacey
relation:

Lacey's formula for the 8: Q relation * is »
8 = 000347 £} @ |
When stated in terms of fva and fae it ist $

1 .
S = 000347 £,4 - fud - Q78
or calling vfvs fs¥ = £= the canal system value
§=-000547 £ -3 QF |
To allow for the decrease of particle diameter exposed on the beds

of channels down a canal system we may assume dscrease in fa5 o0 Q‘l“
so Lacey’s formula, altered into a canal system slope formula becomes,

S = 000542 fi » f? . Q(IIHX@“% ] t
= 000542 £5 Q122 e (D
We should, thereforel, anticipate that the variation in slope with
discharge i3 less than Q ®; and this is what is shown by Figs, 7-9 (i)(e) Fi.7-0 )9

and 7-9 (i) (¢} . R
"Sukkur Barrage Canals (1941) 22 sites: 8 = 000205 Q1%+
Jamrao Data S =-000228 Q--147

and if a mean value of the exponents is taken for the Rohri, Dadu and
Jamreo dafa, this gives the same approximate value, namely

S Q137 (approx.)
Similarly Dr. Bose’s formula
8="000209 m®¢/Q**
gives the same exponent a8 a canal system formula in which the dia-
mefer m decreases according fo m e Q°°, which agrees closely with
such dats as are available.} oy

#Derived from formule in * Uniform flow In alluvial Rivera snd Cansls” Paper 4893, Inatit ot
Civil Engineers, 1934, by Gerald Lacey. » “atitntion of

+Note on “ Divergenco from Kegime in Stabla Channels” by C. C. Inglis,
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The values to this common exponent of “135 are:

Jamrao Canal §="000215 Q" v (8

Sukkur Barrage Canals S=-000219Q"" . .. (9
(Sind 1041 data)

or say slope per thousand=8="22 Q=% v (10)

. h this may be taken as the normal slope, for constructing- -
newﬁgz , there ar{,several cases of slopes about 40 per cent steeper.
This is probably due o the normal ripple bed being replaced by bed
dunes. This is the case in: o \

Jumrao Canal Rohri Canal Dadu 0'qnal
" Dim Minor Heed R D. 341,000 Head.
Dalor Minor Head  R. D. 460,000 R. D. 477,000

To allow for the possibility of such slopes developing, it should Bse: ‘
asgumed that the slope may, in certain cases, be as much as 03 Q%
so regulators should be provided af suitable intervals to allow for this,
and algo to maintoin the required levels, should retrogression occur;
and bridges and regulators should be so designed that they will remain
‘stable even if retrogression oceurs; but the eanals should be eonstructed

with the smaller, normal, slopes.

In gome cases it will be obvious that the slope will be flatter or

steep?r than the normal; but more generally this will not be known in

-advance, and henee it ig generally best to design for normal conditions,
making provision for the development of steeper or flatter slopes.

7.12. IN cONOLUSION

It appears reagonable to anticipate that at the head of a Canal
system, where the bed materisl i8 coarser, width will be relatively
greater than near the tail, owing to increased turbulence, and hence
increased oapaoity to erode the banks; and this appears to be the ex-

lanation why in *Canal-system formulae” the exponent in the w: ¢
ormula exoeeds the '5 of Lacey; and why the exponents of q and Q in the
d:q and d: Q formulae are slightly lower than 2/3 and 1/3 respectively..
%‘he dlifference is small; but not negligible. Thus, considering the-
ormula

w=2'12 Q™ the equivalent Cy values in w=C, Q" are .
1 euseo 10 100 1,000 10,000
212 . 220 228 231 246

Another point which the data brings out is that Sind coefficientsy jn
the w:Q formula are lower, while “coefficients in the d:gandd: Q-
formulae are higher than in the Punjab. This is what Lacey would ¢ %
the * Sind-Silt Signature” and the reason for thig is ¢ _
small proportion of coarse material in movem
the suspended silt charge. ,

. he relativel
ent in Sind compared wgti-.

Where there is Lttle bed-sand entering a channel
ble, after excavating the bed say 90 ner :
to fa dow_n a blanket of fine silt%n the:p ell)ecf exg; dllleeezfdei;gt h1? > ggglgned,

Wwas done in the N. W. Canal by Mr. . R &, a—atte P hi %""“‘3’5’"
oanal rau with & very small surfage slope. Inthee " een the-

it would probably pay to compact &h, ;0ase of & new canal,.
the canal with a smnﬂ surfaee? slolug,e bed where it wag desired t‘? run.

» it may be possi--
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Fig. 7-10 shows curves of area A=15 Q¥, of w=212 Q™ and § per
1,000="22 Q"' as in formulae Nos. (2), (6) and (10).

It also shows the formula for bed width=123 Q*® (11) and depths
of central portions Dg=090 Q* (12)
—ag recommended by us for the design of new channels with 13:1 sigie
slope for discharges exceeding 300 cusees and 1:1 side slope for dis-
charges less than 300 cusees. These mde*sgopes, are flatter than the
final slopes after the berms have silted ; but give the best final result.

In many cases, especially in the ease of small channels, the desig_ngd
bed level is near ground level or even above it. In such oases, itis
customary in Sind to constrnet the banks at some distance from the

designed channel sides, so that wide berms can form with the aid of‘

juck-work.

Before closing, the Author would like to thank Mr. Sethna for his
assistance, persistence, and insistence that there were other factors than
“gand exposed on the bed’” eausing divergence of shape and slope.

AppexDiX 1 10 THE NoTE ON ** THE Drston oF Canars IN
SinD—Parr I-NEw Canars?®?

As the relation *“ area to discharge” gives the highest co-relation,
the dimensions of a channel shouid be worked out from the A:Q
relation.
A:Q .

The mean A:Q relation for the Sukkur Barrage and Jamrao
Canals is ‘

A=15Q* .. 2)

TLis and otlier relations are shown in Fig. 7-10.

In addition to arca, we must assume a shape and either a width or
depth dimension.

The commonest shape assumption, based on Kennedy's ideas, wos
a flat bed and § to 1 side slopes, though 1:1 side slopes have also been
frequently used.

- On this assumption, and using formula (6) of this note to give the

surface width dimension, ,

W=212 Q9 (see Fig. 7-10) ... w6
The bed slopes are in accordance with ‘
S=-22/Q™ .

The relation Dy: Q both for 3:1 and 1:1 slopes has been worked
out from the formula

D wt+/w—dn. A
B= 2]1

B=W=2n.Dsand A=(w—nDy) Dy
B has also been worked out for Sind for a side slope n=1. These
are Shown in faint dash-lines on Fig. 7-10 for comparison with the B and
Dsx lines for proposed values shown in thicker lines.
The formulae for B and D work out to
B=123 Q% ... (11)
 De=90Q7 ... (12)
This is a slight modification on dimensions according to Lacey’s
recent note on “‘ Artificial Channel Shape’’; but his concept of a con-

stant B/w ratio is slighlty modified in accordance with Sind data for

Sukkur Barrage Canals® which indicate that B/w is not constant,. but
varies as Q™. '

derived from

* From data on pages 62-64 of the Contral Bosrd of Irrigation 193940 Annual Report (Technical).

875044 811

Fig. 710

Fig. 710

Fig. 7-10
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An objection to adopting the Lacey concept for construction is that
the side slgrpes would then vary with discharge. This they actually do
in nature; but if our values of B and Dy are adopted and side slopes of
13:1uged for discharges exceeding 300 cusecs and 1: 1 for discharges

~ less than 300 cusecs, the error in cross-Sectional ares is about+2 per
cent down to 50 cusecs and it is only+5 per cent at 30 eusecs and +9-7
per cent for 10 cusecs; and as it i8 desirable to construct small channels
a bif too b;ﬁ in the first instance, this is all to the good. The formula
B=123 Q¥ is, therefore, recommended &3 suitable for construeting new
eanals in Bind, with 1} : 1 side slopes for discharges exceeding 300 cusecs,
1 1o 1 for side slopes less than 300 cusecs and Dy values as shown in the
thicker line (4b) of Fiug. 7-10 for depths in the central portion of channels

pig.710  secording to De=0 Q

31
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MAXIMUM DEPTH OF SCOUR AT RIGID STRYCTURES *
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MAXIMUM DEPTH OF SCOUR AT HEADS OF GUIDE BANES AND
GROYNES, PIER NOSES, AND DOWNSTREAM OF BRIDGES
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MAXIMUM DEPTH OF SCOUR AT RIGID STRUCTURES

Sheet S-1

Photo 1012, Pier experiments showing water
profile at pier.

Photo 1410. Cup-shaped scour round pier with
no stone protection (looking upstream),

1/40 scale pier.

Photo 1410 from C. I. and H. R. S. A. R. (T.) 1938-59.

§759~45 317



oF—80L S

618

" TABLE 8-

' S;EOWIKG MAXIMUM DEPTE OF SCOUR IN RIVERE AT BRIDGE PIERS, GUIDE BANKS, GROYNES, BHARP BENDS AND DOWNSTREAM OF BRIDGES

. . S ot B fax178 42 PR S -
. m, sar 0 assumed s
- | Bito - (omsecs), ,f:ﬁ:‘},‘ﬁ. ghservation. nz:'isl an .f_pmi d,x G |.ga@Qnat, * Lasey. References,
) {in mm.) mation.
it 8-1. SooUR ROUND PIERS OF BRIDGES.
1 {a)} The. 9“‘8‘“ near Hazdings Bridge (Bom‘ | 18,75,000 ny 1938 .37 1-07 110-7 54-93 218 | A B (D) 103795, p.08; 11839,
< and m Ratlway) ¢ 1930-40, Eé 28; Be&b&y '.\Pseh.
. Pipon 55 and
2 'm“.#?m. patea ?‘ Amingaon w|  92,50,000 Io4 1938 6-39 1-10 074 60-09 1-78 | AR, (T) 199889, 0. 23, _ '
3. | Meghua Raliway Rridgs (B. & A. Reliway)..|  8,00,000 ) 1938 0-32 10 4 e 214 | Appendix 1 of A, B, (T} 1044 (pp. 78-81)
4 | Rarasphuli Raiimy Bridge (B, & A. 3,00,000 5T 1838 9-53 ¥ | s 1-09 1.78 Do, - do.
Ballway)., )
& Thgs‘ -{r:ag lt notht  Ratlway Bridgs {E. 1. 43,000 378 1841 6-3% 1-0 37-8 +16.58 2.98 A. B, {T) 1937-39, p, 65,
¢ | Osadak Builway Bridge at Bagaha (0. &77. | 3,00,000 7 o 0-28 1.08 75-9 30.87 2-40 | A RB.(T) 1944
- : he ’ v s \ : A o L
. T Pax Railway Bridge tﬁ- B. & C. L, Railway)... 1,868,000 68-5 M ’ 0-33 1-0 58-5 o4.1 - l'§ 2.94 Appendix 1 0f A. k‘ 1T) 1544 {pp.76-81}.
& - | Thbe Indus in Rohrl-Bukkur Gorge. . 4,14,000 827 1838 817 ~T3 73-8 314871 2-35 - | 8ss Pigs. 38 snd 37, A. B, (T) 1957-38.
{2!3 of £,20,000 - . ;
o8, figvw- - It R . -
i !hﬁ 1 *Moneh ‘
kur Gorgs}.
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SHOWING MAXIMUM DEPTH OF SCOUR IN RIVERS AT BRIDGE PIERS, GUIDE BANKS, GROYNES, SHARP BENDS AND DOWNSTREAM OF BRIDGES

TABLE 8-I—conid.

~ |
- ; dr = max “grade of o =170 wid Dy, aJ
] Q (msximum) = - Year of assamedas | o L, sosy = Dy.ncey. Referencen, '
No . Bito. (cusecs). soone (.. | observation. | ooy [susperoxic| %6 A | gy gt
{ia mm.)
. , .
] Jhajum River Rallway Bridge near Jhelom 29,063 25 August 1938 1 034 1-03 25-24 14.40 1-73
E (No W. B‘H"‘”t |
0 Jhelaum River Railway Bridge at Shahpur 80,207 48 Jane 1938 9-32 1-0 48.0 18.54 2-59
(N, W. Raiiway).
11 Chenab River Alexandrs Railway Bridge 1,03,115 4£1-7 July 1938 0-87 1.07 42.65 21-68 1.93
: near Wazirabad (N. W, Raliway).
12 Chengy River Alexandra Railway Bridge st 1,00,83¢ 41-4 June 193¢ 8.80 -88 41-87 .97 1-80
Chund (N. W. Rallway), _
i3 Ckouab River Ealiway Bridge st Sher Shah 1,56,021 45 Angust 1933 0-34 1-08 4544 25.31 1-78
{N. W. Railway). -
14 | Chenab River Railway Bridgs at Chiniot 1,67,857 65-2 Jaly ' 1933 0-8¢ 1-03 85-85 25-81 2.53
N. W. Railway). :
15 Ravi River Railway Bridge near Dera Baba 69,747 40-5 wgust 1943 2.24 88 88. 2047 1.88
Naunak {N. W. Railway), . ! A i 52
18 Sutlej River Raitway Bridge near Phillaar 61,314 a9-1 July 1020 5482 1-0 88.1 18-85 2.09
{N. W, Bailway). ’ ) .
17 Butlej River Emproess Railway Bridge at 1,08,747 4914 1933 8- 78 . 24.28 2-02
Adamwaksn (N, W, Bailway),  © o August » .43
mean=2.09
+ <27 or
+ 13.8%
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TABLE 8-II

SHOWING MAXIMUM DEPTH OF BCOUR IN RIVERS AT BRIDUE PIEES, GUIDE BANKS, GROYNES AND SHARP BENDS ) N
’ |
o = mean -
. fa =1-78 um ! .
ds = max. grads of 1D
. . Yoar of { asfamed ag # . lacey = | dfD
No. |* Site. mix denth of p bed - [4 ; Lincay. . Refereneo,
. {Cusoaca} sgesr. cheorvation .o o ln!;pgg:):‘:- LI BT (Q{fdj* i o
{in mm.} ; Ak 3 3
i 5
H
1 {b}| The (iangea u‘t HSM:‘ Guiﬁiedaank, 8 wites | 17,00,080 208 1933-35 0-39 1-10 212-8 54-&(-3 377 )
upstronm of Hordinge Bridge. . .
) . - Bee Bombsy Toeh. Pnper 58, 58: A,
1 (o) | Tho Ganges near the moso of the Right | 17,00000 150 1833 037 1-07 153-4 55-2 272 S R. (1) for 1037-38; P08 and
Guide Bank of the Hardinge Bridge. ) . 195020, .
2 Imﬁde the hngtor hr;uk gszha Right Bank 50,000 6 1340 0-27 -93 64-18 16-83 a-8 A, B, {T) 194041, p. 12.
pprone isnnel 6t Bukkar, - -
8 Narbhada river old Rallway Bridge at | 10,00,060 106 1939 . 0-32 10~ 168 ’ 47.3 2.24 Appendix [ of A, R, 1844. {pp. 78-81),
| " Bronok {B. B. & C. . Raflway). o - {assumod) ’ ppe {t) 1644. {pp. 78-81)
4 i Dfé etftﬁmi?}‘(‘lla in the Hooghly noar Dunbar 3,00,000 to - 0.-27 -92 53-35 52.-58 1-84 A, R. {T) 1041-42, p. 23.
otton AMill
5 (b){ The Juman men: Dolhi Gate Pumping 48,000 30 1938 0-33 , 1-0 30 1727 177
. tation at Bpur §. -
P ] A. R, (T} 1937-38, p. 65.
B (o) Do, do." | 31,000 24 1939 0-32 1-9 24 14-88 1-62
id Pho Sutlej upstream of the Railwny—
{a} at nose of spur 4 ] 800883 85 1944 6-33 1-0 27-9 2.53 y
. . {sssumed) .
{1} at nose of the old right railway guide |  5,09,883 . B8 1944 0-32 10 27-9 2-44
bank_ - : {assmmed)
7 | The Ravi upstream of Balioki Weir— ) . ’
) {n) at nosa of spur 5 on the right bauk ..| 60,700 1935 6.32 1-0 65 17-¢ 3-74 ' ' ’
) _ ;Appendix Tof A.R.{T)104 4 {pp. 78-81}.
{b) at nose of spur 6 on the right bank !{ - 40,000 58-4 1932 Q-32 1-0 56-4 i8-1 3-5 o -
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TABLE 8-IIT -

r 0
SHOWING MAXIMUM DEPTH OF SCOUR IN RIVERS DOWNSTREAM OF BRIDGES

(e — -4}

p. 2.

L] 4 =
{ = menn ity =1-76 i
. . , ds = max. grade of Dy, =
No. Site, Q miax. I dopth of Year of bed sssumed as a 1.t heby _da }Lavey. Reforeace.
' {cusees). suonc. glservation. mpterial an a:\lg];;:xx- s d -478(QJta }} !
{in mm.} * ’
1 (dr} The dunuzes downstrenm of hridge pier No.3 | 16,706,000 26 1838 .37 L1-07 221 54-93 8.4 A. R {T) 1041-43, p. 81,
of the Hardinge Bridye. - i
2 Rohirl Cannl downsbrenm of Ham! Koy fulnzor 10,800 47 -7 47 36-55 14-40 3-48 | Appendix I of A. R. (T) 1844, {pp. 78-
ot Sukkur. 81}, T
8 Holirl Canal downstrearw o! Rohei Multnn ie,000 8¢ ! ... 6-058 =42 41.04 14.0% - 4.0 Do, -~ do.
Roud bridge at It D. 52,000, : .
4 N. W. Canal downstreamt of the NRailway 8,008 81-5 1942 g-30 ! ] B1-05 8.3 4.08 A. R, {T) 1044. !
, Bridyge nour Ruk at 1. D 76,000. .
b Rice Onns’ dowastresm of the Railway 10,056 43 1938 ¢-59 1.0 45 1i0-21 4-41 A. L) 1042-43, p. 21,
Bridge at . D, ?é,ﬂﬂi}. H .
Moan=1-68
] Eastory Junma Cansl downstream of Hond 2,672 31-5 Augunt 1042 elay 1 . ... | e F0-80r | e
' Bridps st Malaherl at M 22/5, | +7-8%
7 Eustorn Jumua Cansl downsireanm of “mkm't 2054 7 4.5 Aaguet 1042 teman veeee | e ‘ . -
iron i:ruiga ut A 20/, N :
: | Scorn m‘é‘s’. E. MODELS .
1 (o) | The Gfmges yoar right guide Lank of tin 8§y 2.3 red gl Fp 18 4-48 <88 2.5t Bowmbay P, W. D.; I, B. 55.
Hardinge Bridge, (1 - & Samaez )i i .
: i i '
& The Jummn nesr Delld Gate DPumping 2.8 142 B Tleour annd Q-8 1 93 -70 ' 1-4%
Ktation ut spur 5. ; !

A, R, {T) 1040-41; p. 65 and 1942-42,

B

.
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MAXIMUM DEPTH OF SCOCR AT RIGID STRUTURES
CHAPTER 8

MAXTMUM DEPTH OF SCOUR AT HEADS OF GUIDE BANKS
AND. GROYNES, - PIER NOSES, AND DOWNSTREAM

800. INTRODUCTION

Deep scour occurs—
T au noses of piers, due to curved diving flow;
II at ends of guide banks and groynes, due to flow concentrat-
ing and swinging round the extremities, causing large-soale eddies;

and III downstream of bridges, due to eddies shed from high
pavements or stone protection placed round bridge piers.

In all three cases, scour ig due to the development of ourvature of
flow and eddies; so the velocity does not deorease rapidly near the bed,
s in natural flow. ~

Fifteen years ago, Lacey® gave approximate figures for maximum
depths of scour at bends, by re‘iatmg these to his depth formula for
regime conditions in & straight channel:

p=41Qt .. 1)
where D=effective depth,
Q=discharge, and -
f=Lacey's silt factor whicli, for regime conditions, approxi-
mates to “ ‘
14764 m ,

(where m =the weighted mean diameter of the bed material).

In a moderate bend, he considered that the maximum depth might
be 1+ times the regime depth, and in a severe bend, 1'75 times; while in
a right-angled bend, he assumed twice the regime depth. In this note,
artual maximum depths of seour observed in -several places have been
collected and related to the corresponding maximum discharges.

At that time, Lacey brought grade of material into the formula to
the 1/6th power; but recently he, and others in India, have considered
that depth of scour downstream of rigid structures is unaffected by bed
material. Work done at Poona seems, however, to indicate that fis

a factor and that f?‘ is probably of the right order.

The data, classified into three groups, are shown in Tables 8-I, 8-IT rapietar

and 8-IIT and Figs. 8-1, 8-2 and 8-3. e &sé.i L |
8-1 Maximum scour at noses of piers due to diving flow, allowing 834 541

for grade of bed material.

8-2 Maximum scour at guide banks, groynes and sharp bends due to
diving flow, allowing for grade of material. '

8-3 Maximum scour downstream of piers due to diving flow, allow-
ing for grade of bed material. . '

These figures show the relation between discharges and depths of
scour (d,/fg‘) at bridge piers; sﬁarp bends, groynes; aud downstream of
bridges respectively ; where d.mmaximum depth of scour, and f,,?’- s -
being the bed sand faetor)==121 m%; 8o that m, the normal mean bed-
sand value, is 0°'32 mm., £;=1'0; and depth then varies as Q ; but where

the bed material is coarser than m="32, the depth of scour is less than
for m='32 and vice versa. - \

# “Siahle Channels in Allivinm.? Paper No, 4736, Vol. 229, Jannary 1930,
B 759~ 48
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THE BEEAVIOUR AND CONTROL OF RIVERS AND 'CANALS

r - in which these cases have been
ences to various annual reports, in which : :
Tables 81'1[1' descﬁlgfeﬁlr, are given in the last column of Tables 8-I, 8-II and 8‘ III
81 and 8- S . . ‘ .

" . .801. ENQUIRY INTO SCOUR ROUND BRIDGE PIERS*

* t of the Railway Board, experiments were carried out
at P&tnghfnrfggse ?;o(:letermine the best m’ea.ns of protecting bridge piers
against scour, with particular reference to the piers of the Hardinge
B%-idge (E. B. Railway) over the river Ganges. The object was to
find out what action takes place during periods of high flood when pitch-
ing is placed round piers at different levels; the best methods of protee-
tion against straight, and oblique flow; and whether it was preferable to
delay Taying pitching until scour had taken place, when the stones would

’ be dvopped from above, many being washed away.
The Hardinge Bridge piers were sunk to a depth of 160 ft, to 180 ft

below maximum water level.

" 802. MopEr EXPERIMENTS—SCOUR AROUND PIERS

The piers used in the experiments were geometrically-similar
replicas of those of the Hardinge Bridge. A single pier was placed in
the centre of a parallel-sided channel, embedded in the sand forming the
bed. This was Ganges sand, of mean diameter 0-29 mm., brought from
the site of the Bridge. . : ‘

pig.84. - Fig. 84 shows, diagrammatically, the flow around a pier.

Owing to obstruction to flow, water spreads upwards near the

Photo Sheet guyface at the nose—see Photo 1012, gheet 8-1—causing a small surface
wave ; but except near the surface, water flows downwards and to each

gide, forming the familiar cup-shaped seour-pit—see Photo 1410, sheet 8-1.

mg.8s. ' Fig. 8-5 shows the relation between q—discharge per ft. width—and
d=depth in flume.
It will be noted that the relation worked out to d=93 g™
the exponent being *71, and not §—as was to be expected.

¥ : 3
Flg. 89 Fig. 8-6 shows the relation between %S»and ,%9_ where b=width of

; pier and q.=discharge per ft. in the centre of the flume—i.e, upstream of
the piers—the relation worked out to
$\0'78
s 1'70(9gm). :
. 803. CONCLUSIONS DRAWN FROM FIELD DATA AND PIER EXPERIMENTS

(?) If no protection is laid, seour oceurs round the piers, with t
* bed higher between the piers. This condition oeeurs with low dfi:?hgggg
even where pitching has been laid round the piers, and is clearly shown
Fig.87 in Fig. 8-Tin spans 3 to 8 during November 1934,

(i) It is, however, normal practice to lay stone round the pi s
& bridge—either as a flat apron or like an inverted boat—et!]g?tigg
nsually being one man stone of 60-129 lbs. weight.  When deep seour
ocours, it is resisted round the piers, so takes place outside the pitching
ﬁvgxtﬁh is “é‘.d‘?l"?‘me‘i. and lg‘llmc]ée'?; 80 that the maximum seour oecurs

Fig. 87 een adjouung piers—Fig. 87 (Augnst 1938 :

* ss and upstream and downstream (Fig. &E*.-B)g:u ' tnd September 1938)—
(¢4i) The maximum attack on the loose ston

the nose of the pier, and sand an o T fetion ocours at
deposited at the %)ail.’ S""““" Scoured from upstream are

*C.L&H.R. 8. AR.(T) 1933-39, pp. 3841,
1439-40, pp. 33-38,
194041, pp. 35-38,

L M4l pp. 12-13; 3132 33-34,
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" MARIMUM DEPTH OF SCOUR AT RIGID STBFTCTURE;S .

(iv) The stone at the nose remains undisturbed until the attack
reaches a critical stage, when the stone suddenly befms to he carried
away and a deep scour pit forms, reaching a depth nesrly as great aghad

there been no protective stone (Fig. 8-9). - ,

(v) The greater the depth at which stone is 1aid, the more stable it is,
i.e. the moresevere the attack it can withstand without heing carried away.

. Fig. 89

() Because of (ii) above it is necessary to place stone at such a level

and to use stone of such size and weight, that it will not be disturbed

with the worst attack for which allowance hasto be,made. Stone laid

at higher levels is of little value.

84 DISCUSSION ON SCOUR ROUND HARDINGE BRIDGE PIERS

, Early in January 1942, the Author wrote a Note® on ‘‘Protection of
Bridge Piers against scour and minimum safe level at which to lay stone
around Piers’ based on the above conclusions, which was considered by

the Engineering section of the Indian Railway Conference Association

on 19th January 1942. In the discussion, it was stated—

(@) *“The general principles of ‘falling aprons’ have so far
been adopted in the design of pitehing round piers.’’} :

(b) *“Normally the centre of & span is scoured more than the
portion adjacent to the piers with the result that the bed slopes
away from the piers, and so Jong as these slopes have got an adequate
cover of stone, the piers are considered safe.”’

(¢} **The conclusions (relating tothe f)itohing round the Hardinge
Bridge piers) arrived at after the model experiments at Poona, do
not quite agree with the observations made at the Bridge. Pier
No. :‘l may be taken as a typical case where the pitohing has been
maintained at a high level (R, L. 167 to R. L. 179) in spite of the
most severe attacks during the floods of 1936 and 1938, when the
intensity of discharge along this pier reached »8 much as 1,437
cusecs,/ {t.” ,

(d) *Itis of course more economical to lay the pitching af
a lower level, and it, affords & better protection. It it also recognised
that the ideai level for laying the pitching is R. L. 150, this level
being nearly midway between the H. F. L. and the bottom level of
the wells; it also affords sufficient waterway for discharge to pass
through the span without undue scour, But itis not always possi-
ble to lay the pitching at this desirved low level.”

The above comments enabled the Authorin his reply to bring out
points of interest: In reply to (a) and (b)he stated: “%‘ig, 8-7 shows
that when the river discharge i3 low, maximum scour does not ocour
between the piers but round the piers, the bed between the piers bein
silted to a high level. It will also be seen that scour at the centre o
spans does not begin until pitching round the piers prevents turthey

Fig. 87

seour oceurring in their proximity. When that occurs, scour between

the piers is inevitable, because the flow eoncentration is then so great
that heavy action is generated, which scours out the sand until a eondi-
tion is reached when the outside periphery of sfones laid round the piers
i8 undermined, and launches; but there is nothing natural about this:
it is imposed, due to the pitching round the piers being at an unnaturally
high level. Furthermore, under such conditions, fhe piteching near the
piers is in a state of ‘strain’. It is, however, possible, where it has
been laid at too high level, for if to launch, or even be completely washed
away before conditions upstream of the pier have led to failuve at the

nose ; and such stone will not prevent failure at the nose when the discharge

reaches the critical value for failure. _Indeed, experiments recently carried

out show that stones laid round piers at a high level cause deep seour

downstream; which may lead to stone being depleted from the tail. This,
* C.1 & H. R. 8. A, R. (T) 1933-3, pp. 33-38 and “Protection of Bridge Pi i .Ce

Inglis—~Indian Bailway Conga,r)enae Ass&gatiou—lgth Junu?ry%%. ridge Plers against Seous” by C.C
'l" Ses Chaptﬁ: 2.
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Fig. 810

Fig. 811

THE BEHAVIOUR AND CONTROL OF RIVERS AND CANALS

; ; before conditions reach
in furn, may cause failure by downstream Scour ondrt)
4 oy fai nose. This was exemplified in the ease
the critical value for failure at the e e 105 Boode-when the lovel

A i idge duri
of pier 3 of the Hardinge Bridge mél oom B L. 1789, 1729 and 1700

of pitehing round the ier droppe : '
4. to R. Ls. 1521, 1522 and 151'3 at the end of the
before the 1938 £ Cirest South and South-East of pier ). Such down-

n the South-West )
ggroe‘iéf glips bave been obgerved at meany bridges and -barrages, Some-

times leading to disastrous results.

In 1038, when the maximum discharge of the Ganges near the
Hardinge Bridge was 1,675,000 cusecs, and curvature of flow resulting
from *throw-oft ** at the nose of the Right Guide Bank was marked, the
deep scour-hole downstream of piers 2 and 3 was 172 ft. deep, 400 £t.
downstream when the slip oceurred on 81st July 1938; buf inereased to
186 t., 500 £t. downstream on 5th September 1938, when the detailed
contour survey was done, and to 216 ft., 800 ff. downstream, on 22nd -
September 1938; showing that, with & high level of pitching, Scour
oecurred nearer the pier, 80 was much more dangerous than a deeper
hole further away, because the slope towards the scour-hole was

steeper.
In the light of this, the first conclusion of the earlier paper, quoted
in pars. 1, should be modified to:—
() Where the stone pitehing is laid round & pier at too high a
level, failure may oceur due to stone launching downstream from
the tail; but, normally, failure occurs at the nose.

In reply to para.(c) it was explained that ‘scour round pier 3’ was
not typical of what has occurred at other piers; due, apparently, to
proximity to the bank and to curvature of flow. This difference at
pier 3 hag been borne out in recent model egperiments. The explanation
seems to be that the discharge figures quoted were based on surface
velocities, making the assumption that the mean velocity on all
verticals ='80 fimes the surface veloeity. This assumption is not
permissible; because, though 85 times the surface may be an approxi-
mation for the whole river or where there is axial flow, it is not true for
mean velocities on all verticals. Furthermore, scour is due to ‘drac’
which depends on the ‘rate of change of velocity’ in the immediate
vicinity of the bed; and where, as in this case, curvature of flow is
selma:%or”faetor, ‘drag’ wmay have little connection with surface

ocity.

Fig. 8-11 helps to explain this point: it shows scour on th g
lino of the Bridge between piers 1 to 10 on 15th August 1;3808;1;;&3
September’.1938 and 29th October 1938 compared with a smoothed
surface velocity eurve plotted from W. L. as datum. On this Fieure
hag also been plotted what may be assumed would have been the “bed
level profile had there been no piers; and when we compare this with
the surface velocity curve, it will be seen that though the surface
veloeity was & maximum in span 3 and relatively quite low in span 6
vet there was little difference in the scour depth. pan

An analysis of slips which occurred betw
that stone round piers had been made up yeemffﬂ;" 33%2%(11;2%‘1 showed

oo hich Stabl teve,
e Pier‘g g‘ %, i§5 . RLIT0
oy [ B
R .« R.L.167 % iz ﬁg
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MAXIMUM DEPTH OF SCOUR AT RIGID STRUCTURES

As the assumed danger line was R. L. 129 and scomr diminishes
rapidly as depth increases, experience bore out the model results and

showed that making up the pitching above stable depths was unneces- |

sary; while building up the pitching far above the stable depth was a
sheer waste of money. :

Asregards the statement quoted in para. (d): “‘...itis recognised
that the ideal level for laying the pifching is R. L. 150; but it is not
always possible to lay the pitching at this desired low level.”” When
attack is severe, or it i3 feared that it may become severe in the near
future, the anxiety to lay stone at a high level can be appreciated; but
there is no justification for doing this before there is any danger of deep
scour occurring.

The most severe attack at the Hardinge Bridge ocourred at about
1/5th to 1/4th the river width from the right bank. It is, however,

more correct to say that maximum Socour occurred at 0:8 (Qmax)i to

12 (Q, . )*F from the bank. At some futwe date, this condition will

also oceur on the left bank at piers 12 and 13, and scour at piers 3 to 6
and 11 to 14 will be almost as deep; but scour at piers 7 to 10 will
be less; becanse towards mid-stream curvature of flow will be less
intense.

Returning now to the data shown in Fig. 8~1. The mean ratio of
d /Dy =209712'9 per cent. ‘

8. No. 8.—Indus in the Rohri-Bukkur Gorge, 3 miles upstream of
Barrage. llere, maximum scour ocourred in 1933, when the rocky bed
of the Gorge was temporarily cleared of sand. The maeximum river
discharge was 620,000 cusees, of which approximately 2/3 (i.e.
414,000 cusees) prssed through this Gorge, w%ile the remaining 1/3
passed through the Sukkur-Bukkur Gorge.

8.0). SCOUR AT GUIDE BANKS, SPURS, AND SHARP BENDS

Fig. 82 shows in addition to maximum seour observed in rivers,
the corresponding scour obtained in.the verticall -exaigerated Ganges
mode! of the Hardinge Bridge at the Station at Khadakwasla. In this,
dg was 2:3 ft. for a total discharge of 80 cusecs, and was consistent with

the depth observed in the Ganges. In the Jumna model, ds was 10 ft.

at spur No. 5 for Q=28 cusecs, which was reiutively slighly less than
in the Jumna. .

The data taken as a whole shows wide scatter; but this is due to the
widely different severity of eondition. Thus:—

7} 8. No- 1 (5).—Bcour of 206 ft. at Sara Guide Bank (=38 DLJ

was due to sharp curvature accentuated by the remaing of the nose
of the old Sara Guide Bank, which pointed upstream.

(1) 8. No.2.—Scour of 66 ft. (=39 DL) in the Right Bank

Approach Channel at Sukkur, was due to water entering the

Approach Channel with a hi%h velocity being very sharply deflected
round the nose of the onter bank of the Approach Channel

(si) 8. No. 1(c).—Ganges near Right Guide Bank of the

- Hardinge Bridge:— :

d,=27Dy. ,
(i) 8. No. 3—~01d Railway Bridge on the Narbada at Broach.

A pothole, 106 ft. deep, formed upstream of-the Bridge, due to
water being thrown off from a long, sloping, groyne;

) dslt 224 DL. ’ -

. @ 8. No. &—Scour in the Hooghly downstream of the
* Knuckle ”” at Dunbar Cotfon Mill, d =184 Dy, :

87— © M

Fig, 8=1



THE BEHAVIOUR AND CONTROL OF RIVERS AND CANALS

The conditions were only moderately severe. The Riveris tidal a

this poin® d (0)—The Jumna at Delhi Gate Pumping
’ Stati(gg Sci Lz-flg (]b));n C(gfl)ditions only moderately"severe. :
(m)’ ssNo. 6 (2).—The Sutlej upstream of Railway. Bridge at
nose of spur 4 at Ferozepore, dS=2'33 DL, and . o
8. No. 6 (3).—On the same river af nose of old Righu Guide
Bank, d =244 Dy. . , -
(viz'z)ss. No.7 {;).—-At nose of spur 5 on Right Bank of the Ravi
upstream of Balloki Weir, ds=3'74 Dy, ‘
. (ix) 8. No. T(b)—At nose of spur 6 on the Right Bank of the
Ravi upstream of Balloki Weir, d =39 Dy,
In both (viz‘z) and (iz), the curvature was vetriy sev:re: _ .
t the noses of spurs projecting straight wpstream is
veryq;l%gf)’, ?f}? ltg a"3'8 Dy while Guide Banks, which swing round as
arcs of large radius, give much lower values 27 Dy,

Spurs projecting from banks, give widely varying values, ranging
from 1{)‘7 top3'§] DL, gdepending ﬁpon the severity of river curvature

induced, which, in turn depends upon the length, angle, and position of
the spur relative to the attack.- Scour at Groyne 5 in the Jumna near
Delbi, where flow merely brushes past, was 17 DL; and scour down-

stream of the Hooghly knuckle near Dunbar Cotton Mill, where action
i8 not severe, was only 1-84 DL’

8.06. SCOUB DOWNSTREAM OF BRIDGES

Where scour,occurs downstream of bridges, it usually results from
the pavement level being too high, which makes the bed velocity relative
to the depth, abnormally high, causing violent eddies to be shed from
the downstream ends of the pavements. High level pitching round
giers is another cause of violent eddying action near the bed, and henee
eep scour.

8. No. 1 (d), scour downstream of pier 3 of the Hardinge Bridge,
and 8. Nos. 4 and 5, seour downstream of N. W. Railway Bridges
over the N. W. Canal and the Rice Canal, and seour in the Rohri Canal
(downstream of the Head Regulator and downstream of the Bridge
8t R. D. 52,000 (8. Nos. 2 and 8) all show scour of the order of 4 DL'

8. Nos. 6 and 7 (scour downstredm of road bridges on the Eastern
Jumna Canal) also show scour of the order of 4 Dy The bed consists

of clay and loam ; but their equivalent f 1 Value appears to be 1-0.
- ' 8.07. Concrusions
The data so far available show 1
1. (a}"The mazimum seour downstream_ of bridges is of the order
of =4 Dy, o =4x473 Qi

(b) Scour at straight spurs facing upsty : | o
heads (13:1), is of the order of d g:-m 31'}8 Deam, with steeply sloping

i ' 8 ; and with long
sloping heads (1'in 20) =295 DL&%Y Lacey’ \ g,

(¢) Seour at noses of large-radius Guide Banks,d_=275D
(@ The masi  vound bridge piers, 4 =3 D, 0
€ maximum scour round bridge piers, d =9 D
() Scour at spurs along . yivep banks, d =17 DL to
38 DLaGey depending on severity of attack, which varieg acggfging

to oonditions, sueh ag length of proiect: . o
gngle, and pt)’gition ola tooth%meit'xelﬁ;ﬁe g%alpness of curvature,
was .ﬂomT 15?0%?“6%79 1833 TIT (where the ran 6 of grade of hed material
i8 8 faotor aff 9,91 mm.) appenrs to, be suécient to confirm that grad

e(’tlng maximum . ' tha, graae

Scour. i
even though flow pattern is the (il%lgingl};l ?;:tggmt one would expect—
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FALLING APRONS

Sheet 9-1

Photo 1167. Showing a falling apron experiment, using bands
of differently coloured pebbles to trace how launching "
takes place.

Proto Froyx C. I. axp H. R. STN. A. R. T. 1937-38.

S 759—50 351



ONTROL OF RIVERS AND CANALS
Sheet 9-2

THE BEHAVIOUR AND C

Photo 1187. Showing how and where the slip occarred in
the Guide Bank of the Hardinge Bridge.

llmhl 1192.  Experiment with Falling Aprons.  Model of
Guide Bank at Hardinge Bridge showing formation of
breach. (Looking downstream towards Bridve, -

Puoros rrom C. 1. axp H. R, STN. A. R. T. 1937-29
X 3 . JO =0,

c.
ot
Lo
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FALLING APRONS
CHAPTER 9
THE DESIGN OF FALLING APRONS
9.00: INTRODUCTION

A falling apron is a covering of loose stones laid on the berm of a
river embankment to protect it from erosion.

" The stones, usually “one-man” stone weighing 80-120 Ibs., are laid
during low water in a horizontal “‘apron” on the sand or silt berm
deposited by the river. ,

Stone is also laid on the slope of the embankment, but this is
intended to remain in position; whereas the ‘“‘apron’ is intended to
““Jaunch’’ or subside when the underlying sand is scoured by the river
current—so as to form a continucus protection below water level,

This method of protection appears to have been originated by Jawmes
R. Bell and was described in his Paper of 1890 on the ‘‘Bell bund”
system of river control at bridges. Sir Francis Spring produced a
modified design, now in general use in Northern India, in his *‘River
Training and Control on the Guide Bank System’’*—Chapter IX—from *
which Fig. 9-1 is an extract. Fig, 941

In the following pages, information derived from model experiments,
together with data obtained regarding falling aprons at the Hardinge
Bridge and other Bridges in Northern India will be presented.

901, MoODEL EXPERIMENTS

The wodel experiments here deseribed were carried out at the
Hydvodynamie  Researel Station at Lake Fife, Poona, in the
vears 11635-17, at the riequest of the Railway Board, in conneotion with
the protection of the Guaide Banks of the Hardinge Bridge which carries
the B3, and A. Railway over the Ganges at Paksey.

The terms of veference for experiments were drawn up by the
Havdinge Bridge Committee on 19th to 22nd November 1934, as
follows i— :

(/) That experiments should be carried out on the behaviour of
aprony generally, aud for the best design of aprons, both in alluvial
sand and in strata of clay overlying sand. The aprons in these
experiments should be designed in accordance with Spring’s formula
for seours of 100 feet and 160 feet.

(i, That experiments should be carried out with regard to the
best disposition of stone in an apron, not so much with regard to
the thickness as with regard to the relationship between the length

" of the apron and the depth of the scour.

(i) That experiments should be carried out for the best method
of reinforcement of an apron which hag already fallen (a8 in the case
of the Right Guide Bank) and whether such reinforcement should
best be placed as a berm_at low water level, or whether the rein-
forcement should be pitehed through grids moored over the toe of
the fallen apron. At the same time this experiment might be
extended to establish whether in the ease of an apron which had
fallen and over which heavy silting had faken place (ag in the case
of the Left Guide Bank) reinforcement should be put out in the
form of an entirely new apron at low water level, or whether this

would be wasteful.

# Tochnizal Papet No- 153, Railway Baard, India, 1903 (reprinted in 1935).
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THE BEHAVIOUR AND CONTROL OF RIVERS AND CANALS

, jed out in channels of various widths,
The expelz?g%sigeﬁﬂfﬁgchm up to 24 cusecs. The bank and

ranging from & 1o ; i which local cohesive red silf was
bed (excepthemesIang Xii’g’;) l;grent Banges sand of mean din

usee&)r ggseng ngslild tlfe protective stone was of grades varying from
, - L — «
51;8 inch to 6 inches, of gpecific gravity =29.

9.02. LAUNCHING OF AN APBON (SzrtES IV)

The following is & deseription of the launching observed in a model

isti on of 1/8"—%" stones laid horizontally on the berm of
goglf;itﬁg fgft?lgdag;’ogange{s sand. Fig. 9-2 shows the apron as laid.

Fig. 92

Fig. 06

(F'ie. 119 rrou A. R. T. 1937-38 or C. I. axp H. R. 81v.)

When the discharge of a river increases, the channel begins to
deepen and widen. This was reproduced in the model; and as a result
the layer of stones comprising the “‘apron’ was undermined by seour at
A~vide Fig. 9-3—cauging the undermined stones to settle on the slope;
but there were ingufficient stones to prevent scour of the sand at A ; so
further scour took place, causing the horizontal layer of stone to be
agein undermined.

SECTION,.

EDGE OF PITCHING

AS LAID. -
BPLAN ;5:#
ol

Lra
-t "-‘”:'?
s )Y

(F16. 120 rron A, R. T, 1937-38 oF C,L axp H. R. STN )
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- FALLIRG APRONS :

- More stones were thus set in motion, Some remaining with the
%rienously fallen stones at A and others rolling down to B—ses
g. 9-4—until a stage was reached when scour temporarily ceased at A,  mg. o4,

when that part of the bank had become adequately covered with stones;
but scour still eontinued at B. _ .

Fig. 94.

DO v
AN E XN S":“.""G‘-"'! P
sl &\‘;].'\H-.‘ w3
LLUP -9 BEXG SRR

(F1c. 121 Frox A. R. T. 1937-38 or C. I axp H, R. Stv.)

Affer a time, scour at B led to the bank at A being underminéd,
and stones from A rolled or slid down to B—ses Fig. 9-5.

Flgn 0‘5‘
* ol Nk :a'f': ;':'E":‘f'.;",'. {-,.:::t:’:' ';f‘:::' '.'d‘v"..f; .‘.. A
(F1c. 122 rroM A. R. T. 1937-38 or C. L. axp H. B. S1.)
and a few went beyond to C, as shown in Fig. 9-6. . Fig. 0-6.

(Fia. 123 reox A. R. T. i937-38 oF C. I. aNp H. R. 81N.)
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Fig. o1

wE BEHAVIOUB AND CONTROL OF RIVERS AND CANALS
. be again exposed at A, and further seour

' Th:is ﬁﬁﬁgegngﬂfmgi?f tt(;‘he horizontal apron until more stones fell,
O the sand st A to be again covered; so that seour was again
“ﬂ“ﬁﬁ% Meanwhile, Scour was oceurring at C, until stones rplled down
?rme uncovering sand there, and so allowing scour, which under-
’ the stone extending deeper and

: the process went on . .
:11:31;1;31‘ a% beg'léggur pr%gr essed, the pii’:ched slope smultaneously receding

towards the bank. . | ’
Photo 1167 (Photo Skeet9-1) shows the apron in process of launching,
It will be noticed that Settlement of stones was'to a uniform slope under

steady axial flow conditions.

' Bome of the stones were coloured in vertical bands and others in

i to agcertain where they finished up. The results (as
gnax;zggt:i:);ngins the photo) showed that the stones subsided straight
down the slope, without any appreciable motion along the cha,nnel.m
except for & few stones which were drawn along the ,t,oe of the slope in
smal] ““gulleys formed in the sandy bed of the channel.

Thus the ‘‘falling apron’” slopes at the angle at which rolling or
gliding stops, since if the slope Were steeper, the stones would begin to
roll, while if it were flatter no stones would move. Where the flow is
axial the velocity will, in the early stages, be almost the same over the
whole slope—which explains why the inclination i3 approximately
constant; but where the bank is being attacked, there is a tendency for
surges and curved diving flow to develop and the velocity near the bed is
relatively higher than in axial flow; so that where the foe is seouring
rapidly, & steep slope develops—with the result that stones move more
rapidly near the toe of the slope than near the water surface, so are
projected towards mid-stream where the slope is flattening; and the
apron finally settles to & curved profile as gshown in Fig. 9-7, with its
toes resting on the bed in it position of final seour,

Fig, 97

*

A W G—— Wa—" p— S

s s s . o S

POSITION OF
FINAL SCOUR

DR L IR
2 e a™ Tt
MR

(Fre. 194 FROM A. R, T 193738 0r C. I, avp H. R. STN.)

9.03. « ErrEor oF nisposrriox op STONE (SertEs VILI)

Prior to these experi ' :

; 2Xperiments, wid .

Eefargl? the best disposition of g;osiyitllnt;(;miet V1ews had been held
apter 1X. of his Paper* stated:— pron; thus Spring, in

*...the apron should he made broad enough an

not only to agver y
erosion; but also to I;:eg];e polidle mat

that the automatically 1 ofthe erosion so far off
Inclination of fully twoy tfl)) 13;];?(1 I%;usl;:,llﬁ' ’




PALLING APRONS

These experiments demonstrated, however, that where scour was -

gradual, the slope assumed by the stone and the quantity of stone
required to protect a face of sand were practically the same whether
the apron was laid deep and narrow or shallow and wide; but where
erosion was taking place rapidly, a shallow wide apron would launch
more gradually and so more evenly, and to a slightly flatter slope than
a deep narrow apron—as was indiecated in Expt. VIII—ses Fig, 9-8.

F16. 9-8

— EXPTS WITH FALLING AFPRON
SERIES Yl .
GCALE I ICH - 2 FEET.

I -~ }o' ————— "]
Bt 1
Lg T B Mmm*l" - R B
—— 4 hl a"
F2 11 SLoPE I ' b
.. CHANNEL
’/4 70 ya ! ““*.::n.
ROUNDED STONES e,

.
L

L
#

27 "‘i:_l'n.“:f

' GANGES SAND  “SFi50e

; “u, '..

' ~, o

bl %

. 0 R A
IN SECOND EXFT ("ricr) APRON LAID  MALFE BEFORE EXPL,
THICKNESS OF APRON IN FOSMIR (THIN ) AFTER EXPT.

(F1e. 123 vrox A, R, T, 1937-38 or C. 1. axp I R. 81N.)

004, Ixcnisation or SLore (Serirs IX)

A series was done with a thiek layer of stones laid on o *‘tilting
board **, which cotdd be set at any angle, to determine the natural angle
of repose of the stones in water with various velocities of flow. Stoues
were dropped on to the stones at the top of the pitched slope, and it was
found that at a relatively flat slope most of the stone came to rest, but
a fow rolled to the hottom; while at a greater slope a few came to rest
and the majority rolled to the bottom, an arbitrary criterion for the
angle of repose was therefore adopted, viz. the angle at which 50 per
cent of the stones came to rest and 50 per cent rolled to the bottom.
These stones would form an apron at the toe, which would subsequently
launch when further scour took place at the toe. ~

The angle of repose for stationary stone was also observed, i.e. the
angle of slope at which stones lying stationary on the slope would begin
to slide down. The following results (Table 9-I) were obtained in still

water j—

' TapLe 9-1
Angle it::; :::.tionary Ang]:t f;l,e:?mng
Rounded stones. laid on similar| 30°=13t0ol1 31°=1"7 td 1
stones. ,
Angular stones laid on similar 40°=121%0 1 940515 t0 1
~ Stones. |
Rounded stones laid on Gange 31°=1"Tto 1 25°=91%0 1
sand. : _
359

875062 o

Fig. 9-8
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Fig. p-9

. stones have a steeper angle of re

THE BEHAVIOUR AND CONTROL OF RIVERS AND CANALS |
' ' ' ig 9- the
i i ngles were fatter. Fig 9-9 shows
7 Wl{;o}; i_ioval%g wﬂf’?ﬁ%?ihﬁ %ine of the angle against the velocity 3
O e stones a points were plotted from data of

ison .
':ggxggt?ﬁﬁnﬁﬁﬁéjﬁy@?ﬁgﬁed.’ These show considerable scatter,

but the trend of decrease of slope with inerease of velocity is clear.
. hat flat and angular .

(¥ a8 was to be expected, t
It was also Toones pose than rounded stones.

RS
: ::v‘l-&f-tiaél

. F‘G&U‘EE!M9:-9 .
COMPARISON OF RESULTS WITH THTING
" moarD ( ANGLE OF REPOSE FOR
RoLLING STONES) (SERIES X Y WITH THQSE
OF LAUNCHED APRONS .
( Anautar stomes Yg" ~i4.)

SERIES Womv @ _ .
® T BERIES Y ==K |
‘ series YI---0 .

[ @rAMGLE OF "NCLINAS
~TION OF SLAPE,

5 ; il TTIX T
. 1 Ll Yl
0 [ I
’ Ho
1T 131 15
7 e e R P
CURYVE DERIVED FROM
RESULTS WITH TIUTING BOARD
5iN O 048 16, GEmESIY
.u (3 1 ] .
ry T 8 e Ve va e
ol
YELORITY 1IN PR PER Sooonp (Y ABOVE STOMDS)
| Kulkarnl 262 .

(Fa. 126 7rox A. R. T. 1937-38 or C. L a%p H. R. S1)

9.05. -ACTION WITH LARGER sTONES (SErIES XIV)

All the previous experiments had been done using smal

compare the astion of larger stones, 3" stones were laid on 1(:‘?:222:' sa;l;g
in & bank at 1'6 to 1 slope and subjected to an increasing current. On
the curve at the head of the guide bank, sand was sucked out from
between the stones, causing some settlement. This was made good b

gtones from abov;a, thus giving a greater depth of protection to the sang
below. As the discharge increased, the bed scoured and the stones af
the toe moved down the slope followed by those above. There was no

. rolling, and sliding was so slow. as to be almost impereeptible,

It wag thought that if a few large stones wep
the hapr?’n, they would protect the toe from scog.lrt: Ecl»l ih?etbglgﬁr gontl ?é
with 13" stones, and 9 stones were gently pushed over the be;ix?l a;o
] ]

represent large bloeks put in f , i :
the toe, bl}tbremainedp hal‘.lfwgly. ?iigaﬁ Pipeceuon. - These did not reach

t
generated by these stones displaced somel:)ef ts}}:ple%,” aé?gn:sh ¢ furbulence

9.06. Acmm; WITH STONES OF MIXED SIZES

As a further experiment, & m

" g » & model wag constr . .
iﬁfe llil.’ e35t&3d ¥ ; stone, laid in & horizontal aprgﬁedwli:f Elhg & &mxtﬂren
would gﬁu ;?he .mléah‘t form the main protection while i, L 6111 ea that
protectin thebm ﬁlstmes and prevent sand being Suok dar er stones
ed in thegusuil an g When the dlscharge was raised the ; 011{3, thus
as in other exwa'y, and sand was sucked out from betw: pron launch-
sorted themsel$e§ u;:;etn ta?ﬁd ﬁger 8 time, however, the el‘:igéhre :?gﬁgg

: more on !

80 that the mixture afforded omewha.i? bg};ﬁ: %I;, oﬁ&fﬁ’fﬁﬁ% féigg:s %
‘ g o
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FALLING APRONS

9.07. CoNDITIONS UNDER WHICE 4 SLIP ok “BLOW oUT”’ MAY
OCCUR (SERIES XV)

It had been suggested that slips sometimes oecurred due to water
trapped behind a bank being some feet higher than in the river; so a
model of the Right Guide Bank was construsted with Ganges sand, and
s gradually-inereasing hydraulic-gradient. imposed. There was no
failure until the mean hydraulie gradient;, became 3'6 to 1, when water
began to. ooze froj the bauk, causing a slip. This gradient was far °
steeper than any which could occur in the prototype; but a slip’ could
oocur on & rapidly falling river due to bank saturation, as a result of
which the hydraulic gradient would be steep at the face of the bank,
Slips of this type tend to ocenr in river banks when the water level is
falling rapidly.

- It was also thought that slips might be due to heavy superimposed
loading on the berm, such as that due to stacking stones. Though
loading up to 700 Ibs. per square foot was imposed near the edge of the
bank, no slip took place; but if the backing beeame saturated, the extra
weight would faeilitate a slip. :

9.8. APRON LAID ON ALTERNATE LAYERS OF SAND AND CLAY
. {SERIEs XV])

In order to test the behaviour of an apron laid on a bank consisting
of alternate layers of sand aud elay—as fouud at Sara, upstream of the
Hardinge Bridge—a 140 seale model was construeted (Series XVI)
consisting of a bank of alternating horizontal layers of red silt and clay,
3" and 6" thick respectively,  The top layer was of silt, on which an

Capron of 73 8" ronnded stones was lajd.

Noseour took plice with axial flow, so & eoncentrated discharge
was directed at the bank with the aid of & vane, the mean velocity pagt
the bank heiny equivalent fo 17 ft./see. in the prototype- The stones
sl down as seour ocenrred, hut the elay layers scoured unevenly,
the elay seouring into stecp elifls, 8o that the stone could not eome to
vest on it but 11 to the hottom (vee Fig..9-10) and it may be seid that rig.s-10

Fig. 9-10

EXPERIMENTS W/ITH FALLING  APRON ‘ .
SHOWING APRON LAUNCHED ON ALTERNATING o

LAYERS OF Sy &y clay.

(F1. 129 FroM A. R. T. 1937-38 or C. L axp H. R. 8.,
. e

-3 ]

an apron does not launch satisfactorily unlesu o
v () the angle of repose of the underlying material is flatter thaa
" that of the stones, and

" (¢i) the material scours easil.y and evenly.
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9.09. CoNDITIONS ONDER WHICH APRON ’BBO’l:EGTION WILL FAIL

Owing to the flexibility of an apron, it can only fail in the following

ways, due to:— :
(1) launching taking P
rese;’Ve.

9) slips and *'} _
subsf)il water gradient resultin

lade beyond - the capacity of stone

“ ., 497 in the bank oceurring due to a steep
blow-outs lg f;'om a rapidly falling - river, or

abnormally deep breathing (fluctuating water Jevels) of sejveral feet.

(3) irregular dispdsition of stone on the slope due to the

pregence of layers of coherent material, such as clay, in the banks—

a3 exemplified by the failure of the Sara protection Bank.

4) 8 layer of coherent, or resistant, material becoming exposed
at th(e)toe, syt') that all stone reaching the tde 13 .Washed downstream
until all available stone in the horizontally-laid apron and in the
original slope above water level is exhausted, leaving part of the
bank-material exposed to the current and wave action— &8 exempli-
fied by the failure of the Right Guide Bank of the Hardinge Bridge.

As regards the above:
(1) should be prevented by adding stone;

(2) can only occur a8 & secondary effect, or with very large dis-
charges combined with abnormal flow conditions.

(3) and (4), falling aprons should never be nsed where the angle
of repose of the underlying material is steeper than that of the stones
to be laid in the apron, or where there are layers of coherent
material in the bank or in the bed above the level of maximum
geour,

0.10. REPRODUCTION 'oF BREACH IN TEE RicHT GUIDE BAXK,
HarDINGE Brice (SeriEs X)

L}

The eonditions leading to the breach in the Right Guide Bank of
the Hardinge Brid%e in 1933 were reproduced in & 1/500 scale geometri-
oully-gimilar model of the Bridge and River,* but model limitationst
prevented the, breach being reproduced under geometrically-similar
oonditions of flow. .

Fig. 9-11 shows the Bridge and Guide Banks in pla d th
where the breach oscmrred. € plan and the place

A large geometrically-similar model was then constructed

goale of 1/200, in which unnatural flow conditions were imposed. E[?hi:
Was necessary, because in nature the smaller the discharge, the greater
the vertical exaggeration; so that in a geometrically-similar model

velocities have to be exaggerated. - At first, 1/16"—1/8" grade stones
were’:med for the apron, thistioeing the approximate equivalent of ““one-
man’’ stone to scale;_but it was found to be too small to give correct
results due to the ratio of size of stone to sand being less in the model
than in the river—so 3/8" stone was substituted. o

hot -2) ' "
b }))00?.1 13. ;11.87 (Ph‘oto Sheet 9. ) shows the expenment after the slip

* Bombay P, W. D, T, P, No. 56 "R

oport on experiments carri i 7
o e o T B 1 . earried ont with models i
Boport, opne the Hard}nge Bridge, on the Eastern Bongal Railway,’i’n ﬂ‘;l?iﬁ:’ﬂt}-
t Ses Chapter 14, | )

* /
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FALLING APRONS

The following e-xtraets ‘from the reports of the Hardinge Brid
. %mfhajghe time of the breach deseribe I?rieﬂy the events asg%bseral:vgg
y them:—

_“Early in September a definite change in the ‘direction of the
main current was observed after it hag left the Damukdia Guide
Bank (Fig. 9-11) and the eurrent impinged on the head of the Right rig.o-n1
‘Guide Bank at about chainage 27. Dangerous eddies were observed
in front of Ch. 14 to 17......and on the 26th September at abou
4-00 hours this Guide Bank was breached between Ch. 19 and 22, on
& rapidly rising river. During the course of the day the breach
extended from Ch. 14 to Ch. 25 by erosion from inside the .embay-
ment. By 12-30 hours the breach was 1,200 £t. long and the embay-
ment behind was 500 ft. across. The river continued to rise and
on 2nd October eroded the narrow neek conneoting the head, and
allowed a clear flow from the embayment behind the breach, and
out again info the river. Reserve stone was rushed up and a retired
bund was formed to prevent further estension of the breach, and
river later subsided.”

An observer might have thought that the breach, which started at a
high level, was due to severe eddy action and strong ourrents near the
surface. The model, however, showed that the surface eddies were
practically harmless, while the severe attack was at the toe of the bank,
whaence stone was carried away and swept downstream. Stone from
above then slid down to replace it, only to be in turn carried away, and
this process continued until a patch of bank was denuded of stone and
the sand exposed just below the water surface. This exposed patch was
then eroded very rapidly under the combined action of wavewash and
breathing in the river. This filled the breach with water, which was
subsequently discharged back into the river with high velocity, sucking
out sand. The breach was thus due to stone being carried away from
the toe. This, in turn, was due to a clay layer being exposed at the
toe. : ‘

The breach in the mode] can be eclearly seen in Photo 1192 taken Photo Bhest
after the top of the bank had been denuded and sconred, but before %
appreciable flow had occurred from the embayment on the left. The
wooden frame shows the original line of the top of the bank. Fig. 9-12 mig. 012
shows the isotachs observed at Ch. 10 and 18 of the guide bank.

CoxprTIoNs AT THE TOE (SERIES XIIT)

In order to observe why the stones were being carried away at the :
toe, the portion of the bank where the breach occurred was replaced by -
a glass window through which movement of the bed material and stones
could be seen. The glass panel was made flush with the bank at each
end and extended from surface to bed. The discharge was then raised
to the value at which the breach had occurred, keeﬁnng other conditions
the same. Cross wires and battens were fixed on the glass to hold - one
or two rows of stones in place, when desired.

Axn excellent picture was obtained of what was happening near the
bank. At the surface, there was slow return flow; but at the toe there
was vigorous forward flow. Slight fluctuating flow was oceurring near
mid-depth, which was the base of the large slow eddy visible at the
surface; and the fact that sand deposited on the glass window at
mid-depth showed that the action there was not severe; in - fact it was
severe only near the toe, where sand and occasional stones were swept -

past at high velocity.

This was not, however, & steady velocity; but came in surges (about
2 to 5 per.second) with a surge of greater velocity at intervals of a few
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' izontal, not diving; but the

' w appeared to be horizontal, I _ ¢

B e mied wih the surges, peheps within an gl o7 * 10

Tlhrec %on s on the battens were not carried away by ebs th b_lges,

‘ f.e § ones ometimes rocked and sometimes earried away by fe tlgger

: sgrgwgse?ean 1 sand would remain on the glass under a group of Stones,
] .\

 being sheltered by them. _ _f N ek coment
rder btain & measure of the severiy oL .
cubegnlfé’(’l %;p,tzve‘z'e ;;wéred on & strmtg (1130 tlﬁ@tt(ﬁ 3 %zédrgggj ingls&]&;?ec:]gﬁ
i i ition was noted. Eltot tube _
glll{l:llll, :::clll lresgggdilggg Of;ade with the hot “wire instrument for various
condifions of flow. : '
The gige of cube remaining in position was 9" in the case of the flow

: : 11 when the eurrent was directed at the
directed info the embayment, 3%” gl cfther cases. The velocities recorded

i d 23—21 .
2335 t%ﬁﬁ,‘,’;’g gﬁﬁgkt&s. iThe maximum velocity reeorded at the toe

was about 3 ft/sec. when the flow was directed at the bank.

ire and oseillograph® for recording turbulence fluctuations
placﬁh??”h :vt:l I%i:xlrlz tﬁe ;oe,g;hgwed the most violent fluctuation when.
the flow was directed at the head of the guide bank,but nearly as much
under the econditions which caused the breach; for other conditions they

were relatively small.

.9.11, THICKNESS OF ‘‘ONE-MAN STONR' BESTING ON THE FACE OF
THE BANE AFTEE THE APRON HAS LAUNCHED

Engineers with experience of rivers can quote cases in which thin
contings consisting of spauls or bricks left on the bed or bank of & river
after work has been completed have withstood severe attack; but the
gafety of a bank, like & chain, depends on its weakest part, and the
Author holds that it is an unsound practice to use materials of low
specific gravity where stone is available at a reasonable cost; so the
formulsm proposed assume the ust of one-man stone of normal specifie
gravity—but see Appendix 4.

The thickness of “pitching laid by hand on & prepared bank above
low-water level” and the thickness of the ‘‘face stone required to protect
the 8coured face of & bank after it has launched” require separate consi-
- deration. Where the material is laid by hand above low-watey level,
s]ilauls or fine material can be laid as & backing and material graded to
fi the interstices between stones, so a relatively small thickness of
stone is then permissible; but there is little justification for assumin
thet a mixture of stone laid in an apron will tedistribute itself ag desireg
(behind and in the interstices of the stone) after the apron has launched
80 the thickness of launched material must be considered in the light of
past experience when velatively uniform material was nsed. °

Sir Francis Spring wrote:—t

“ After much oonsideration, and some hesitation in regar
the standardising of practice, v«’rhere conditions vary so ﬂ-tg%?; dmft(l)
8o little is reall known about them, the Authop ventl?res to put
forward the following table; more ag a general guide in aid of men’s
g;«v}x)leagg;gm%nt, E};‘gmt aﬁla rule totbe accepted as having been proved
reot, e table purports to give the thick in i
of F_he covering of rough heavy looseglstone pitcﬁix?gess{vlll?cﬁn%%?:
narily will suffice, from low water upwards, to pl‘eVEI’lt natural
%gﬁgiglhl;ankg of saalc};hfrolﬁn lll)eing eroded by th s -
- Puicing dropped through deep water, op whi :
~ Tatieally, and wﬂmh therefore wili)l probajb(l); gcl)lé ("b}; %gigf?xllllifﬁg-
*C.Land B, R. 8, A. R. (T) 193330 pp. 36, a7, . - :
t T, P. No. 188, Chapter VI, page 33, para. 15,
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' it will be best to allow perhaps 25 per ce i
. . - - nt *
inclined to believe that this table erllfs, if anytili?;, onTt]ﬁ sAa}l:h sgge'.l’g

L Fall per mils of river in inches, | ‘ 3 l

|

18 1

Sand Classification, Thickness of stone for slopes.

|
Very aoarse ‘ E iﬁ" i).gu ag"
Medinm . |[ 38" ! 34 40"
Very fine i 40" o 46" 53"

(Vote~This statement is deliberately abbreviated, as it is not recommended for nse.)

What i3 clear from Spring’s wording is that this stat '
tentative, yet it is still being followed.» atement wasvery |

Sir Francis Spring made, very tentatively, what appeared to be
a most plausible assumption, namely that the thickness of stone required
on the slope face depended on the slope of the xiver and the evade of
material behind the stone face. Actually, however, the thioT;ness of
launched stone depends mainly on the discharge, and s the viver oradi-
ent decreases with inerease of discharge—other things beinq.e(ﬁml—
slope, which is a dependent variable varying inversely as the discharge,
is unsuitable as a factor affecting the thickness of stone required; now
is the grade of sand a suitable factor to select, because, though fine
material behind the face stone would be more ensily sucked out, the
velocity in the river would be correspondingly redueed, thus neutra-
lising the effect of material; so the sand elassitication would not appre-
ciably affect the thickness of launched stone on the slope—though it
would have a marked effect on the minimum size of blocks requived to
withstand scour. '

In the model experiments, a single Jayer of small pebbles sufficed to
protect the underlying sand—so, very large models would be required to
give useful data, and even then the formula would have to be extra-
polated—always a dangerous proceeding—whereas it was known that
several feet thickness of one-man stone was required in the ease of
embankments in large rivers; and the data afforded a valuable check on
the accuracy of the formul® presented.

Thus bores made in the Damukdia Protection Bank (upstream of'
the Hardinge Bridge) where stones were exposed above cold weather
level, showed thicknesses varying from 5 to 7 ft.

This agrees with the caleulated thickness of launched aprons of the
Right and Left Guide Banks of the Hardinge Bridge—on the agsumption
that the stones in the original apron as laid had launched and none been
carried away, thus:— '

Tasre 9—I11L

Lieft Guide Bank. Right Guide Bauk.

; Year of | Thickness | Slope of : Yearof | Thickness Slope of
Chainsge. o cervation.fof stone (tt) Stone Bank,| Chainsge. Observation. of stone {{t.)| Stone Bank.

2 192021 55 | 24:1 | 29 |1931-32| 48. | 24:1
a5 |191990| 62 | 26:1 | 24 |[1931-82% 57 | 28:1
g 11932331 39 26:1

* T, P, No, 309 *“The Section and Armour of 8 Guide Bank for the Training and Control of the Great
Alluyial Rivers* by K: B: Ray, Deputy Chief Engineer, E. B. Railway. . L
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jations i @ gt d upon the direc-
riations in the slope of the gtone bank depen
tion lg?eﬂxv and the velocity—i. e. on the geverity of attack

and Katoreah, where the dis-

: Rt Kursela
As the Kosi Bridge betweer, iy £ the Ganges af the Hardinge

t tmore than one-third that of ¢
%I::&'gg ‘:ﬁz ﬁgad of the Gruide Bank was pub]ect to very severe attack,
and the original provision of 4 it. thicknéss of stone proved 1padequate,

and large quantities of stone were gubsequently addeq.
At the Sarda Bridge (13 R. K. Railway) where the discharge was
much legs, the thickness of stone was up to 4t -

Taking all the data gvailable into aceount, tue thickness of stone
reqbuired on the sloping surface to withstand severe action may be taken
fo be '

Face thickness =T =06 Qg‘
Where Q=discharge in cu. £f. per 8eCOnG.

9.12. S1zE OF STONE

Though the question of size of stone was not investigated—because
the Station was dealing at the time with problems in which the river bed
was of sand, 80 that ‘one-man stone’ was almost universally used, it is
obyious that the size of protection depends on the degree of turbulence
and 28 turbulence increases with the grade of material, the coarser the
material exposed on the river bed, the larger must be the stone protection.
For example: stones which would form a suitable protection if the bed
material were fine sand would be washed away if the bed and banks were
composed of shingle and boulders.

It is for this reason that in boulder rivers, protection generally t
the form of large conerete blocks or large wire clz)'ates conta%ning boilgg‘?s%

This question requires quantitative investigation.
9.13. QUANTITY OF STONE REQUIRED IN A FALLING APRON

The quantity of stone comprised in the stone face after i
depends on the angle of repose of the stone face, depth of sg;ul:uar;e(ﬁxﬁ%
thickness of stone cover required to protect the slope. ’

Spring—see Fig. 9-1—assumed a 2 to 1 gl
- ope thr
henoe the slope stone required per off. above low I\)r?ateli-l 01252102133"2;11%

. (R+F) where R=rise of fiood and F'=freeboard,

This may be accepted as a safe slope above low water level.

He assumed an average thickness of 195 T below low water—or

gtone =2 e D= i i
stone e'r % | L.282 DT, w ele.Dmdepth of maximum estimated seour

This also assumed a slope below low —
g:nntl@es shown by Spring in Fig, 9-(-)»1 ’Zﬁﬁ‘”{)gie% ,?0 %;1{:03 t‘f hich the
ve frequently ocourred, and Mr K. B. Ray * hag s’tated _ma, er slopes

“The materials of the armour act onlv
. only ag g ¢ ‘

;ﬁ:l T'l%i (Gruide Bank slopes should, thgrefoarefal;}: sglg; %r ;sfllope
shoulsci ]T;v %111;0 any external support. To insu‘.re this thy lem-
should har % Ong tﬁ%?bz ;mgle as t}’ll“il angle of repose’ of the’ mai?er?a?%i’

ich | wrwewss . The pres i “
rrlllhcllllulw?i :Hiiﬁ gglzxéil in alﬁuvium, ogl;ihﬁgﬁetfj b(:a]g ya;:i %la?nlfgng%

\ posed, at once makes:

%’Eﬂ?ﬁé‘?ﬁﬁ 11;%1;3 a:gm,;d: sizix;tmated clay,at}fc? vggf cfar;rgleijxfeg eaggﬁ
el that’the ctmg a8 a lubriesnt between,t i
ooy thak the angle of repose of the alluvium is 18° wlfi%hg?lgli;f

Mr R : . .
slope. 87 has then modified the original 8

® T, P. 509 Rallway Board, Govarnmt;:tr;‘t I;di;, p 18

30

pring values to fit g 3 to 1
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FALLING APRONS

Though slopes of 3 to 1 and even flatter have been observed under
exceptional conditions of flow, aprons with slopes of 2t0 1 are much
more common, and slopes of 13tol are found where the material is
angular and the atfack not very severe. It may be argued that this is
due o the material of which the backing is formed being different.
Even if this were so, it should be taken into account; but in the light of
the model experiments and general experience, the Author believes that
shape of stone and severity of attack have much more effect on the slope
than material of the bank, and that the slope—other things being equal—
tends to flatten with increase of turbulence and hence with inerease of
discharge ; but its effect is small—probably varying as about the 1/9th .
power of the discharge; and shape of stone is more important. The
Author considers that the ratio of slope face to depth should be based
on experience and judgment, but should not be assumed steeper than
9 to 1, nor flatter than 3 to 1.

As regards depth of seour, Spring wrote:—

“The greatest discoverable depth of scour as measured below .
low-water level, having somehow been ascertained—and needless to
say it ought to be ascertained at the expenditure of any reasonsble
amount of time, trouble and personal attention—"

but in practice, depth was generally based on
““deepest known scour for a distance of ten miles from the site.”
This practice has led to widely incorrect results, which is not surprising,

because vorticity at a guide bank far exceeds that normally found in
alluvial rivers.

In Chapter 8, all data which could be obtained regarding depth of
geour in rivers are listed, and shown in graphs. From this it appears
that the maximmm depth of seour at curved guide banks is about 275
times the Lacey regime de)th, or

(D+R) =27 x 473 (Q/ f)ﬁ
D +R)=13 QD

- or D=1 QDi-R
where D =depth below low water, and R=maxrise of flood above L.W.L.

On this basis, the slope face length
L={13 @p}- R}VI+EET

where (S.R.)=slope face ratio; so with T=06 Q?‘,the total stone per eft.
on launched face would be

T x L=006 Q?f{w Q- R}./i';‘“R"'(s. 3

\

ino 959 of the stone laid in the falling apron fails to seftle on
the ﬁﬁ;gﬁ:ﬂlebtotz‘i quantity of apron stone required per running foot to
protect the portion of the bank face below low water level.

=008 Q’u‘{l-a @n- RV ITERY

This question of slope ratio requires further investigation but success -

| will depend to a large extent on experience and gound judgment in its

application. Thus conditions will arise—as for instanee in estunries—

where the depth of seour will be relatively less. .
876054 ‘ o
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9.14. BEST METHOD OF- REINFORCING AN APRON
WHICE HAS ALREADY FALLEN

. v Bridee Committee desired to know ‘‘whether reinfor-
cemg;ﬂeshﬂfgfldl%geest be placed a8 & berm at low water level, or whether
the reinforcement should be pitched through grids moored over the toe

. of the fallen apron, and whether in the case of an apron which had
fallen, over which heavy silting had taken place, reinforecement should
be put out in the form of an entirely new "apron at low water level or

whether thjs would be too wasteful .

The answer depends partly on cost; but if it is possible to
dump stone from barges on top of the launched stone before it becomes
covered with gilt— see Fig. 9-13—this method has some advantages.
In practice, however, it will be difficult to distribute stone evenly from
barges, and deep silting generally occurs as the discharge decreases; so
in most cages stone should be laid a8 an apron at low water—se¢ Fig. 9-13,

+ F5.9-03

1 R emna{:f o C
| %wﬁrﬁﬂ[ apron.
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A

‘lg,a /P eibﬁmvhg a)oran_

PRLEL L
DMEL I v " van

%

STLE Lo
%%%@%%
%,.+ Jeposited sand, 3

X St

A

9.15. Suimary

(1) A falling apron provi : o
protection where thfln(;ﬁtgig?gfest & highly satisfactory form of bank

. h 31 1 .
sand or other incoherent matema,l? {;ﬁe itb‘?d or




FALLING APRONS

-

An apron is also unsuitable where e
launch satisfactorily because,

(¢) the angle of repose of th Teine Lo
than that of the stones? or ¢ tnderlying - material is steeper

(if) the material does not erode easil
bank consisting of alternate layers of Sandyaa:)?idcliﬁnl

(2) The outstanding feature of this form of protection isi S
in adjusting itself to resist attack. Attack nofmzfﬁ;msﬁrtls ]:3,‘ %ﬁ?ﬁlﬂ
partly because the slope is protected down to the toe, whereas sand in
expoquat the toe, and partly because, with a Slopinv’ bank,. the 1
conditions near the bed are almost always most servere s but Wwhere &fv.
attack takes place it invariably causes the bank to ,1'ecede t;'lii ,111
antomatically reduces the intensity of attack and causes more Stone to
slide down from above until no more sand is scoured from beneath it

(3) Provided the material of the bank has a or ang
repose than that of the launching stones; the iucliuatio?lat;?thngl?}tiuoef
on the slope depends mainly ou the severity of the attack, j é msi
the velocity, turbulence, etc. obtaining; and the severer the n(;miiti‘ours
the flatter the slope will be, and it may be as flat as 3 to 1, though 2 to
1is 1;;01-9 normal fgr dise}harggs up to 300,000 ensecs. Ne;u' thehtu;; of
gé91-1?51¥0 ??J,d where the river discharge is small, the slope may

(4) The thickness of launched stone found on the slope is such that
adequate protection is given to the sand beneath. If the seouring action
beeomes niore severe, stone falls and the slope recedes, brin"*mbg down
more stone from above, thus stiengthening the proteutigu which
automatically adjusts itself to the attack. The thiclness is searcel
affected by the quantity of matevial Inid in the apron or its diﬂpo‘:‘siti'm:lsC
but is determined by the degree of turbulence, whioh is due to the
magnitude of the discharge and the angle of attack.

onditions are such that it does not

y due to the

The thirkness of stone after launching.
. T=06Q

() The quantity of lannched stone required to cover the face o
slope to an adequate depth to proteet the material underneathcit gg;g
being removed by seour is determined by :

(1) the thickness of stone T="06 Qll 3 (where Q=maximum
discharge). '
and (ii) the extent of the slope fare from water level to the foe;

and, the extent of the slope face depends on, .

(@) the maximum depth of seour
and (2) the angle assumed by the material on the slope face.

The maximum depth of scour=13 (Q/f)ll 3 .
The ratio of slope free to depth will vary from 2:1 to 3:1 for
different conditions.

(6) Normally the supply of stone required to protect the face of a
bank launches automatically, and all that is required i3 to lay sufficient
stone in the horizontal apron; but in order to avoid undue slope
recession or to provide additional protection it may be advantageous to
drop some stone from barges. ere, as I8 frequentl¥ the case, sand
deposits on the apron as the river falls, it is better to lay the stone on
the sand after the river has fallen to low water level, to act as a rein-
foreing apron.
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(7) 8lips do not normally take place as a result of a steep hydraulic
fradient in the bank nor to the weight of a superimposed load; but
ocal slips occur when a river is falling quickly—due to the bank being

saturated above water level ' _
(8) A graded mixture of stone is more resistant to erosion than

stones of a single grade. ; _
(9 Rounded stones assume a flatter slope than flat elongated

‘angular stones. :

(10)5Falling gaprons of one-man stone laid on ineoherent sand
roduce an impregnable bank, but the coarser the material of the bed,
rger the stone should be, and experience shows that large blocks are

required in{boulder channels.

IO
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_ CHAPTER 10
CONTROL OF RIVERS BY GUIDE BANES AND GROYNES
. ; ‘ Page.
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- roeanders, to river training.
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GUIDE BANKS AND GBOIN;&‘.S
| o CHAPTER 10 L
CONTROL OF RIVERS BY GUIDE BANKS AND GROTNES'
- 1000. Intsovvcmox |

The earliest form of river control consisted of retired embankments

to prevent spill. At a later stage control was effected by means of

roynes, projecting from the banks designed to prevent erosion: and the
est-known groyne of this type was the f)enehy —headed groyne..

In the nineties, J. R. Bell introduced the Bell bund system of river
control, which was perfected by Sir Franeis Spring. The method now
recommended—which has been developed during recent years at the
Indian Waterways Experiment Station, Poona—utilises "the nstural
meander swing of a river to effect control

1001. River coNTROL BY DENERY T-HEADED GROYNES

A good example of this type of protection is shown in Fig. 10-1.
In that case a series of ten T-headed groynes were construoted along the
right bank of the Indus some 36 to 50 miles downstream of Kalabach—
to protect the Bilot Creek which feeds the Pabarpur Canal® These
groynes may be called ‘‘fender groynes’, the object being to direot
flow so that it brushes along the faoes of the groynes without developing
any considerable embayment between them.

The heads of T groynes extend some distance upstream -of the
shanks of the groynes—so, even if some embayment occurs hetween
successive groynes, the shank of the lower groyne is not breached: But
success depends mainly on the correct positioning of the groynes~
because if they are too far apart, 8 deep embayment is likely to ocour,
and if spaced too close together, they become very costly. Thus, each
groyne in this case cost about a lakh of rupees (£ 7,500), at the time
they were constructed, and would cost much more now. .

Denehy’s name has come down to us more because of his skill at
positioning groynes than due to the merits of his T-headed groyne,
though these are considerable.

Where groynes have been wrongly positioned, they ereate havoe.
This has ocglm-g:ﬁ 8o often in the past that—to quote ¥\ J. Balbergt—

- **& spur or groyne was usually snathema to the ordinery river-
~ training engineer.’ ‘

10.02. BELL BUND SYSTEM OF RIVER CONTROL AT BRIDGES
B AND BARBAGES ‘

This system, introduced by J. R. Bell, was further developed by Bir
Francis Spring, who worked ouf the quantity of stone required to be
stacked when the falling apron was constructed.] Under this system,
the whole flow of a river is passed through & narrow throat, which
should be equal to about 28 times the square root of the discharge;
whereas the swing of an alluvial river is often 10 fo 15 times as great.
It has been the practice to make the gnide banks of about the same
length as-the throat, and fo construct curved beads, with the -object jof
allowing water to swing round them, 8o as fo reduce severity of attack
compared with what would ocour were the guide banks to project -Sifra_lght
upstream. S : c rs

* L. W. E.S. A. B, (T), 1943, pp. 8-10.

$ Diseussion on Inst. of C. E. Maritime Papez No. 3
Eupnarain River in Bengal” by the Author. . .

t Gavernment of India ( Bailway Bp_ard) T, I’ 133 "'Blvg mming‘:n
aystem.” AN o X _ .

. . 319 -

(1946) “ Training Works constructed in the

Ol I R

. PR Y
d sontrol on the guide bank.
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L ont forming to such

, i 5 deaien ig to prevent an embaymen s

d Ttlﬁetﬁla?&it%fﬁlﬁmk tg the bridge could be bléeacjl?r%% T?r%ggg}
p 'elc)l i hasvbeen in favour for somie ﬁftY years, it is 1ar : p t’
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"1003. TaE APPLICATION OF NATURAL CURVATURE.OF FLOW, WHICH
18 ASSOCIATED WITH MEANDERS, TO RIVER TRAINING

The method of river control which has been developed during recent
years af the Indian Waterways Experiment Station, Poop@, congsists in
making use of natural curvature of flow associated with meanders.
This necessitates the development of a control point, to limit the swing
of the river, either by construeting s repelling groyne or by holding the
river permanently where desived, by a suitably positioned attracting-
groyné. In either case, the domipant factor 18 the correct positioning
of the training work—the position being determined by meander length
for the dominant discharge of the river at that point.

10.04. CONTROL OF A RIVER BY MEANS OF A REPELLING GROYNE

i
The Author in a recent Paper* gave an example of the use of a
repelling groyne to prevent a bridge being outflanked. This was located
(04 of a meander length upstream of the Bengal-Nagpur Railway Bridge
spanning the Rupnarain River at Kolaghat in Bengal, on the main line

12 between Caleutta and Bombay—see 126 and Fig. 1-12, 1-13, 1-14 and 1-15

' showing river conditions before the repelling groyne was constructed,
and 14 months after the groyne was completed.

In this period the river channel moved 2,000 ft. from the left bank
where erosion had previously been endangering the railway.

10.05. RIVER TRAINING UPSTREAM OF A BRIDGE, OR BARRAGE,
BY MEANS OF AN ATTRACTING GROYNE

A common problem is the selestion of the best position. w
b1:1.c19;e ot barrage, and the work necegsary to maigtain agprgii!?m?:ly
axiel flow through such & structure. This presants little difficulty where
the natural meander SWing 18 permanently held by local exposures of havd
atﬁata on both banks at points & suitable distanea apart—ag is th» case
where lime kankar is exposed on the l-ft bank af Benares, and 3 similar
outerop ocours on the right bank & few miles upstream.

More frequently, the river is held - ) ‘
: permanently on one ;
?ﬁ)t gu. c1{11e other, ‘hera gre then two alternativzs: eithzr tc? ?31(1)11;;1; b Tii-
e bridge at the point where the rivep h

suitably placed attracting is held by an outerop, with a

SHro8in0S WIS 10omm e ?&flfh ;tli?ut 04 of & meander langth up-

¥ie 202, {Fig. 10:2); or o coustruct the bridge, or by Sind Barrage at Hajipurt

length downstream of the naturs] fied %r";)nisl:rage’ about half & meander

* Manitime Paps No. oy [TY. -
attor model expwitga:.t‘g .l'glns,. C.B. ‘ Training works eonstraoted in the Bupnarain River in Bengal

}1LW.E.8.

+ AN

‘\‘ .
R.(T) 1944 pp. 65-57 and 08, ™ Design of Lower Sind Barrage at Hajipux,”
380



GUIDE BANKS AND GROYNES

Fig. 10-2
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END OF WobT.

(Fis. 108 rrom A. R. T. 194 or I. W. E. Stv.)

Where there is no fixed point on either bank—as is frequently the
case—the meander tends o progress downstream—the river channel
changing from one bank to the other over a period of years. Two fixed
points have tLon to be developed :—

(a) at the bridge or barrage,

and (b) at about G4 of 8 meander length upstream.

Sometimes a bridge or barrage has been built where it is unsuitably
placed with reference to the natural swing of the river. In that case an
attracting island, constructed upstream of the bridge or barrage, may
make it possible to centralise flow; but it will generally be better to
construet & suitably-placed attracting groyne about 04 of meander
length upstream. .

The above gives & geseral ides of the method ; but successful desi
necessitates being able to foresee changes which may take place in the
river for many years ahead; 8o no hard and fast 1:ules can be _aJ.d down,
and Success wil{depend on the experience and skill of the designer. »

In every case it is important—almost essential—to make use of
models in order to compare the relative merits of various alternatives
under various conditions which may sarise. Such models must have
correct scales—to ensure correct curvature of flow—and they must be
very large—~to minimise the effects of vertical exaggeration, which is

inherent in river models.
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FLUMING

Sheet 11-1

147. Model of Aqueduct 23, Nira Right
Bank Canal, as designed. Full Supply Dis-
174 cusecs, Width 34 feet.

Photo 149. Aqueduct 23 as constructed. Width
14 feet.

- “ g ‘)
ProTOS FROM BOMBAY T. P. No. 42.
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FLUMING
 CHAPTER 11

FLUMING -
11.00. IyrnopuoTION

Fluming, which consists in first contracti ing
section, is based on Bernouilli's theorem, g sad then expanding the
2
«%+~;~r«g-+ 2= total head above datum,

:iﬂ;—iel‘e p=pressure, w=weight of a cu. ff. of water angd z=height above
atum., ‘

Strietly speaking this formula applies only to a Alament; but it has
become customary to apply it to general axial flow and, provided there is
no curvature of flow either in the vertical or horizontal plane, itis
mtalderstood that V2/2¢ is not a true summation of all the point velooities,

% being & closer approximation, and losses due to friction are allowed
for, it can be usefully applied in this way.

1101. FLUMING TO ATTAIN MODULARITY

Fluming is resorted to where it is desired to produce hyperoritical
flow in order to prevent the downstream water level affecting the up-
stream water level, when fow is said to be modular. The discharge is
then dependant only on the upstream water level. This i the prineciple
adopted in ‘‘Standing Wave Flumes and Flume Meter Baffle Falls' '~
see Figs. 11-1, 11-2, 11-3.* * g,

11""'3.
11.02.. FLUMING TO REDUCE COST

Fluming has also been adopted in some cases to reduce cost of
construction both with hypereritical and hypoeritical flow.

In the former case, though & high fluming ratio reduces the initial
cost, it produces acorrespondingly high discharge per ft. and necessitates
much greater expansion downstream—both of which necessitate a
longer expansion; so the throat of a flumed fall i8 not normally made -
less than two-thirds the normal bed-width of a canal; but where it is
considered desirable that the depth of water upstream of & fall should
vary proportionately to the natural canal water level for a range of
discharges, a fluming ratio of more than 2 is required.t 4
‘ Photos 147 and 149, Sheet 11—1, show models of Aqueduct 23 of Photo Bhest
the Nira Right Bank Canal. As originally designed it was 34 ft..hwide ; -3
but was constructed as a flume 14 ft. wide. The additional loss of head
through the aqueduet was only 3”. |

11.03. FLUMING TO INCREASE THE DISCHARGE OF A STRUCTURE

Fluming is most advantageous where, the dischatge of a masonry
structure hag to be inereased. _ : .

When the Nira Left Bank Canal, Poona District, Bombay Presi-
dency, vg:s remodelled to carry 50 per cent more discharge, this kad to
be arranged with as little increase of head as possible, and without
closing the Canal for more than 5 days at a time. ‘ I

This was successfully achieved in the case of most of the bridges,
" aqueduets, and culverts, by adding carefully-designed downstream
eXpansions. . : . )
- #Note on. “Standing Wave Fiumes and Flume Meter Bafile Falls” L W. E. 8. A. B. (T) 194,

pp. 2755

LW
Jamp

. 8. A. B. (T) 194, pp. 4346 ¥ Design of proportionsl Standing Wave Flumes snd Height of

8 73038 387



paE BEEAVIOUR AND CONTROL OF RIVERS AND CARALS

e Nma Lier BaNE Canal HEesD REGULATOR

11.04.” BEMODELLING ap WITE LESS LOSS UF HEAD -

10 pags 50 PER CENT MORE DISCHAR

mple was the remodelling of the Head
Tlgg mggtﬂ:g el\?ff: ulllglf‘te])}(:nkp()anal._ In this case, the increased dis-
GRIfarge had to be passed without dismantling the Regulator, and there wag

no room to add more gpans.

Sticcess Was achiéved by l?ell-mouthing upstream and adding an
pig 15, expansion downstream.* See Fig. 11-6.

- ) Iq - » » - . beino‘ Of ’ea’t

ode] experiments carried out in this connection being of gre
ini:errjzelsll;3 ag*le summ%rised and deseribed below. The paper dealing with
these experiments has long been out of print.

(p) Notution— .
Q=total discharge in cusecs.
D,=depth of water upstreatm sbove sillof the sluice at Gi—
Flg 11-1,  vide Fig. 1L
' D,=depth of water downstream above sill of the sluice at Gy
A =area of waterway et the upstream end of the sluices
=4 ¥4 X spans,
=112 8q. ft.
/' P=difference of water levels’ upstream and dowmnstream of
the sluice under submerged conditions.
:Dr“" B
bg=head in ft. of water upstream over soffit of sluice.
g=opening of sluice=4 ft. .
Cp =coefficient of discharge in the formula
Q=Cq AvigH
=Cg x112x8vH
- =896 CgvH

« (b) DESCRIPTION OF THE MODEL

Bl The regulator af the head of the Nira Left Bank Canals at Vir con-
sisted of 7 spans, each span 4 ft. wide, with upstream gates 4’ x4/, The
sluices were 9 {t. long and had arched tops. The rise of the arch
=9 inches and the gate frames blocked the arch sector. In the Nira
Y&lley quelopment Project (1922) Rs, 20,000 were provided for inereas- V
}3‘1]% the discharge of the Nira Left Bank Canal from 455 cusees to
790 cusecs—by increasing the number of spans, This work would have

e ey Gl o ey o, nd vl v nered sl i

The model consisted of a singl . hi .
similar to the prototype. Thes ca,lg faggav%; s“l llmgch was geometrically-

Full supply di : s ad 3 :
e el i the prtatye <720 auses Lo e

The equivalent discharge in the model = 10286
3x3xy3
=660 cusecs. -

Two ganges xvére fixed j T
' the gate aud Gy =18 7 , aé%ﬁﬁ%-ﬁi‘l&"&%?ﬁbmg o3 ft. upsiream of

‘was first re-established. e gate—where natural flow

*Bombay P. W, D.“i‘—!-’.f.i (1935 “N
Left Bank Canal" by C. C. Inglis mii D. %“.EJ‘:);&;E:

riments with & Model of the Head Slu;ees of the Nirs

-
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TabLE 11-1

Experi-
monj Deseription.
Number |
1 2 _ |
g
1{a) De;igng:refore remodelling with gate bloeking nareh aaci.or'
ig. ) t
i (b) De. do. do.
2 |Samse at\Expt 1 but arch sBoctor &liod with 1 in 3 dwﬂrgenea
oy dfs of grste--shown dotted in Fig 11-4
Ri=]
=t 8 | Arch soctor Ailled with | in 10 divergence d/s of gate and 1 ia

10 divergences d/s of the slulee in sides, bed and top for a
longth of 10 ft.—Fig. 11--)

Arch soctor fifled with1in 8 dlvergonoe dfs of gote, otherwise
as in Expt 8—Fig.-11-8 -

~

and Iin 10 divergonees d/a of sluice. Gate was not fixed but
& gap equivalent to 2 wide in the prototype wnse left biet
woon the bell-mouth and the slulue to allow the gate to pa
g:rmﬁa and woater was aliowed to spill inte the gup——
g n.7 . .

Snme as B
the gap -

Belimonth uls of gate, arch saoinr filled nith 1 in & dworgsncu]

t §; but water was prevented from spilling into
“ig. -8

Sams as Expt. §; but with areh sector filled with 1 in 2 diver-|
genes dfs of gate--sbown dotted in Fig. 11-8: water wa
spiiling into the gap -

Sawe as Pxpt 8; but with areh secior filled with 1 in 2 diver-
geuce dfs of gate--sho“'n dutted in Fig. 11-8; water wa
prevented from spilling iute the gap

Discharge
feusocs).

3

(A5

720

720

724

720

-T2

720

70

10.344

11 450

11.385

11.28¢

11-203

fi.

$-51

i6-50

1050

16-50

i0.50

le-50

" 16 50

i8-50

H in Expts. Cgin Expts.
- P 2-14 2-14
it = + + Remarks
. | ft. 3 in Expt. Cgx nExpt.
_ 1. 1 (. _
6 | 7 8 9 16
o 774 0831 w+  |In prototype, H wns 0:80 ft. ond
. G = 0-817 withk Q =855 os.
| =1o-s0tt.
and
D, =9-50 tt.
4-9H0 0-808 19 1.9 )
0.8-5 0-852 0.8 1-08
‘0780 9-910 0.70 1.18
o 705 0 957 6:71 1-18
) !
6-405 1-624 0-41 1-56 .
6 240 1-840 a-24 2.08
412 | 1240 ¢ 42 1-53
]
¢ 1
9-248 | 1-619 623 2.00

ONIRA'LL



- 968

Tasre 11-T—(contd.)

B“parf - B ix; %x!;tg‘ GH in Elptﬁ‘
3 -14
menst Description. ]:fe!h’! :f° D, Dy g Cq + - 3-41-4 * Remarks.
Numbor, . fi. It. d ft. H in Expt. |G, o Expt.
. ) R 1) -
1 3. 2 4 N 6 7 8 8 b I
. 9§ {Bame as Expt. §; but with arch ssctor filled with 1 in § diver- -
gonee d/s of gate showm dotted in Fig. 11-8; water wss{ _
spitling into the gap . 720 19.936 10-50 0-426 1.292 043 1-33
10 |Same as Expt. §; but with arch sector filled with 1 in 5 diver- . \
gonce dfs of gate—shown dotted in Fig. 11-8; water was
pravanted from spilling into gap . 720 lg-752 1060 0.252 1.602 4-25 188
11 |Bellmouth ufs of gate ; arch sector filled with 1in 3 divergonces ’ .
and 1 je 10 divergences d/s of slnice. Gato was fixed with N
- bottom of gate flush with bellmouth—Fig. 11-9 and 11-10. 72¢ 10-474 10-5¢ 0-174 1.997 2175 2.38
12 [Belimonth ufs of gate; arch soctor filled with 1in 3 divergene -
but withount 1 in 10 divergences dfg. A gap 87 wide between;
bellmouth and sluiee and water was spilling into gap—|
. Fig, 11-11 . N I 720 11-181 19-50 0-681 0974 0-88 1-20
18 |Same os Expt. 12; but with gate with bottom flush with boll-
mouth—Fig, 11-11 N ves 720 10.847 1068 0447 1.202 .45 1.48
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FLUMING
(c) EXPERIMENTS AND CONSIDERATION OF RESULTS \

The masonry of the sluices in the prototype was of d
(2nd sort) In the model, this was repi-eseflytgd by rguggo%?s% c:l:::xlxi
plaster to obtain approximate relative roughness.

Results of fxperiments are shown in Table 11-Iand Fig. 114 to11-1;. %‘:&:ﬁ?
: t
Experiment No. 1 (a) °

Conditions were the same as at present at Vir, the arch seot in
blocked by the gate frame. p i ek b 8

At Vir In model
Q (cusecs) .. 6550 .60

D, (ft. 9:50 317

The loss of head in the model was 0°258 (equivalent to 0°774 ft. in
the prototype), while at Vir, the observed loss of head was 08 ft.; the
coefficient of discharge in the model was 0-817 against 0'831 in the proto-
type indicating that the model roughness was a little too great.

The flow downstream of the sluice was of the drowned standing
wave type and hence was highly disturbed and there was return flow on
the surface from 65 ft. downstream of the sluice—vide Fig. 11-12 below rig. 1112
—equivalent to 19°5 ft. in the prototype.

Fi1G. Il =12 .

|
Lt
(1) |
|
l
"S‘S.‘Ef AR 1;_' AN
Q Yy
\) ~
% o 3
,
AR \.L\l\llm
|
|
®
O
y .
. i
5
“ -
N

\i

(F1c. v ¥roM Bousay T. P. No. 54.)

Erxperiment No. 1 (b) - "
i —66 cusees (equivalent to 720 cusecs 1n the prototype—
whieflvglafthhe designed Full Supply discharge at the head of ttie thfla.
Left Bank Canal) and D;=3'5 ft. (equivalent to 105 ft. at Ca.n?_ 0-883 )
the loss of head was 0'33 ft. (=099 ft. in the prototype) and Caz= ’

Erperiment No. 2 , o
In order to reduce the loss of head due to sudden expansion down-

: tor was filled with a 1 to 3
stream of the gate frame, th%‘i ;mlljll .4?,80 %’ith o ommcs il Dyms i

divergence—shown dotted in Fig T8 el was 0852,
) ' : d was 0295 ft. (=088 £$.at Vir 5 2
%gef%é:ri}l] ?ols,%s?fi?)t c%igpa.red to experiment 1 (b) above —(previous condi

tions at Vir)—was 89'4 per cent, and the inerease in Cg was 3°44 per
» cent.
s 7-59—-59 . 397



THE ]?;EHAVIbIJ.B AND qdmon op BIVERS 4D CANALS
Esperiment No.3 | k
s copnt om0 01 S b
:f&asnan]:lgarghed top all diverging at 1 1n 10—as .shown. in Pig.. 11'_5 _
and 11*10(;)' C[;he. aven of waterway at the gate= 16sq. It. jﬁ. the prototype.

" (#) Do. in the sluice= 1806 sq. 86 ‘_
(#) Do. atthe end of the 10 £t. length of expansion downstream
of the sluice =42'02 80. £t.

i O = 720 Susecs ot discharge of 10286 cusecs, th;‘qu gh each span,
the 32'11;:?“%3 at (0), (#) and (i) above worked out fo 643 ft./second,
569 f/s, and 2'45 £/8 respeetively; i. e. the velocity at._the end. of the
‘downstream expansion was veduced to 0'38 times the velocity at the gate.

Though there was some return flow downstream of the sluice, the

. flow wa# much less disturbed than in experiment 1.

' With Q=66 cusecs, and Dy=3'5 ft., the loss of head was 026 ft,
(2078 £t. at Vir) and Cg was 0°910.. The loss of head (H) as_compared
to experiment 1 (b) was {hus 78'8 per cenf; and the inerease in Cax was

. 127 per cent. :

~

' pig-11-6. Enperiment No, 4—Fig. 11-6

~ Conditions were as in experiment No.3; but the arch sector was
flled with 1 in 3 divergence downstream of the gate.

. H=0268 #t. (50705 £t. at Vir) and Cr=0-957.
The loss of head (H) compared with experiment 1 (b) was 71-2 per cent
and the increase in (g was 18'4 per cent.

P 17, Experiment No. 5—Fig. 11-7

A bellmouth was then construoted upstream. A gap 28" wid
(=8" in prototype) wes left between the upstream face ofgtge fexistilsx(fr
masonry and the bellmouth, to allow the gate to pass through ;. but the
gate was not fixed. Under these conditions, water was spilling into the
gap left for the gate, thus causing interference with the flow. )

With Q=66 cusecs and D,=3'5 fi., H wag 0135 405 ff
ah Vir) and Ca=1264- the loss of head iH) being 41 per f&f Oai?lﬁ tﬂ; |
. inorease in Cx was 56'4 per cent compared with that in experixﬁent 1 (b).

Fig. 118, Erperiment No. 6—Fig. 11-8

In this experiment, water was prevented fr illing
by raising t];e wall of the pen~moutlf1, and as ;ogggﬂhn ::rl:g tfhe%;%w ‘
,g&;lgic}zt% 31204; lﬂ.oafntdh Ct?'mcrease.d to 164, i.e. the loss of hesﬁ; (I?)‘
T08 per oant. at1n experiment 1 {b) and the increase in Cg was

* Eyperiments Nos. 7 and 8

In experiment No. 7 the arch sector beh; ~
e T st et (s £ e, v
0.13% eél{eritgilit 9, and water was allowed to spill into th —— being
- ' (20414 ££.) and Ca=1"249 againgt H=0135 £t e gap; H was
in experiment 5. In other w . and Cp=1264

ds s li -
frame Woe 106 80 2000 a5 a 10;;1 33 a:i ilvtxlxée:;l(;;e).mvergence behind the gate

In experiment No. 8 conditi - |
vented from spilling uto th;hga].l; Wﬁ‘e the same, but water was pre-

0082 £t., and Cy increased from .-249 to ¥3f9 reduced from 0138 . to

398
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FLUMING

* Fapertments Nos. 9 and- 10,

The top divergence in the arch sector downstream of the gate was |

‘then altered from 1in 2t0 1 in 5. When "water was spilling into the '

gap—experiment No. 9~ was 0142 ft. and €,=1:239:

was spilling into the gap in experiment No. 10, H ?;viswg}?)&ngtw:tﬁ
Ca was 1602, t(;felgﬁ b wae inferior both fo 1in 3 und 1 in 2top diver-
ence e ¢ irame. 1in 3 div .

§pﬁmum. 1vergence was approximately the

Experiment No. 11

With a bellmouth upstream; the arch sector fill6d with 1 i
j ‘ 3
divergence downstream of the gate frame, and 1 in 10 divere in 3
stream of the sluice—FRig. 11~9gand 11_10_’ 111‘1 divergence down
In this experiment, the gate was fized upstr i
bottom of the gate beilfg flush with the belln{)outi?m of the sluice, the
H was 0038 ft. (=0'174 #t. at Vir) and Ca ‘was 1927—the loss of

head (H) being 175 per cent of that in experiment S
in Cg =138 per cent. \ periment 1 (b) and the inorense

Erperiments Nos. 12 and 13— Fig. 11-11

In this series of experiments, the 1 in 10 divergences downstream of

the sluice were removed; otherwise the conditions were as in experi-

ments 5 and 11. In experiment 12, the gate was not fixed and water

gas Spslllng into the gap; H was 0227 ft. (20781 ft. at Vi) and
H-’:U' 4. *

In experiment No. 13, the bottom of the gate being flush with the.

bell-mouth, H was 0-149 ft. (= 0"H7 ft. at Vir)and Ca=1202. The loss
of head (H) was 432 per cent that in experiment 1 (b) and the
increase in Cy was 488 per cent.

Considering experiments 1 (b), 4, 11 and 13, it will be seen that the
saving in head due to the downstream expansion without the upstream
bellmouth (ride experiment No. 4) = 0:99'—-0-705" = 0-285'; whereas, the
saving in head due to 8 bellmouth upstream without the downstream
expansion (ride experiment 13) was =099'—0447'=0'543 or nearly

Fig. 11-9
ig 11“1‘0-

Fig. L11.

.double the effect of the expansion; and when there was a bellmouth up- -

stream and expansion downstream (ride experiment No. 11), the saving
was= 099" —0-174 = 0816 ft.

(d) EFFECT OF THE DEPTH OF WATER IN THE CANAL
ON THE COEFFICIENT OF DISCHARGE

Experiménts i, 6, 11 and 13 were carried out with D, = 35 ft.
(=105t at Vir); 32 £t (= 96') and 3°0 £t. (= 9°0 £1.) and the coefficients
of discharge were worked out. Fig. 11-13 shows the relationship bet-

- ween Uz and h,/x. | | |
where h, = head in ft. of water upstream over soffit of the sluice and
x = the opening of the sluice =4 ft. _

It will be seen that as the depth decreased, the coefficient of dis-
charge increased.

In experiments 6, 11 and 13—with a bellmouth upstream--surface
vortices formed above the slnice when the downstream depth over the
top of the gate was less than 3'3 ft; at thig limit & vortex forqled at 15"
upstresm of the bellmouth at long intervals alternately on either side
of the Approach Channel through which & few air bubbles were sucked.
As the depth downstream decreased, the vortex grew biggerin size—
about 9” to 3" in diameter at the surface, and formed at more frequent
intervals. The vortex formed when the pressure mear the top of the
gate entrance fell to less than the depth of superimposed water, due to

Fis: 11‘1”- '

the combined effect of high velocity and curvature of flow. The effect

o the discharwe due to air insuction was, however, negligible, and
the value of Cx gincr,eased slightly as the depth of water decreased.
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(5) Summary

(1) With the old. design at the head of the Nira Left Bank Canal at,

| Vi, ‘the loss of head With Q=120 ousecs snd Ds =105 ft.—experi-

T S Wig, 11-4—  alent to 0 99 feet and C.=808.
gt (b)"v;!ﬁg' 1111 .:hewzlgafg Toof expangion downstream of the gate
(2)bmalsmig i111 3 top divergenc® ~which was -fogni 01335;)a the begt
ﬁli':'le]iegegsewreduced the head by-lO:G per cent and gd-- st,;pm "
(3) The addition of an expansion 10 f%thh:dgi) 02‘?8 eam 1(1)1; ang
glnice, with 1in 10 dige;gex}ceri,l redu'ced the head by p
=()957 —experimen 11- . ‘ '
CKW&?A?. b:alrlfﬁz’ﬁh (Wi,hblﬁi s 1in 10 downgtream exp%%smﬂ ﬁduced
the head by 548 per cent and Ca=1302—experiment 13., g. 11-11. _
(6) The two combined reduced the head by 825 per cut and
(g=1'927—experiment lli‘}i‘lg. :J[l%;)) anqt;llnlo.t pilling oﬁr .
iment 5 (Fig. 11-7) with Waler ; -
mougl? I}Igcix 1?111';1(?1 tﬁe g'éteggap, H was 0405 feet andd()ﬂf:i:llﬂfi ﬁn
‘experiment 6 with bellmonth raised above water level and spill stopped,
T was reduced to 0240 feet and Cx=16%0. Similarly, in experiments 7,
8, 9 and 10, figures were— ‘

Experimeut- No. H(t.) . Cq
7T 0414 1‘243

8 0246 1:619
9. 0-426 1232
- 10 0252 1:602

When the gate was added in experiment 11, its bottom being flush with
the bellmouth, H was reduced to 0-174 feet and Ca=1'927.

These results showed how important it was to bring the bellmouths

ahove water level—to prevent spill—and to have gates which, when
olosed, are flush., .

A module could probably be evolved, based on this princii;:le, for
waterworks regulation ; but it would not be reliable forirrigation outlets, *

beoause it could be easily tampered with and would be liable to get
choked with floating matier.

(7) The coefficient of discharge increased slightly as the water

~ depthin the canal decreaved—Fig. 11-13—Cpg varying from 0808 with

10°3 feet to 0877 with 90 feet depth in experiment No. 1 (b) (the existing
design); and_from 1927 with 105 feef to 1978 with 90 feet depth in
experiment No. 11—with a bellmouth upstream and 1 in 10 divergence
downstream and gate flush. This was the best result obtained.

(8) It was originally proposed to increase the head regulators to 10
gpans ?;t a_cost of Rs. 20,000, and the head\requirede,gwguld hgve
been 6”. With & bellmouth upstream and 1in 10 expansions down-
stream, costing Re. 5,800, the head required was only 2 inches.

(9 The reduction of loss of head into the Nira Lef b
Vir, was important; because the erest of Vir mlre?r v?ag llglgflﬁga%n:&&

the sill of sluices—so0 with water in Vir basin at 10 AP

: ] X he
normal maximum level, the maxi asin at 10°7 feet, which is
was 670 cuseos; but with the bellxrlr?;:lli?l discharge that could be passed

720 cuseos could be passed with some }flr:;%osfg ansion added, the full

to spare.
_(10) With the s . : X .
ment 1 (5) and the saa?llrfe gggit;nl;pss?lfam ad downstream a8 in experl-

R Y ) experiment 11, Cg=18 th
?;{ﬁ}i‘ﬂf n=2 16"0;{_42 (hy/X) as a’%]"'i%‘« Ca=0-808; lii.e.li;]:ua‘(': é%gﬂnargg
(of th increased 3'3 times—in other words, the dischaige of sluices

¢ ordinary type installed af the ’ ge

head of the Ni : 1al)
could be more tha,g doubled by remodelling on guﬁgzikgfg Eﬁfﬁ Oanal)
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FLUMING

Alternatively the same discharge could be obtained with 1/6th the

head. In practice the resnlts were not quite s ; -
losses induced in the canal. of quite 80 good, due to inoreased

(11) Inferior results were obtained when the velocity .through th
barrel excee_zded J‘g‘D-where_ D=height of barrel of ai)gilgg. e e

11.05. A CASE IN WHICH THE EFFECT OF FLUMING WAS OVERLOOEED

Tt y&a.s desired to pass an increased discharge through an aqueduot,
:'u;1 whliash there was a central wall which divided the flow into two
channels. , '

With the iniention of increasing the discharge, without having to
jncrease the water level through the aqueduot, the central wall was
removed. When, after the central wall had been removed, the same
discharge a8 before was pagsed through the aqueduct, the water level in

. the aqueduet rose several inches and overflowed the side walls.

The explanation is clear if Bernouilli’s theorem is borne in mind
%+% +Z=const '

beoause, as the kinetic energy head decreased, the pressure head, i e
the depth—necessarily increased.

§ 75960 403



REMODELLING AND MAXYMUM RUN-OFP
T CHAPTER 19

_ POINTS WOATH CONSIDERING WHEN DESIGNING AND
REMODELLING CANALS AND RIVER WORKS

’

) ) ’ ' . . Page
12.00. Introuction — 407
12,01, . The misuse of groynes ... .. w407
12.02. Interference with natural flow round a bend w407
1208. Objections to inducing sn increased charge of sand to enter a

canal to reduce scour In its head reaches re 408
1204 Relative merits of canal falls and regulstors for absorbing excess -

energy - 408
12.05. *Maximum flood " formulae ... e . 409
19.06. Anpual run-off from catchments o w418

405-



BEMODELLING AND MAXIMUM EUN-opy
CHAPTER 19

POINTS WORTH CONSIDERING WHEX D ING
AND REMODELLING CANALS A§]§IGNING .
© - RIVER WORES

‘12-0'0._ INTRODUCTION

The frst point for consideration is whether in aﬁy particular case

the aim should be to make the design fool - e
have a flexible design, liable to fumﬁg misug?“f’ and hence rigid; or to

Experience shows that water generall behave ite di

_from what commonsense would lead one toy expect ; sso?:ggndl'gf: g&%
intelligent will blunder unless they are restrained by long experienoe
or sound advice. Unfortunately, s considerable proportion of imigation
engineers who bave little knowledge of hydrodynamiocs and still less of
the complex factors which determine the behaviour of rivers, consider
themselves competent to issue orders on river eontrol problems merely
because they have, in the course of years, become senior. The result
has nearly always been disastrous; yet the same mistakes are repeated,
again and again, just as soon ag the last blunder has been forgotten.
For thig reason, there is much to be said for foolproof designs,

A few examples of oft-repeated mistakes will be stated in the hope
that those about to commit them will be deterred.

12.01. THE MISUSE OF GROYNES

The most general mistake is to construet & groyne at the point
where attack 1s taking place, oris anticipsted—the idea being that a
groyne can be used to deflect low away from the point of attack.
Actually, such a groyne attracts flow towards it, and henoe intensifies
the attack, This was well-known sixty years ago, and probably long
before that; and the experienced bave long considered that rigid train.
ing works were anathema.® Though this 18 not quite true, it is a good
working rule for the inexperienced.

In general, it is unwise to attempt to resist attack where it is
fiereest—unless there is no alternative; but the energy of flow of a river
can often be utilised in such a way that the desired result is attained at
a relatively small cost, In general, this can best be done by attractmg
flow away from the point of attack, by an attracting ]ﬂ)yne constructe
on the opposite bank or by a suitably-positioned repelling groyne.

12.02. INTERFERENCE WITH NATURAL FLOW ROUND A BEND

Fie. 1-5 shows a crogs section of a river flowing round a bend, thes
depth bgeing very much greater at the outside of the bend than near the
inside, due to the velocity at the outside being much higher than at
the inside, Despite this fact, there 18 3 tendency for engineers to
design bridges with piers of uniform depth from bank to bank anél t?;
throw stone into the deeper portions in an attempt to maintain a consians
depth of scour across the river.

When this is done, flow becomes Seriously distorted, and erosion
takes place on the outside of the curve downstream of the brllggﬁ, Tﬁﬁ
Serions consequences—as at Surat, where the City’s walls, which exte

up to the river’s'edge, were undermined..

L S

- Beeo Discossion by P J. Salberg and Rap] Y Inst. C. BE. ll‘lurétiini“l’apal No. 3 *'Traini}lz' Works
Songtrusted in the Rupusrain River in Bengal’' by it Clande Inglis, G. 1. B .

t L W. 5. S, A. R, (T) 1944 pp. 87-90.
¥ L W.E. 8 A R. (T) 1944 p. 87-90.
8 769—61 . .
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THE BEHAVIOUE AND CONTROL OF RIVERS AND ‘CANALS

: ' porrage is built on a bend—as was the

r secgllil]guixan’ll‘%g l:vﬂgﬁgv%}oﬂ the outside of thebend is then
case_(alt Sbl hi'ghér than at the inside, and the dlscha,rgﬁ) through the
consl ezathg Sutside of the curve is also g;eater than at the 1n51_de of t];e
pmig Normally this is not interfered with, but orders were issued in
‘1’&?44 to maintain a constant discharge through al% tlﬁq s%pa,?sd of the
Barrage at Sukkur; and ﬁm 4 1%931;.;11;, flow was highly distorted, and

inereased by more than & 100T. .

aﬂuﬁl;lg;ieﬂd be ricognised that Nature knows her job best; and though

she can be persuaded to do what is desired by tactful treatment, she
resents being coerced. ,

12.03. OBJECTIONS TO INDUCING AN INCREASED CHARGE OF SAND
70 ENTER A CANAL TO REDUCE SCOUR IN ITS HEAD REACHES.

 Where the bed of a canal is scouring, attempts have sometimes
been made to eheck this by regulating so as to pass a large charge of
coarser material into the canal turing tﬂhe flood season. Thls is unsound,
because even though the excess material may temporarily check_scour
near the canal head, itis subsequently carried down the eanal in the
 fair weather season and will eventually clog those channels which have
ingufficient slope ta tarry the increased charge. . '
The only conditions under which it is justifiable to pass an inereased
charge into & channel is io order to relieve another channel which has
too flat a slope to carry its load. N .

There seems to be an idea that if trouble should arise in a canal due
to excess sand having been passed into it, this ean be checked by merely
excluding sand when the trouble arises. Actually, however, cnce the
sand has enter~d & canal it has to be accommodated somewhere in the
system.. At 9rat this may not cause frouble, or may even improve
matters near the head ; but after a few years the inereased charge will
reach & part of the canal where it will cause trouble ; and stopping the
excess Band at the head when trouble starts will not prevent the excess
which Las been entering for several years continuing to pass down the
canal, and this wi!! continue until the whole excess has been absorbed.

A good example of this is the Mithrao Canal into which a heavy
charge of sand began 1o pass when the Eastern Nara was remodclled to
form part of the Barrage system of canals.* Though the excess charge
was excluded before the full supply discharge at the head of the canal
had been seriously redveed, the sand which had previously entered the
osnal wag carried down to the middle reaches, causing the bed and
water-level of the canal to rise considerably so that the banks had to be
raised by several feet. _8till more serious' damage will result when the
. coarSe material passes into distributaries with flat gradients, reducing

theiv discharges, and interfering seriously with irrigation~—necessitating
continuous removal of sand. ‘

‘) »r
1..’.04. RELATIVE MERITS OF CANAL FALLS AND REGULATORS FOR
ABSORBING EXCESS ENERGY '

Where it is possibie to predict tﬁe slope 7of a ¢ | |
_ | re ’ anal he
gxel:l_t that the oanal will stabilige to a natulz-al regime I:mc,i ?hﬁa%la,l{lg:ntbe
esigned so that downstream scour is eliminated ; Whereas with a regu-

lator & mistake in regulation ma i

¥ hdve serious consequences. For
example, the Author hag known in whi q Y ‘
developed below a regulator in & fow | which & 40 ff. scour-hole was

: N in & few hours as a resnlt istant
Engineer ¢ s ogr 1 8 ] ! result of an Asgistan
reg%lla t;e;:n‘_ trying out thg relative merits ~of various methods of

*C.L&H.R.S A R.(T) 19401 p. 16,
' 1941.49 p. 19,
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~ Another argument in favour of a fall is fhat there 3

dunger of water being headed'up sbove full supply levelthan 1 the crgs
wheirq, th&er% ISY gnrgfula,tgr; fbeg:%se l?n unauthorised level cannot be
explained away 1n the case of a the water 1 ; : ‘
Jerermined by the discharge. ’ ater level being automatically

- .
Where, however, the slope of a canal cannot be predicted wi

certainty—as is generally the case—a regulator is preferall))le, bec(zi;ug:tgtl;
gives much_ more freedom of control. The difficulty of predieting slope
was examplified by canals taking off from the Right and Left Banks of
the Sukkur Barrage ; it was assumed that the slope would be the same
for the same discharge in the Right and Left Bank Canals; and the
designed slope in the Rohri and Rice Canals was 1 in 12,000. The slope
in the Rohri Canal on the left Bank flattened, however, fo 1 in 20,000;
wheress the slope in the Rice Canal steepened to 1 in 8,000

Water levels upstream of a fall can’only be satisfactorily raised or
lowered by narrowing or widening the throat, or by raising or lowering
the erest—the latter necessitating reconstruction on a large scale —so any
considerable retrogression downstreamn will necessitate & large amount of
rebnilding. For this reason falls ave not satisfactory where the slope
cannot be foreseen, unless a regulator is also constructed some miles
downstrean, which can be used to head up water should this be desirable
in order to maintain the downstream water level within the suitable
range. Probably the best solution is to dissipate energy on 8 large scale
by a fall, supported by a downstream regulator to ‘take np’ unpredictable
vaviations. '

In the light of the above example, the Author feels that it is
generally better to design foolproof structures rather than run the risk
of serious damage resulting from bad regnlation of sand and water,
This assmmes, however, that thoge responsible for the original designs
know their job thoroughly. Unless thiy is the case, the less rigid the
desizms the better—because mistakes can then be rectified.

12,05, *“MaXIMUM FLOOD”' FORMULE

off formlue are at present apt to be swept aside ;
either because they have not applied in a particular case or because they
are considered to be unseientific, or out-of-date. It seems desirable,
therefore, to explain the uses and limitations of such formula.

Empirical run

HiIsTORICAL

formule- and Whiting’s curve

Three empirieal “maximum flood e 191, Fig. 191

(Bombay) have been widely used in Indi

Colonel Dickens’ formula (Bengal) Quex =829 Aa (1

Ryves’ formula (Madras) - Quax=C Al e ()

| . o~ _T000A
Inglis’ fan-catchment formula Qua= Ty er) e (3)

where Qua.=maximum flood discharge,

A =ares of catchment in square miles,

| = ; hich Ryves put at 450 within 15 miles of
¢ =s gﬁi:;ingfigfylgrom% to 100 miles and 675 for lmlted

- areas pear hills.
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r7E BEEAVIOUR AND CONTROL OF RIVERS AND CANALS

s formula was based on only 4 points. He assuméd .

11 on 8 acres of 4" an hour. '
3" an hour for small rivers (50 sq.

Note—Dickens

(1) A maximum rainfa

@ 8ir P. Cautley’s rule o

" miles). 2

(3} 1,‘1;111 dgscharge equal to1/8 inch per hour from the. 7,000 sq. -
miles of the Damodar catehment, and o

(4) A flood discharge observed on the Son equal to 1/10 inch per
hour over the Whole area of 27,000 8q. miles. - |

Two points in these formulz are worth noting :

(i) the exponent has progressively decreased from % in the earliest

formula to  in the latest ;.

and

(if) the estimated run-off has progressively increased—except that

Ryves figures were lower than Dickens; but Ryves figures were

Iy to designing the suitable waterway of‘structures rather
%ﬁnmﬁggfg the m%nximum possible flood and, as & consequence,

they were lower,

Subsequently, various engineers have adopted higher coefficients

both for Ryves' and Dickens’ formule—up to 1,600 being used.‘

TaBLE 1'2-I.>

Indian Date (Bombay Presidency) fan-shaped catchments
(from Bombay P. W..D. Tech. Paper 30)

Catchment

8 No. Name of Biver and ganging slte. ) Qrea in. ﬁ‘;ﬁ?‘%‘;“:ﬂ:;s.
29 | Blkruk Tank ~ | 199 88,269
30 | Mutha af Khadakwasla Dam o 196 1 75,106
31 | Kadva at Palkhed - i 3141 54,116
32 | Koyna at Helvak .| 359 | 113,064
83 | Vardha at Banwasi ' o 4440 85,029
34 | Aner at Ganpur ] s | 160,168
35 | Hathmati at Himatnagar S{ 524 | 158,112
86 | Mula at Chikalthan s | a5
37 | Muls at Tas ‘ e 591 62,940
88 | Pravara at Ojhar v 621 38,694
89 | Vaghur at Raipur - e 00 | 47,795
40 Nira at Vi; . 700 10,000
41 | Panjhra near Nahalad . o 802 | 171,018
42 'Mula-Miltha at Jamsetji Bund, Poona o 884 | 166,262
43 | Mula at Rahuri | 900 | 74,985
44 | Panjhra near MadhiAmalner-. 41057 184,959
45 Girng near Malegaon, Nasik +o 1064 | 169,318
z: E::ipir“:ﬂ: ;ta fd],lj:l Weir } 1080 | 184,500
2L _ adhmeshwayr 1650 ) 192,181
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%
Indzcm Data} ::;:ztfov:tfﬁ g%:fzic t:;c Ii'lgzge' l:gffctzva works,
by M. Edgeoombe (No. J152)
S B N Ty P T
48 'Gangan .| United Provinceg ! q7 94,995
49 Gag:ai \ .{ U. P. (Karman) 13 85,000
50 | Ratman -4 U. P. (Dhanapuri) 120 50,000
51 |Kho .. U. P. (Headworks) 190 50,060
59 | Amlawa Nadi ...{U. P. (Kalsi Bridge) 960 200,000
53 | Poonch - Punjab 1,810 450,000
54 |Dasan River atiU. P. o 3,026 451,000
Pahari.
55 |Jumna .o U. P. (Faizabad) 4,600 | 550,000 to
56 | Ken ... U. P. (Gangao) - 7,199 ggg:g?g
57 | Damodar . Bengal 7,200 | 664,000
58 | Ganges '[f P. (Ralwaln) 8,660 775,000
59 |Ganges I’ P. Raiwala) 9,800 629,214
60 | Dotwa IL P, (Perichs) 10,309 700,CCO
61 | Son .. Dehri (Bihar) | 24,000 | 214,000
6 | Mabanadi  ..) Naraj Weir (Orissa) 50,000 | 1,543,430
(3;% Cossye ; Mohanpur Anient(Bengal)] 2,260 220',308 -
(4 [ Brahmani . Orissa (Jenapur) " 14,050 643,290
63 { Chenab . Marala (Punjab) 11,110 718,000
66 ., Alesandra Bridge . 12,465 978,000 -
67 ./ Khanki Bridge 13,202 947,000
68 ... Rivaz Bridge 17,961 | 650,000
89! . ( Sher Shah Bridge 61,614 535,00
70 | Indus .| Attock Bridge | 103,476 | 818,000
n ,, ..IRalabagh ,, J 111,900 819,00
2| .. | Ghazighat ,, ) 138,7’{'8 700,000
 |Thelum  ..|Eohals (Punjab) i 9787 | 343,009
cwl| oL _..~Méngala . 13,352 | 760,000,

B 75952
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Catehment sred Mazimum dr
in g, miles, | charge in cusecs,

4, No. " Riven Locality. .
. _“_——-—Ww‘ WM o o i s

75 | Jhelam  |Ragl (Punjab) o 15,050 875,000

76 | Lehri Ehgmwah Baluchistan 1,344 85,000

River. | 5
7 |Bakar Lora: «f » .4 720 7,984

18 | Barshore andl - - 300 11,880

Tormorgha. - o
‘79 | Nari Rivers .. - 10,716 148,600

-

80 {Khaisar R'iv;er... T 432 | 7,917

Data collected by the Tndion Walerways Experimént Stution, Poona

ot |gamio nals {C P& Bermr ) 18T 1L
o |Puristuals o n e e
, 83 | Lalpuri Tank ..|Rajkot State 32 36,600
*84 Naiwpatrea,m of GuntkaLBezwa,da.rsection' 835 14,000

1"‘! 12’!&
L]

Wi, 124,
13‘8«

ﬁg. 13‘8:

M. &S.M. Byl of M. & 8 M. Ry st
| Bridge No.445| mile 453.

85 |Karamnasa .. Silhat 1w‘tﬂ::h', U.P el 200 84,777
86 Koramnese .. Deodard, U. P. 349 126,000

87 |Jawsi River .. Brinpura (Jodhpur State). 304 127,000

When writing * A ovitical study of run-offs and floods of eatchments
of the Bombay Presidency "% the Author found that nearly all the data
for small oatohments in Bombay Presidency were for floods measured at
masonyy works—oanal culverts, super-passages, weirs, ete.~and as &
congequence, food absorption and deflection of flow into adjoining
Nalas—due fo ponding by the canal banks—greatly reduced the dis-
olgm'g%s. This explaing the marked cwvature of Whiting’s curve,
Fig. 12-1. There i3, however, al8o & natural hump in curves bounding
maximum run-off date, Fig. 12-3. This is counected with the area that
i effectively covered by » maximum storm. Obviously, if the high
1‘ntenmty portion of a storm does not cover the whole catchment, the
11}1111-0& must be relatively much less than where it does. Thus Fig: 12-

8 gv]vls that the discharge per sq. mile decreased relatively slowly for
egf ohment up to 160 sq. miles and then fell away. Nor this reason &,
?} cﬁlght_; line expoential formuls like that of Messes. Khangar and

wlhatit gives widely wrong results for large and small oatchments.

Agnother important factor is ** time of co i

neentration *
2]11:1\1)‘3 of the oatchment. Hence, any general formulg,nmu:?%gl g?:deig;g
l;: tel ghtl}efcg.tohment i3 not of the standard shape. Such formulae must
not, therefore, be applied blindly, nor should they be condemned blindly.

: mﬁn} Papet Ko. 34, Bowbay B.W.D. 1050, by C. C. Inghia and A. J. Descusa
< Belutall Runoft” by 8. D. Enangar and N. D. Gulbati, Punj i X
of 141, , Punjsb Engineering Congress Paper 245
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THE BEHAVIOUR AND (}ONTBOL OF RIVERS AND CANALS

. hd . " ' - L3 . ‘. 1 run“
i g & point of very great importance 1D uSILg empirica
off fﬁﬁﬁﬁe Th%ugh the fan-catchment run-off formula gives & very

i - -catchment, it does nof
idea of the maximum run-off from & fan-ca ,
51)33 ;g;?ndicaﬁon of whether a maximum ﬂooq will oceur onee, or fitty

times, in & thousand years.

Fig. 124
125

; in. fact, absolve local officers from
A zeneral formula does pot, in faet, _ ‘
using tlfeir braing, nor should it prevent them referring eases for advice.

data are available for a period of years, the question
can &ﬁ'i%ggdb; %fotting ‘probability ”’ eurves for the catchment
under consideration. Figures 124 and 125 show such curves for the
Girna and Damodar Rivers respectively.

The slope of the relatively small Girna catchment probability curve
is steep, indli)cating that a-much larger flood than recorded in the period
of obgervation may be expected to occur, whereas in the case of the
Damodar, two floods have been reported which are much higher than
was to be expected from the rest of the record, indicating that no
congiderably larger flood is likely to oceur, unless those storms were
entirely different in charater. There are some areas in India, like
Baluchistan, where rain is 8o rare and storms so small that the chance of

* & maximum flood oceurring may be said to be nil. There are other areas,

like the cyclone areas of Bengal and Orissa, and the Western Ghats,
where floods approaching maxims are liakle fo occur several times in a
hundred years.

The only way to decide this question is by judgment, based on past
experience and records; but in examining these, one point of importance
ghould be borne in mind : Maximum storms tend to occur more frequ-
ently in medium-gized catehments than in very large or very small
catchments. The reason for this is that in the case of very small
catchments the probability of the heart of the storm passing over the
small catchment i remote ; while in the case of a very large catchment,
the rain storms rarely, if ever, cover the whole of the catchment.

Very largé catchments should generally be looked on as consisting
of several rivers. Each of these has a small fan-catchment at its upper
end, followed by long stretches in which there may be little replenish-
ment from affluents and much reduction of discharge due to flood
absorption as the flood flows down the river. In such cases a highly
detoiled analysis is necessary. The reduction of discharge due to flood
ahsorption in long narrow eatehments is very considerable and should be

allowed for; but this tends to be neutralised when the storm moves
down the catchment with the flood, ‘

In deoiding what maximum flood to sllow for. jud ment must be |
ulsjed a8 fo whether & risk may be taken, or not. It 'a'liangx is to be built
above a town, no risks can be taken but if such damage as will occur—

(S)tftg’egugee il‘ilt?ect}:s];,d?dt Y%&PS} or f11101'e—-can be easily rectified, it will
v IY to design for a maxim —g, ¢ e
section” may be provided. ) um flood—a *“ breaching

To sum up:—No flood which is greatly in excess of the Inglis fan-

, ¢ dian conditions, but much larger
southern Unite r%e&%esd 11:1[fa.rit;}?rea, of 8 bnormal foods in some of fhe
acoording to thig formula, theree 8 ol e made is much less than

' reduction, ould be clear-cut reasons for the

Fig.1%.6,

The fact that no storm of th i '
been recorded i ™ 01 the magnitude shown by this formula has
Dot ooour at rare Siitér}gglssrems’ does 1ot show that such a storm may

Plotting available data o prgﬁigilﬁ%&ggjpgcm be roughly estimated by

1208  AwxvAL RUN-0FF FROM CATCHMENTS

. Big. 12-6 shows ¢ ionshin of s ‘

in ‘gshat oatohmeni?s 'hi;rBe})?El()):ysmp of anntal run-off to annval rainfall
Imilar formulae. with «1ict. va iy

dedustion 1y inchesa:ﬁ;gt}& r;hght modification of the soefficient and the

10U 10 ARDIY equally well in other gasiy of Torr o SR TBOR, have beda
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MODEL SCALE RATIOS AND &a:mmons
CHAPTER 13

METHODS FOLLOWED IN FIXING MODEL SCALE RATIOS
AND OVERCOMING MODEL LIMITATIONS, BASED ON
EXPERIENCE GAINED AT THE INDIAN WATER.
WAYS EXPERIMENT STATION, POONA

13.00. IntroDUCTION,

To a considerable extent, this Chapier™ o

: ; pier’reprodu .
g;%wggge(fla?%teﬁ& with, however, this diﬁergneewfg;s: ﬁﬁdif“;ggfe‘;
v § culties, rather than the results of the investigations, are

There are few subjects concerning which so ion
thought exists as about the correct %ole of hydrlgcll?gmgoigfﬁégglsos
Some engineers believe that models can always be relied on to giw;e
correct results, others that they are highly untrostworthy. Neither
of these views is correct. Some types of models give results whioh are
almost indentical with those in the prototype; others give results which
require correction for known_errors; while in models of alluvial rivers
the banks of which are eroding, only short-term acouracy obtains; 80
that in complex river problems, correct interpretation depends on wide
experience in the field, combined with & natural flair, a seientifio baok-
ground, and much practice with river models. - ‘

The aim of this Noteis to explain why some experiments giv
rgliable_resplts, while others depend to a nymrked extﬁnt on cora;?:
diagnosis—i.e. on making correct assumptions.

The methods followed in designing models and in oarrying out
experiments are deseribed in detail; and pitfalls to be avoided, and
difficulties to be overcome, are explained; with suggestions as to how
to mitigate inherent discrepancies. It must, however, be emphasiged
that no two rivers present the same problem, and success with river
model investigations depends essentially on correet diagnosis, combined
with the capacity to predict future river conditions in the light of such
diagnosis, taking any new factors which have arisen, or are likely to
arise, into account.

Generally speaking, Research stations are not consulted about
cases until conditions have reached a serious stage. Drastic methods
have then to be adopted to avoid a catastrophe; and that too, in & ghort
interval of time. A single mistake would often be fatal, 80 & heavy
responsibility rests on those giving sdvice. Although it is easy to use
formula—the best we know—for working out model scale ratios asa
first approximation, thereafter the less we think in terms of thought-

numbing formula the better.

Experiments should only be started after the model is considered
to be reproducing known conditions with a high degree of approximation.’
This will only be attained after the model has been run for some time,
to allow it to adjustitself by sifting the coarse particles from the fine’
in different parts of the model whare scour or accretion are taking place.
The model also requires time to correct errors made in laying—resultin
from inadequate or incorrect data. Thereaffer, when the model is relaj
for subsequent experiments, it should be laid for the conditions existing
after the model has corrected itself. This, though obvious, 18 fre-

. quently overlooked.

s Hodrodynamie models as sn aid to epgineering gkill” by C.C. Toglis. Presidentinl Address,
' Enslnaerinidsee{i%n of the 28th Session of the Indian Science Congress, Benares, 1941,
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THE BEHAVIOTR ANID CONTROL OF RIVERS AND CANALS

"\ 1301, TipEs OF MODELS
‘farious types of models are described below, quoting examples of
type:— “ _ . ‘
each‘ {J];ype I.w-G"eometrically-similar models which give geometrically-
gimilar results. - _
Type II.——-Geometrieally-simila,r models which do not give geome- .
trically-similar results. ,

Type III.»-Vertica,lly-exaggemted models,
{4) tidal, and (B) river.
(¢) Rigid. .
(@) Semi-rigid.
() Mobile.

TYrE I.WGEOME’J.‘BIGALLPSI’MILAR MODELS WHICH GIVE
APPROXIMATELY GROMETRICALLY-SIMILAR RESULTS

1302, GENEBAL REMARKS

In this type, the models are rigid and the changes in energy relations
between velocity and pressure are the chief factors affecting resulis,
requiring & gimilar Froude mumber (V/vgd) in model and prototype.
This can generally be attained in models used to determine— .

(&) Coefficients of discharge of rigid structures; and
(8) Stending wave relations;

and approximately sccurate results can also be obtained where changes
are not abrupt a8 regards—  »

{o) Lines of flow at off-takes and
(@) Scour downstream of falls.

A few examples of such models will be given; but reference is

invited to more detailed information eontained in Technical Papers and
Annual Reports.

13.03. Exampere I (o) () COEFFICIENT OF DISCHARGE
or 8. W. Froumzes*

© Rtanding wave dumes give geometrically-similar i
y-similar results provic
changes ave not abrupt and the models are made relatively s%?)z;{}ﬁ?‘
than their prototypes: but there is a limit to smoothness- which occurs
when the surface is made so smooth that the roughnesses cease to

projeet through the laminar layer. i
smooth turbulgent flow. r layer. At this stage, flow chauges to

Tn many cases, however, surface conditions li
cases ! ( e between »
igx:io(?ﬁl%{w%?&e 3& Oii?w '}.‘shi%f 1:: 3;qypez mtexinedia.te betweeen sﬁgg& iﬁ?l
g ! : ay occur where the surface i

tends to exist where the bed i3 covered with ni e s wavy, and
When the flow is fully turbulent, the ?m T sipplas—see Chapter 2.
: low ' efficient of ,
roughness inoreases with the cfischarge; 80 theofi{‘éls?ﬁggég ecf:»?ﬁ?e%g:%

. tends to very with the diScharge . .
throated fumes and hroad-erested v?:il-esﬁ[}phﬁed in the case of long-

TasLe 13-1
. Discharge, Q. ) Fo
1‘3 ousess C =97 Q - 3'6?%1)‘ 5
S ow cow o Smsmme
500 i =99 Q =306 BD!->
" C=100 Q =309 BD!'
300 itew D ot 1. W, E. 8. A, R, (T) 1944, p. 4. '
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MODEL SCALE RATIOS AND LIMITATIONS

Fa. 131
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THE BEHAVIOUR AND CONTROL OF fBIVEBS AND CANALS

» hen models are used to determine coeff-
. nt?%? f@;ﬁﬁﬁrﬁﬁoﬁ:&m ghould be made for the greater loss in |
cie ,

ing r the prototype.
1 before applying results to 4
g Iain this point:

Using Manning’s formula to exp
V= .1'1%?.@ 1{"3 g} |
and assuming the same roughness in the model ag in the prototype,

18
friotional loss) o« L. V?/R | ‘ ,
Bl (seale ratio)®
(soale ratio)*’?

¢ (scale ré.tio)é |
) it is ot "geometrically-gimilar
In other words, the frictional loss 18 "10 netrically-sim
Thus, Jet hein a full-geale flume (with depth above throat = 10') = *15%

e oy B
by ometrically-similar model will be *1563/10° =033 £t.
%‘hll?sl]/)l ?nsfﬁﬁfsffle flume (ineluding loss by friction) "--,10'153’ and D in
small tnodel flume (ineluding loss by friction) = 1'()?;3;. To find C, the
coefficient of discharge in the model, with D =1'033', assuming C in

prototype = 309, .

rofotype

q of model = gﬁ%ﬁ_o‘%)"
_3:09%(10-153)1¢ -
STt
=316 cs./ft.

: 316 = C, (1'033)** *
or € {of model) = 3-01 (against 3:09 of profotype).
Fig. 1-8 13,04, ExamprE I (o) () DETERMINATION OF THE VARIABLE
COEFFICIENT OF DISCHARGE oF THE 10,595 custcs Taxpo
. - Maemreax, Farn ox 1BE RoErr CaNaL, Sinp*

These experiments, carried out with a geometrically-similar model
in which the relative roughness was correctly maintained, have shown
that the coefficient of discharge decreased with -increase of discharge,

Pig 181 and hence depth—due to impact losses at pier noses inereasing with
depth as the proportion of piers submerged increased. The discharge
formuls of the Tando Mastikhan Fall in Sind was found to be

Q =C, (B—KuD) D**
where '
K = coefficient of contraction
= 0'082 in Tando Mastikhan Fall
n = number of piers
=9 in Tando Mastikhan Fall

B = waterway -

D =D, (Depth of water upstream’over sill of flume) + V2[50

C = a coefficient. " .

The aceuracy of the results obtained inYthe -model has been borne

out by observations in the canal; but the canal d wch
soatter—dne to fuotuating conditions. al data show m

* Appendiz T of thew 9 of A. B, (T) 1044, pp. '
|'Eﬁwtpc?l plers on coeficients,” (%) 1044. pp- 48, 49, alo C. 1. and E: & 545 M 1939.?0 P 500

.
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., MODEL SCALE -
o BA'J:[?S AND .IMTATIQNB

13.05. Examers I (a) fiii) Corrproms o .
UXAMP] iii) ¥ D
Ler? BaNk Cdwar, Heap REGULiSTg}III? R or Nima

In this case, the problem was to increase the d;
existing regulator—consisting of 7 8pans of 4 ftjllyl; 5%?&?5& OfNﬁ
merely was this achieved by bell-mouthing the upstream entrance and
constructing an expansion downstream; but the coeflicient (in the
formula @ =VA = AC /2gh was increased from ‘81 to 1:93 making it
possible to inerease the discharge 23 times, With the same head.

Fig. 13-2 shows the original design in full hines and the modif
design in dotted lines. The magsonry of the sluices iu the p:ot?toypeeig
of coursed rubble (second sort). In the model, this was represented by
roug%—cast cement plaster to obtain approximately the same relative
_ roughness. :

13.06. Exawmerr I (%) (i) Posrrion oF Staxping WAVE WiTa
VARIOUS DISCHARGES, AND DIFFERENT DESIGNS OF
SILL AT SUEKUR BaRrAGE}

The original design of the Barrage profile consisted of 1 in 30 up-
stream slope, 80 ff. length of horizontal sill at R, L. 176 and a down-
stream glacis slope of 1 in 70. Experiments carried out at Poona
showed that the upstream and downstream slopes were much too flat
dnd they were, a8 a result of model experiments, altered to 1in 5 upstream
and 1 in 10 downstream, the length of the sill being reduced to one foot
and the downstream pavement level lowered to inorease the ooefficient of
discharge and to hold the standing wave just downstream of the Barrage.
The undersluice pockets had already been constructed according to the
original design; but the main Barrage was constructed according to the
recommended design. The model showed that with the original design
and the anticipated retrogression, the standing wave would, under
certain conditions, have formed downstream of the pavement, causing
it to collapse; whereas with the modified design, it would always form
on the glacis, near the Barrage. ‘

. In the undersluice pockets, where the original design had heen
followed before the alteration was recommended, the cut-off (difference
of water-levels upstream and downstream of the Barrage) had to be
restricted to about 5 ft., because of the danger of bed-scour downstream
of the pavement—resulting from unbalanced standing-wave conditions

which would arise with larger heads.

13.07. Exawrre I (¢) (i) DESIGN OF OFF-TARKE AT THE ENTRANCE
70 THE RIGHT POCKET WHERE IT TAKES OFF FROM TEE
ApproacH CHANNEL AT SUKEUR{

Fig. 13-3 is an index plan of the Indus above the Sukkur Barrage
showing the new Approach- Channel, which is designed to control the
quantity of sand entering the Right Bank Canals. These canals had
previously drawn an excessive load of bed sand, but a8 8 result of model

experiments carried out in 19308, it was predicted that accretion would
*oceur in the Right Bank Canals. :

Tr. 1938, when the River carried an exceptionally heavy charge of bed
Sand,%ltéavyz ‘;c:retion oceurred in the North-Western and Rice Canals.
The design recommended fo exclude excess gand consisted of a curved

per No, 5¢ ““Note on experients with s model of the Head Slnices of the Nira

*Bombay Technica! Pa

*  Let A dnoed in Chapter 11, para. 11°04), , ' .
e aiuat pager “Note on’experiments:cnrried out with various designs of piers and

tBorkbay Teohnical Paper No. 29
£ill in aoxmm{tion with the Lioyd Barrage ot Sukkur.”’

$0.1 and H. . 8. A, B. (T) 1937-38, pp. 26-27.

‘ 1938-39, pp. £10.
1039-40, pp- 1320
1940-41, pp. 12-26,
- 194143, pp. 16-18.

$ BOmba; P. W. D. Technical Papets Nos. 45, 46 and 52.
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| in Fig. 13-3. This investj-

. long—shown 10 Pig. 13-3 . :
oach Chalanelanﬁg,oggm?ultli%rg and six different modf?].s; éw(}gli ;Er:oui
,gatignrgi%ssngger? eventually used to determine the eile eren
gea

tactorss In this partieular experiment, a geometrically—similar, part-
ctors:

S aodsl Was used; the same model being later used ity norehoed
wiaon, i

i ' ation of 2, compared with a vertical
dggggsergoﬁg?f gge&cag&xeaigggrthe whole fiver. This model showed
e

O o width at entry ghould be made 35 per cent less than shown by

: i del, demonstrating the fact that
the .ﬁergocg%%ﬁ:: %%eégzg%a&?b?r%prﬂduced in a single model, part of
%ﬁchris rigid and part of which i8 nllobﬂe.

6. 13-3

- e
. W o . ,-‘ J v' ‘ B ' f foo '
PLAN SHOWING DESIGN OF NEW APPROACH CHAMNEL, . .
ALONG RIGHT BANK, 70 ‘EXC:;UPA?{?’#W*F‘?OM -
' uGeT BANK CANALS AT SUKKUR. (SHOWN DOTTED) .
- SCALE:~ 2 INCHES =/ MIE, -~ .

46T Bamw canmes:

(F16. 139 FroM A. R. T. 1945 or 1. W, E. Stv)

13.08. Exampre I (¢) (ii) LINES OF FLOW AT OFF-TAKES

In Bombay Technical Paper No. 52%, experiments have been
deseribed showing various factors affecting the quantity of sand drawn
by off-taking channels. It was found from experiments carried-out 1n
model with (a) rigid beds, and (b) mobile beds, that the former are
liable to give quite wrong results, a fact which has been overlooked by
many investigators. Itis also very important to see that the model has

the correct degree of verfical exaggeration—a point which has been

shown scant respect outside India.

13.09. Exauprk I(d) () SCOUR DOWNSTREAM OF FLUMED FALLSY
.Seour ocours downstream of £alls due to:

{1) excess energy which gives rise to eddies and surging flow; and
+ (2} instability of flow, due to a sudden, or too sharp, expansion.

These cause ' heaving’ and unbalanced flow, with return flow along
one, or both, banks. This retwrn flow forms & large slowly-revolving

Xortex, with a vertioal a%is, These vortices push the forward flow
wa

¥ from oné or other bank, or from both banks, thus causing ¢ jetting’.
In this condition of flow, forced vortex conditions hold, so that the
peripheral velooity is relatively high, leading to heavy bank erosion,
especially near the toe; so that the angle of repose of the bank is
m;ﬂfm&g P\ 'W. D. Toohnical Paper No. 53 “ Pactors affeting sxolusion of bed silt taking off from

 Bombay P, W. D. Technioal Paper No, 44,
LW.E.S. A R.(T) 1944, PP 2085, |

t
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exceeded and large pieces of bank ghegy off i .

) " y s Y R " y GMISIII .
called bellies’ in Sind. Thig condition’ can be prgv?:&g%;agoﬁ;?@-
ing the pavement at such a level relative to the downstream waterlevel
that & standing wave will form at the toe of the glacis of the fall; and
to ensure that this will oceur. even shoylg refrogression develop down.
gtream, it i8 desirable to construct a baffle in such a position Pand of
such height, that the standing wave ig always held at the t&e*, thus

high velocity bed-water towards the surface thus produoi
roller with horizontal axis, which wi : procucing & bed-
gtream seonr, ’ will prevent or minimise, down-

Where  fall has been constructed with too sharp an ex n fon,
. - SI
can usually be made to function satisfactorily by b%ilding, Ii): ad(c)l?t;ioﬁ
to a baffle and & deflector, diverging vanes in continuation of the piers;
these being so designed as to fan out the fow. ’

. The Tando Mastikhan Fall was constructed with much too Sharply
diverging sides, viz. 1in 5 compared with 1 in 10 required; but when
vanes were added to fan out the flow, the fall worked very efficiently,
and still does so; confirming all the conclusions drawn from the model
experiments. '

13.10. Tyres I axp II Iv COMBINATION IN SIPHON SPILLWAY

Siphon spillways provide a border line case between Type I and II;
in that though they come under Type I asregards ooeﬁisients of dis-
charge, they d» not give geometrically-similar *priming depths’. The
prototype also bebaves differently from the model when the minimum
pressure falls to the equivalent of 7 feet of water above absolute zero
pressure, or say 27 feet below atmospheric pressure at sea level.t

Professor Gibson! carried out experiments with various sizes of
siphon models and showed that the minimum size of model which gives
dynamically-similar results (except priming depth) is such that
dvh>28, where d = diam. of siphon and h is the operating head in ft.

Experiments carried out at Khadakwasla in 1928 with a 500 cusecs
siphon, and its 1/8th scale model, showed that though the nature of
‘priming curves’ and ‘coefficients of discharge’ were similar in the
model and prototype, the priming depth in the full-scale siphon was
considerably less than in the model, the minimum priming depth in the
full-seale sipon being only 1'15 ft. against the equivalent of 1'80 £t. obtain-
ed in the 1/8th scale model. Relative pressures were nearly the same at
the inner shell, but pressures at the outer shell were slightly greater
in’ the prototype. Thus we do not get exact dynamic similarity in pre-

© 8sures; but only an approximation.

Professor Gibson in the sbove-mentioned Paper showed that with
a model in which the head was 3 ft., and a parallel section 12125" wide
by 4", the discharge increased by 39 per cent when the outlet was flared,

28 shown in Fig. 134. '

—————

*L W.E.§ A R.(T) 1944, pp. 2955,
$C. L. and H. B. S. A. B. (T) 1939-40, pp. 2i-'9.
194041, pp. 27-81.
1941.42, pp. 26-28.
" ” 194243, pp. 24:29.
i ith 8i
1Tnst. of C. E. Paper No. 4810 (1930-31) on *Experiments with Sip
ibson. X

1 ”

L1 "
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hon Spillways” by Professor A. B,

Fig, 1-3

Pig. 13-4
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In experiments earried out at Poona, it was found that though

flering the outlet inerensed the discharge by 306 per cent in a model

with head =295 #t.; in the full-scale prototype, which was 8 times a8

large (head = 240)) the disecharge i
S dd ge inereased b
cavitation ocourred downstream of the crest, ag s);noownnlyix? '.Ep‘izl.‘ 1(:}3??’ nd

It was concluded from the i
‘ ) 8¢ experiments that the limiti i
pressures in a weﬂ-dep;gned siphon is ebout 27 f‘]c:feaing;guiegvzf;gzt;‘&?

where a siphon ig wo fre o
o ﬁannotpinureuse 1;%1;1% inéﬁlr aﬁ% this limiting pressure, flaring the out-

; . ue s e t0 any appreci i
undesirable—hecange 11; 1ss _h}]);ely. to inducye; ea%t:{-}ilgr? 1z:!nd‘l3 ﬁ%ﬁh?ﬁdﬁ
oharge to & marked extentTp on 18 small, flaring will increase the dis- .

Tyrg. IT; GEOMETRIOALLY ST AR MODELS
SIMILAR RESULTS

Expei‘imla'tlgl‘ Bruees 11 ) HIGa-comFricraNT Wams
couflonns wgﬁ-s~°§ﬁ33e gughe:;tP;ona to determine coefficients of hight
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MODEL SCALE RATIOS AND LIMITATIONS

discharging freely into air, the coefficient of diseharge in the formuls
q=cD*

(where g = giiseharge per foot run and D = upgty ‘ .
inereases with scale and also with depth of “I‘)at;f ili}erdt?ﬁ};hwgﬁ? go\i*eutz
a5 there 18 free tlow downstream. The former is due to the fact t(ﬂ::f
as Q increases, the natwal path of flow yndep aerated conditi

diverges more and more from the euyp nce. 50

vature of the weir, and h .
' : ; T, ence, 50
long as the water adheres to the weir profile, g p . ,
' + 8 reductio eSS
oceurs; and as 10n of pressure

P/W-+V2/2g+7 = constant

for a filament (Bernoulli's theorem)

the velocity is eorr ingly
. ! d Y
increased and also the discharge. ¥ 18 correspoudingly

. No theoretical methad inestimatine;the discharge in the prototype
being known, models to different seales wore constructed, and their

results extrapolated, to arrive at pressuves and discharges to he antiei-
pated in the prototype. N

Fri. 134
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. the coefficients obtained in models with seales of
” lli?fﬁlilg ilrl;c)lwff 75 of, the prototype. From this i will be 8¢en that
the larger the Scale, the higher the eoefficient. When these coefficients
were egtrapOIated, thé conclusion arrived at was that the coefficient in

 the prototype with D =335 ft. and q =303 cs. per foot would be 493,
~ compared Wi

th 475, 47, 463, and 453 in the various scale models.

is partionlar case, a8 a result of constructing a new 200 cusecs
ehan%:g]ih;vepappeared to have an opportunity to check the accuracy of
the conclusions arrived at by extrapolation from small models to
full seale; but even this presented difficulties— because, Whereas* the
weir at Bhandardara is 600 ft. long, it was only 4 f. in the model*, so
the effect of the side boundaries, which ig negligible in the prototype,
was congiderable in the full-scale model. Allowance had to be made
for this. , .
The method adopted, after small-scale trials, was to contract the
8ft.-wide channel by bellmouthing it into a 4 ft. widé throat contain-
ing the model. 'This had the efect of regularising velocities across the
4 ft. channel. It was necessary, however, to place the model sufficient-
ly far downstream of the bellmouth for the flow approaching the weir
to be sensibly parallel. As a result of this, slight houndary layer effect
developed, which caused retardation of high velocity flow at the sides.

Though a small amount of expansion in the sides downstream of
the weir was provided—to reduce the retardation effect at the sides and
to produce more axial flow; yet this caused slight inward flow across
the sill, which reduced the negative pressure over the crest, and so
reduced the discharge coefficient.

Kig. 13-7 shows the coefficients of discharge plotted a
D in the full-scale model, in the formula g=e D*".
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MODEL ‘BCALE RATIOS AND LIMITATIONS

T4 will be noticed that the coefficient inst L
maximum 8 in Fig. 13-6, rises on a curviadagflml?;lflcigor: eﬁar‘-qut
patural maximum, falls towards the rapidly falling lin t??C ing its

Dotted lines ghovy the rising and falling curves ex%rapo?atad Eﬁli -
. meet at C=4'0 with D=335 1f., a3 compared with 493 extra elz;t d frese
small-scale models; but, whereas by that method the maximplgm ‘ \ of
Covn 708 8 D40, i s ot il e i
nil- ’ 10e elect; . 3 )
weir of the prototype. ; but would be attained in the wide

L]
Type III. Vertically-eraggerated models
13.12. INTRODUCTION

 Qwing to the earliest models—those of Oshorn :
ngoa—]}lax:court —being tidal models of estuaries,* aﬁﬁ?";{’c}gf‘ 6‘3\2
being dominated by tidal wave econditions and hence the Froude
yumber—V/ ~ gd—it eame to be believed that provided conditions were
s;]mh as to pr%ﬁuce tlértl)uleqt ﬁ:;v and the Froude number relation was
the same in the model asin the prototype, any degr ot -
geration was permissible. ¥ ype, any degree of vertioal exag

As will be geen later, this does not hold even for tidal flow i
‘ except
cages where curvature of flow and reproduction of bed mowmen(i;p ai'x«:
ynimportant; and in the case of river tlow “vertical exaggeration’’—or
more correetly ¢ width and length contraction”, and *‘slope exagzera-
tion”’, are uniquely determined. This question has been dealt with in
Chapter 3, where it is shown that according to Lacey’s formulae
equivalent shape and slope can be arrived at as follows:—
P=266Q"
R=0-4725 (Q/f)"
Shape for equivalent bed movement gives
P/R=565 Q" £

and §=000347 x £15 - f1/ Q0 ="000547 x £/ f in Q" gives equivalent
slope for equivalent bed-movement. :

JIT (A). Tidal modvls
13.13. REYNOLD'S CRITERION OF TURBULENT FLOW IN TIDAL MODELS

In order that the motion in a model shall be similar to that in the
prototype, it is necessary that the veloeity shall be sufficiently great to
ensure ‘‘turbulent flow’’ and from experiments on models of. symmetri-
eal estuaries, Reynolds came to the conclusion that in order to ensure
this, the produect h'e should not be less than 009, ‘h? being the rise of
tide in feet at the seaward end of the model end ‘e’ the vertical exag-

geration of scale.t
1314, ScALE BATIOS OF TIDAL, MODELS

Where the height of wave relative to the depth is small, the velo-
ity of translation of a tidal wavel is given VeIY approximately by
Rayleigh’s relation§ . v

Va=vgd .
where d is the mean depth
i3 the wave velocity relative to

(1)

the fluid; the veloeity relative to the

boundary will be .
th awa T n e L] (1] 4 (..4)
where V is the mean velocity of flow-
-% Baged on Basio Note No. 70 by Mr. A. B- Thomas. L .
. % Professor A. M, (ibson's Vernon I:Iarcmiart Tacture 1935-86 on uipidal and River Modals™ Bupplement
J - .E. 06, . ‘ ‘
o Journal No. 8, 1935-36 of Inst. C. . page 708. | (s pblish o). See also Chapter 1, pars, 118,

% Based on Basio Nots No, 70 by Mz. A. R. Thamas (00
jfied by experiments st

439 .

Station.
§ Rouse: “Fluid Mechanics”, . 379, ver Poona Station.

Pig. 13-8,

’;zh of water including the height of wave. This -
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pt and with time, the V,

L : snt to poi ! .
As both V and ;{ t‘;"j’;”"vfgé’ﬁeﬂiﬁo. T]Eis raises a difficulty which

?S%I:eaﬁtggtﬁuisg{;lﬁgd—somehme8 justifibly, but mOe generally with-

, guentLy e g the mean veloeity varies apprgxima!:e_ly
out justifest 2 tha(ftv;??:eahydmu ic mean depth), Vv depends mainly

a8 + B (the square Y00 i, Vo depends mobny
river, the depth and the 8 ;
?lg}fi]iile gi?eghﬁttﬂogrﬁg :n?;%%ther ;’but in a small tidal wodel there is .

considerable vertical exaggeration, 80 they Qiﬁgr considera’ply.

Ighoﬁng'this, for the presé'nt, and assuming
. Ve Ve dF, a8 first approximation,
T V| V= O
wher¢ m and pstand for model and prototype.
d in (3) represents the vertical seale of the model

and
- B d/L e @)

where § represents slope and L represents length ; so the slope scale is
© determined by the vertical exaggeration. - : -

" For correct reproduction of the 'w‘va,vé profile, especially in curved
* channels, the longitudinal ond lafitudinal scales must be equal; 8o Lin
(4) representa horizontal scale: ,

Time scale i8 given by: ‘

Te LVe LA® .. D e ()
and discharge aealé by: | ' | '

Qx VLde Ld® e e ©)

In order fo arrange that the water surface slope agrees with (4} it
bas been the practice to adjust the roughness of the bed and sides of
yigid models by trial and error, until the vequired slope has been obtained.
As tha slopes must correspond in the model and prototype for a wide
vange of water-levels, the degree of roughness mast vary from point to

point, bnd has to be distributed carvefully between different parts of
the sides. ,

An’ indication .of the degree of roﬁ hness required is given b
Manning’s equation :— B quired is given by
R* g§*

Ve R

Combining this with equations (3) and (4)
N « R™;1L* (Manning)
Na @« B*/L" (Lacey) - 4.

M
(Ta)

The tendency has *heen to consider Manning’s formula as more
~ suitable for rigid models and the Lacey formula asgapplicahle t: mobile
models; but the range within which appoximately equivalent roughness
is attained ig narrow, and though & certain amount of. latitude is per-
missible in the ease of rigid models, this is not so in the case of mobile
models—in which the corresponding grade and charge of bed materials
%11;0“1(1 be transported—and it is not justifiable to assume that because
the bed pattern in the model approximates ronghly in the bed pattern in
e estuary, after ranning a number of tides, that therefore the mode

has been reproduocing bed-mov . : . 1
- material hals: tended bto accum%?;%gt correctly. All it shows ig that the

flow—a very different thing. - Wherg it i 1‘:’”“‘.’“ affected by tidal

&40‘



. MODEY, SUALE BATIOS Axn LIMITATIONS
Type IIT (4) (a) V‘ertieally-ezaggarakd rigid tidal models |

/

13.15. Usz OF RIGID TIDAL MoDELS

Rigid models have been used to a large exte
tidal model studies. In many of these, coal dust and other, still hter
materials—guch a3 Gilsonite—have heen injected to indicate the Bove.
ment of Sediment; and the smount of sediment deposited in various
positions, marked oub on the bed of the model by white-bordered
SqUATES, ha&:’gg&ﬂ?ﬁ"ﬁd by f;lllghléﬁ the deposited material through
3 ‘vacuum e of machine, the mater; \eria )
by a machine resembling a ‘cream separator. rial then being ‘separated

13.16. Examrrz INT (4) (a) (#) Ricm n:mm MODEL
OF THE Hoogury*

A rigid tidal model of & 20 mile length of the Hooghly & v
Calcutta, was constructed at Poona, to scales of 1/300; 1,160,g wgthbgh:
object of determining lines of flow and points where astion is gevere
under various conditions of river and tidal flow. This information was
subsequently used in a lari -seale, mobile, short-length, model to
investigate bed-scour and bank-erosion problems, using & much larger
discharge, and much less vertical exaggeration than in the long model.
After much patient ‘trial and error’ work, the model reproduced tidal
flow conditions with a high degree of scouracy.t

Type IIT (A4) () Semi-rigid, vertically-exaggerated, models
1317, THE USE OF SEMI-RIGID TIDAL MODELS

- In semi-rigid models, the sides, and in some cases large parts of the

bed, may be held. This makes it practicable to enforce a bank-glope
exaggeration which is far in excess of what would be possible if the
ba,nis were erodible ; and also to restrict the width, which makes it
possible to increase bed action, i.e. the sand charge; but if the problem
to be investigated is curvature of flow or ineludes future changes of the
river course and the secondary effects due o such changes, a model with
rigid banks would help us little; and if—as would be necessary to get
useful results—the banks were cut away from' time to time to simulate
erosion, success would depend mainly on the experience and skill of
Wwhoever directed the experiments. : :

The soales of the Hooghly model were: Horizontal seale=1/300;
depth scale=1/60 and e=50, and the maximum tidal range af the
seaward end is 12'5 £t. for a bore tide, so the value of h'e works oub to
0045, which is considerably less than 0:09; but the model gave sat;sfa%
tory vesults. It must be clearly understood, however, that thou_%
Reynold’s criterion may be suitable for estuaries which are very 1{111 g
relative to their depth,  especially if their sides are held~so ?;
Teproduction of correct shape oceases to be an important fpc%%r—-jye 1
Where the depth ie considersble relative o the width——as 18 the -case
in river channels—adopting correct vertical exaggeration 18 very

‘Important.

et e

* C.L and H. B, 8. A, B. (T) 1940-41, pp. 16-19,
T 0.1 ad H. R, 8. A, B. (T) 1940-41, pp. 18-19
C.L and H. R. 8. A. R, (T) 104142, pp. 83-24.
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THE BEHAYIOUB A\ND' CONTROL 'OF RIVERSAND CANALS

| s TI4) (8 @) FooGir TDAL H0DEL, *
; 11-(4)(b) (7) HooGHLY T] ;
1318 Bxs nu]r:rﬂ s sl:m-mam MODEL:

. J ly had been run ag
: mall-scale, modelLof the Hoog
e gftlcfl;%é;ve.ﬁnea‘of flow, sand was 1a.16i onD t]:;g bgdﬁ q? _t];g
s rigid mod i was TUD (868 gomewhat higher level d? emi-rigid
model and i ith rigid banks and mobile bed. The ‘model was then
mode 'e-'t’ v211;0 geveral models used in tidal mvesmgaﬁonlsdscﬁleg out
glmllarllrllldygmmbly the Mersey model of Osborne Reynolds, 1 ];: eing
;go%glgo% Vernon-Harcourt* and the Severn model of Gibsont; but the

geales and the discharges were very ‘mneh larger in the Héoghly
model. . _ S . |
i ) laid to a uniform
nd that when all parts of the nodel were
vertiI:ami:gglemion, movement, though correct in places, was not
orrect generally, the tendeney being for novement 1o be mn %xeess in
:he ghallow ‘portions and in defect in the deeper parts. Thus, the depth

was more uniform in the model than in the river. .

180 found that even when the moverpgnt\ of bed-material
was I:&i%ﬁ; with dominant discharge fowing, it _was excessiye with
high discharges and in defect with low discharges, all movement ceasing
in the model ab & much higher relative discharge than in the river. This
ig true of all river models. -

Type III-(A)e) Mobile tidal models

. 1319, Examere III-(4)(o) () SHORT, LARGE-SCALE, MOBIL
TIDAL MODEL OF THE HOOGHLY .

In order to reproduce correct bed-seour and accrefion in the short
model —in which the vertieal cxaggeration was only 14 compared with
5 in the long model — it was necesgary to reproduce similarity of lines
of flow, baged on those observed in the long, small-scale model. The
soales being 1/125: 1/90, ‘it was easy to reproduce, and observe, the
effects of various alternative treatments, a comparison which was quite
jmpossiblein the long, small scale, model, in which the side slopes were far

gteeper than the a.ngle of repose of the material, and the How-pattern
was highly distorted. I

L]

In this model, only slight adjustments were required in order fo
produce similar lines of flow, and bed movement was also found to be
satisfactory; but, owing to the relstively large scale of the model,

) single tide took 56 minutes, and results would have been delayed
unduly had quantitative results of various treatments not been accelerat-

‘ed by adding sand by hand to raise the bed by an amount equal to three
.times the depth of the deposition-— after which the model was run for

snother period, and accretion again trebled by hand; a procedute which

was coulinued until acoretion almost ceased. In this way, it was
possible to determine the relative merits of various treatments within

. & reasonable period of time —after which the most promising troatments

were investigated in greater detail.

13.20. Exaxrrs II-(4) () (i) PorT o RaNGOON TmAL MODELL

An excellent example of a small tidal model in whick conditions
were oorrectly imposed, was the Rangoon model.] In that case the
model was bounded by a curved wall which separated the flow it was
considered affected the problem, from flow to the east; and the right

* Vatnon-Haroourt, Proceedings of the Roypl Society, Vol. XLV, 1888-89,

1 Gibaon, “ Constrnotion and aperation of Severn Tidal Model” H i
% Inst. of C. B, Papor No. 51001 “Inves:  Ch e

by meane of a tidal model” by Ogear Elsden. 'gntion of oater Approaeh Chaupels to the Pork of Rangoon

442



. MODEL iSCALE' BATIOS axp mmous o
pank of the River was eut away from time 14 |

the experimenter, based on judgment. V%’ti);:k?&eo? i?hl‘;:ﬁet assumed by
tions, 1t was found that whilethe Port; wag 10t thrents 3 t1;vo assump-
extinction, 1t was evident that some limitation op Ded by eventual

using the Port would be inevitable wnless yectigiq the draught of vessels

wag carried out by arfificial meang—g predictionﬁglhoizhﬁfii?;: r?x?&):f&(gﬁﬁs
¥

has been fulfilled. The point to be emphagis '
result obtained in this model was mgin1; g(tll’e ﬁﬂwﬁﬁe”’ex‘?}eﬁ?ﬁmi

making two assumptions; and had hig ) \
have ggt wrong results. . 88swmptions been wrong, he must

Type III-(B) River models
1321, GENERAL RmMargs

The essential difference between tidal and viver n i i
the former, tidal flow—determined by V/v/gB—is néﬁgeﬁalj%rﬂ;’;gtg
developing bed-movement; whereas in Tiver models, bed-movement ig
determined by the slope, or more correetly, slope is determined by the
charge ~ which cannot be measured directly in a river. o has to be
inferred from the river conditions, i.e. it has to be diaqn(;Sed-

In practice, the chief differemce is that river models of ;
divergent results unless the charge — which determines bﬁlfl:ﬁeﬁlgﬁg
and shape —corresponds with that in the prototy pe, whereas tidal models
with equivalent values of V/\/gR appear to give approximately similar
results over a range of slope and vertical exageeration; but, a8 explained
at the end of para. 13.14, this difference is more apparent than real;
because even in tidal models, corresponding bed movement only ooour's
in channels of limited width if the grade, the charge, the width, and
length scales and the slope exaggeration correspond with those in the
tidal chanuel. .

Type I-(Di(@) Vertically-eraggerated rigid river models
13.22. THE USE OF RIGID RIVER MODELS

The nsual practice at Poona has been to fix what the Lacey formulse,
modified by experience, have shown to be suitable slope and vertical
exaggerations for the conditions, and then to verify slopes for various
diseharges. If the observed slopes are qnl{l glightly in error—which
will be the case if the model scales and ronghnesses have been carefull
seleeted — intelligent adjnstment in the light of local differences wi
produce satisfactory results; but if the designed slope is incorrect,
drastic roughening — such as is frequently adopted at Research
Stations — will at best produce only a sort of pseudo-correetness, and it
will then be found that though the results may be qmtable for one
discharge, they will be considerably in error for other discharges.

For this type of model, a la-rge amount of data should be available,
preferably extending over a period of more than five years; becanse the
- model, being rigid, cannot adjust itself where it is wrong. Much patient
“trial and ervor’’ work is, therefore, necessary. This, ag experience
at Vicksburg shows, may have to be spread over s period of as long a8
two years. After such verifiestion, it i3 assumed that approximately
eorreet levels will be obtained for conditions outside the verified range—
a8 for instance in & flood of greater magnitude than previously observed
or during peak floods in tributary streams —which may reach the main
stroam at different timas from thoss of previous recorded floods.
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THE BEIIAW AXD couﬁox.- OF BIVERS AND CANALS
odels 'csn undoubtedly give useful information a8 regards

‘Rigid m s where violent action will occur under
. flow.- omtSW_I‘ew k . "
o 7t o100 2 ey ot e o,

regarding cbanges of the river course due to erosion, mor can they

reprodnce sccretion resulting from heavy charges of debris entering from

tributary streams, Such changes must be inferred; and, a8 & consequ-

ence, the value of such mode]s 18 hmlted. | |
Type II-(B)e) Vertiaally-emgdemted'mobﬂe river models
1393, THE USE OF MOBILE RIVER MODELS

i arried out at Poona with injection have shown that
chanﬁ:})seﬁgglgg gteeper, wider, and shellower a8 the charge of material
in movement incresses; and experience In the field confirms that a wide,
shallow, river i8 always found in combination with a heavy charge and
steep slope relative to the discharge® If a river splits 11‘1350 2 nu,I’nber_ of
interlacing channels, this indieates that the stream i8 * flashy™; with
periods during which the charge is very heavy. 'If, on the other hand,
the ohannel i8 deep and narrow, with high berms; this indicates a high

- proportion of silt in suspension, & re tively small bed-charge, and
a relatively constant discharge. Between these extremes, there is every
degree of variation. o ‘

Tt i thus posaible for thé skilled observer to diagnose in the light
of his pmcticsﬁ. experience whab tgpe of a river it is, the approximate
relation between silt and sand load, and the approximate rate of rise and
fall of its floods. If data are available about these matters, so much
. the befter, but data arve generally inadequate - and are often
migleading, and it is generally necessary to diagnose conditions from
dbservation on the spot. Let us consider two cases: the Gandak River
(Qmax=300’000 cuseos) and the Tapti River (Q ax =1 ,000,000 cusees).

The Gandak i8 a wide, shallow, river, having a B/D ratio of 310; whereas
the Tapti, with three times the discharge, is & relatively narrow, deep,
river with & B/D ratio of 50. If we were to construct a 6 cusecs model

. of each of these rivers, the Gandak would be 13 ft. wide; whereas the
Tapti would be only 58 ft. wide, i.e. less than half the width of the
Gandak for the same mode] discharge, the Iongitudinal geale ratios of
the two being 1/200 for the Gandak and 1/330 for the Tapti. In the
former oase, a heavy charge of sand would have fo be injected in the
model; while in the latter case, little bed-sand would be injected, but
& heavy charge of fine material would be desirable.

. The Station have worked out relationships suitable for the materials -
uged by them for discharges found most suitable; but the final scales
have to be arrived at by trial and error, the model being run until
conditions are approximately similar to those in the river. In this
connection, experience shows that it is much more important to develop
known river conditions than try to enforce seales based on assumptions
regarding sand-load, efe. on which formule have been based. Indeed,
much of our most successful work has been done when we have had

little data exoept an aceurate plan. . From this, after inspection, it has

‘been possible to infer the behaviour and characteristics of s river, and

it is vastly preferable to have a limited quantity of reliabl
A large amount of data of doubtful accugacy. y of relia N data, than

When model experimentation was first started at Poona 26 years

ago, much fime was wasted in trying to reproduce river results from
migleading or fragmentary data, from which important information,
such a3 the existence of submerged rock, was omitted; butas our
| :ﬁg&m&gﬁmoreased, it was found possible to spot discrepancies and set

*C.1 und B, B. 8, A, B. (T) 194142, page 19, pazas, 3536,
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| MODEL SCALE RATIOS AND LIMITATIONS

* The main difficulty to be overcome iy et T s
behaviour in models of alluvial rivers is how to E:ggggﬂg bmggmegi
- correctly. - About this, quantitative data are never available: vet, nnless
s model 8 laid to suitable scales in the first instanee and ‘the correot
. ¢harge injected, highly discrepant results aye likely to be obtained.

| 13.24. SELECTION OF SCALE RATIOS FOR mﬁcmr*meemmm
RIVER MODELS

From what has gone before in C 2 it 3
clear that comeSpon%ing results canhggltﬁrgelﬁﬁf)fgx?;niaﬁdtiailelé :itvég
model if all scale ratios are appropriately seleefed.

The scale ratios to be selected are :—

I Length scale ratio.
II Width |, ”
III Discharge ,, _ ,,
IV Sand " "
V Depth » "
V1 Slope " "
VII Time 1) 1"

1325, - 1. LENGTH SCALE RATIO

It has often been stated that model seale vatios ave determined by
the floor spaee availsblo. That may perhaps be allowed to pass for
sim;llle geometrically-similar rigid models; but in loose-boundary models,
the length seale shoull be determined by the discharge required to give
satisfactory results—to which it is related—

Lm /Qm

Lp V4 Qp

Although discharges up to 30 cusecs have been used in river models
at Poona, models of 6 to 10 cusecs are generally the most suitable for
river investigations. Smaller models do not, as a rule, produce
satisfactory results, while larger models take longer to lay and runm,
require more gfaff, and are much more expensive. Where, as i8 often
the case, great detail is required regarding a limited length of the river,

it is better to construct a second, part-length, part-width, model to &
large scale, than to have a very large model of the whole length of the

river under investigation.
13.26. 1I. WIDTH SCALE RATIO

Though loose-boundary models—the sides of which are not held—
tend to become wider than according to the length scale, it is the almost
universal practice. to lay the model on the assumption that

width scale = length seale.

Were this zot done, the model would be distorted in plan; and though ¢
certain amount of distortion in_plan i natural, the distortion varies from
point to point, and is not ealeulable, nor even closely predictable~sgo it
is best to allow the model to adjust itself gradually, and natorally.

13.27. III, DISCHARGE BCALE BATIO

The dominant discharge of a river in India i8 rarely known. Where
the whole river is contained in s single channel, the dominant discharge
can be worked out approximately from bank-full stage in a straight
'reach ; but where such conditions do not exist it can generally be deter-
mined approximately from the meander length—for, despite nusleadgag
half-traths—such as that ‘‘meander length depends on slope”—
experience shows that the model meander-length in alluvial channels

approximates to 36,/Qdom. _

8 75088 . 445.



‘ CANALS
THE BEHAVIOUR AND CONTROL OF RIVERS AND

The discharge scaie is,g'enera]ly held to be determiped by(rlj B
Q «Ld/d .

ot Whege movement of bed material and curvature of flow are impor-

ut W :

tant factors, L @
QoL o e _

. must be satisfied.

o ing to these scales, some

i ted the model according fo | : .
nm%gexf ‘;l{i?gut%e digcharge until the demgfl,"fd.ﬁel)thho? ﬂs%w?
Bimtlon® B ig saves fime and s somietimes PermBS b M erm resulte
?e):;:?es'ults will suffice ; but it is not snitable where long-term resuitg

are desired—especially wheré the reproduction of erosion and mesanders
is important.

13.98. IV. DEpTH SCALE RATIO

' - dent variable, 8o cannot be directly enforced; but
it *alz?: }xlnlgd?ﬁ%%pg; gﬁ‘.eﬂng the discharge, the slope, the charge, m‘ld
}oh; ade of bed material. Alfering the charge brings In other errors,
and %ﬁtering the grade or the slope takes time—both for relaying and
for & new regime to be set up. To obtain gatisfactory results the slope
has generally to be glightly altered.

13.29. V. SLOPE SCALE BATIO
SloYe depends on the dincharge and the grade and charge of

matexial in movement on the bed. Although it simplifies work to
assume that

glope exaggeration = vertical exaggeration,

erience shows that this is ravely maintained in fully mobile nodels,
:ﬁgugh it can be produccd if the banks are held.

When the verticall and sloge exaggeration do not agree, the model
i5 said to be ‘tilted’. The depth seale is then different from the slope
gonle. This complicatés depth measurements; but other short-term
effects due to tilting are less thau might be anticipated.

The relation between slopes in the prototype and model may be
worked out by the Lacey formula .

S = 000547 £/Q} |
where £ i8 & bed sand factor covering charge and grade.

The model ig then run for some time with the estimated dominant
discharge, the model slope—and where necessary the grade and charge

~being adjusted until suitable bed-movement is obtained ab all sections
at domanant discharge. '

The slope thug obtained gives the optimum slope exaggeration;

but the greater the divergence from dominant discharge, the greater the
slope exror.

A comparison of depthy at various cross-sections gives the mean
depth seale natural for conditions in the model.

This trial and error method gives- satisfactory results where the
Soales to which the model was laid were approximately correct; but
ueither this, nor any other method, can give satisfactory results if the
scales originally chosen were wrong. Henece, the great importance of
adopting suitable soales in the fivst instance; which, in turn, depends
mainly on a correct diagnosis of movement of hed material in the river,
combined with experience of model behaviour under variable flow
%gnglmong Ehmh oan only be mastered by years of study of rivers and
eir models. :
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MODEL SCALE RATIOS AND mu',rmous'
13.30.. VI. Tmae scane RATIO

Where silting is the important factor to be reprod .
scale will have to be much longer than where SGOIIII)' isuggg ’igl;o;gﬁ%
factor ; and, due to bed movement not starting in the model until g much
higher relative discharge than that which eauses bed movement in the
river, and to scour being In excess for discharges in excess of the
dominant discharge, low discharges have got to be stepped up and run
for a relatively much longer time in the mogel, and high discharees run
for & much shorter relative time—ie. the time scale varies inveféely as

the discharge.

13.31. VIL SAND SCALE RATIO

As the range of diameter of particles within which normal ripples

form i8 narrow—from about 15 mm. to ‘50 mm—and as the exponent ‘o’
in the Lacey formula

d o (qfmy®

is low— 4 —it i8 not possible to change flow conditions to any marked
extent by altering the sand diameter, without giving rise to other
complications.

Where quartz sand i3 used, the material on the bed should generally
be slightly finer than that in the prototype.

In the case of boulder rivors and those where the material is coarser
than ‘6 mm-—so that ¥ipples do not form—the material used in the model
nwust be mueh swaller than in the 1iver~—see Appendix 4.

SOME OF THE MAJOR DIFFICULTIES EXPERIENCED IN RIVER MODEL
EXPERIMENTATION

13,32, (1) ESAGGERATED VORTICES AND RCOUR-HOLES IN
VERTICALLY-EXAGGERATED MODELS

The length of a vort>x tends to be proportional to the vertically-
exaggerated depth scale; whereas its width tends to be proportional to

the width scale.

The total effect is that the vortex is much longer and somewhat
wider than aceording to the width scale; but is not so long as according
to the depth scale. It is relatively much larger in plan in the model than

in the river.

Similarly, scour-holes caused by vortices ave relatively much larger -

in the model than in the river, and a8 the material scoured from the
seour-hole in the model is not carried down-stream to the same extent
as in the river, it accumulates; and, as a result, the scour-hole does not
get filled with material to the same extent agin the river when the dis-
charge falls; so the scour-hole has a disproportionately great effect on flow.
A good example of the abnormal effect of a vortex was afforded by the
ares of ‘return flow’ downstream of Naraj Gorge—cansed by the projec-
"tion of Sideswar Hill—which had & markedly distorting effect on How

over Naraj Weir.
13.33. (ii) INCORRECT ‘THROW-OFF’ IN A VERTICALLY-
.EXAGGERATED MODEL

‘Throw-oft’ from vertically-exaggerated model struetures is markedly
different from the corresponding ‘throw-off® in the prototype —as shown
by the model of the Ganges upstream of the Hardinge Bridge* and by

the model of the Sukkur Approach Channel.t This difference is partlyll

# Bombay P. W, D. T. P. 86
$C. L & H. B.S. AR (T} 104142,

- : Y

Photo Bheot
1.22



Photo Suant . 10 that model, the Mahanadi is the main river, and the K%juri

THE BEHAVIOUB AND CONTROL OF RIVERS AND CANALS

L ture is verticaﬂy-exaggérqfed rélgtive to
because the ]lnﬁx%l;ii;; 2%:}%%233% the lines of flow are highly distorteq
the bed-width; de slopes. Investigations in connectioy

: ide
by the relatively very Steep S0 B0 Hardinge Bridge showed that iy
' 3‘3&’3&%‘23‘3333135 ;hgrfmma:ng:tsegfmﬂaritf of ‘throw-off’, the side-slopesof

i out 1 to I—or about one-third as steep ag
Guld?ligsa?gsscilllg N b%tb;hglje such a slope is adopted, the lateral extep.
sion f the groyn’e or other projection is _disproportionately great,
?[‘Iﬁﬁso the positioning of groynes in models is very important: If they
are receded too far, they have Little effect; whereas if they extend oo
far, they cause abnormal scour. Each case must be dealt with individy.
all’- but generally speaking, the projection should' be rece@ed till the
tog’ f ufter scowr) i8 only a Iittgle in front of the toe in the river. The
best position to adopt will vary from model to model; and with dlfﬁerent
discharges in the same model; but it should be such that approximate
gimilarity is produced at the discharge which matfers most. For
‘other discharges, this position will not be correct, and may have to be

changed.

Though altering the slopes of & projection distorts the model_both
in pls!?:oua%ldaelzvatgi{on, thepreproductlon of correct ‘throw-off’ is so
important that distortion is essential; but its effeet must not be over-
looked.

The practice at Poona has been to eonstruct at least two models in
such cages: One model comprising the whole river to s vertically-
exaggerated, relatively-small, seale; and the other, of a part of the

‘river to a much larger seale, with entry conditions imposed and vertical
exaggerafion kept a8 low- as practicable. Entry conditions in the part-
mode% are based on lines of flow observed jin the model of the whole
river; and flow in the whole-river model is then modified in the light of
throw-off and curvature produced in the part-model. If this modifieation
leads to any considerable ehange in flow conditions in the whole-river
model, entry conditions must again be modified in the part-model, and

‘the vgholed process repeated until approximate similarity of effect is
reproduced. :

' - ' '
13.34. (iii) EXAGGERATED LENGTH oF STANDING WAVE DOWN- -
BTREAM. OF NARAY WER IN THE MARANADI MODEL

An interesting example of the necessity of distorting a model was
exemplified in the Mahanadi-Katjuri model. (Cuttack—Orisgsa).*

takes off from its Right Bank at a sharp angle, to flow over Naraj Weir.

This Weir extends along the Rj ht Bank of the Mahanadi : _
parallel to its axis of ﬂogw. e ¢ Mahanadi and is ronghly

To produce a correctly-positioned staridin‘ w
downstream of Naraj Weir, the model wejr s'hoﬁld ave be
oally-similars but in that cage it would have ext

in plan, and water would have flowed away from t
wrong angle. -

the glacis
have been geometri-
ended far downstream
he Weir at a markedly

In such oases the best com fomise h;i.s t0 be adopted —malki
Weir somewhat broader (L.e. longer in the line of ﬂo%a th;ﬂ]fr?gctt lilg
plan; but much shorter thag if it were geometries]] i

y-similar.
The best treatment differeq in this model in i :
actording to the partioular d; iy o Qlierent experiments—
under in?estigatio:? at the 1l;imé:=,1.$(3harge being run, and the exact point

®LW.E.8, A, R (T) 1943, p. 47, o T
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MODEL SCALE RATIOS AND, LIMITATIONS

13.35. (iv) NECESSITY OF HAVING DIFFERENT VERTIOAL SCALE
BATIOS FOR RIGID AND NON-RIGID PORTIONS OF Mbnm.s

Ina vertically-exaggerated model of 3 river, the s o
on the intensity of discharge per ff. run; and, th: gi%}:hlzrgi :dg)in%s
ﬂndﬁg :1{52 %ﬁpj“i&m‘?ﬁt&l}‘) ; St;hdischarge scale is approximately pro-

oruon gt ereas in the river porti h
gcale « L%; hence,-, for equality, POrtmn. of amodel thedischarge

, LP=LXdxvd
d=L8
In practice, two cases arise :—
(@) L? = L.d% (approximately)
(3) Lt > L.a?

Cose (0):—L% = L.gf holds approximately in & straight mobile
channel , ' :

Fic. 13-8 Fg. 1#-

Ct .\hmnnm-

Mool stpa slighty stegper

C.SECTION OF WEIR.

(Fi16. 145 rrox A. R. T. 1945 or I. W. E, S1v.)

Case (b):~—where part of a model is mobile and part rigid,

1> Ld?

because the vertical seales differ in the rigid and mobile portions,
and if made the same would give incorrect rasults. This difference
can be reduced to a smaull extent by making the rigid portion
smoother than in the prototype (see para. 13.03) and by increasing
the steepness of the glacis slope—which .increases the coefficient
of discharge; but the distortion hag different effects with differeat
discharges and different drowning ratio—thus an increased glacis
slope leads to an incerease of coefficient with free flow; but a redue-
tion of coefficient with drowned flow. It follows, therefore, that
distortion of the rigid portion does not neutralise the scale effect.
This can be overcome for a particular discharge by adopting diffe-
rent depth scales for the river portion and the Barrage portion—i.e.
by lowering the sill of the Barrage to pass the designed discharge;
but this alters the drowning ratio, and downstream flow conditions
and the divergence incresses with other discharges, and flow over
the weir would continue after it had ceased in the profotype..

(Note.—The water level must be taken ag the datum for the local
depth scale of the rigid portion.) :

8 75969 449



Photo Shest

1-29
Figs, 1-10

THE BEHAVIOUB AND CONTROL OF FIVERS AND cum,s‘ '

ind Barrage inodel—-_in which flow is almost a-xia.'l;
saﬁsﬁoi%iy%ggftsgr}ere, hoﬁgever, qbtamed, ma gmglet 1'node1 by makin g
the depth scales for the river and thi Barrage different :—, _

Longitudinal seale = 1/(250)

Qseale - = 1/62,500 .

River depth scale =1/50 N .
Barrage depth scale = 1/40 (from 1/62,500 = 1/250xd? 5)'

13.36. (v) LONGITUDINAL DISTORTION

Vertical exaggeration is essentially 8 width reduction and in many
cases if is best toggisuaHSe it assuch. Similarly, slope exaggeration may
be looked on a8 a foreshortening, or relative reduction of longitudinal
goale; but depth remains the same whether viewed in it relation to

~ width or length; hence depth should be looked on as basie, and length

and width a8 related to depth; so that width and length reduction are
more precise ferms than the usual expression—vertical exaggeration.

In & very small model, a high slo;ie egaggeraﬁon may lea(_i-to h_yper-
eritical velocities; but more generally it merely leads to distortion—
due to the length in which changes have to take place being foreshor-
tened. As a result, the length in which new lines of flow and eddy-

tterns (resulting from changes of sectipn, or roughmess) have to

ecome established in the model, is often inadequate to establish the
change before a further alteration in the angle of flow, or rolighness,
oceurs in the model. <

Two good examples of this are— ,
(i) flow from the twin gorges at Sukkur,* and
(ii) the groynes in the Jumna at Delbi.t

In the former case, the gorge was foreshortened 73 times in the
model, affecting both lines of flow and eddy pattern of the water as it
issued from the gorge; while in the latter case, the groynes were seven
times oloser together relative to depth than in the river.

13.37. (vi) Nrcessrry oF TiLTING Naras WER IN THE
MAHANADI MODEL

_ The top of Naraj Weir, over which water flows from the Mahanadi
into the Katjuri, is horizontal from bank to bank, If the diseharge’
per foot run at all points of the Weir wewe relatively the same in the
model a8 in the prototype, the Weir would be horizontal in the model

* al80; but as explained in 13.35, the vertical scale of the Weir portion
has to be different from the vertical scale of the river portion in order to

%lv.e oorresponding discharges, 8o the sill of the Weir had to be lowered.
his lowering was not uniform from the right bank to the left bank,
beoause the greater the depth of water over the sill, the more the Weir
has to be lowered to pass the eorrect discharge. In ofther words, the

weir had to be titled as well as lowered
varied with the discharge. owereds and ‘the level should have

This question was still further eomplicated due t the lnes of flow
and eddy pattern of the water ag it ?ssued from J.:T)ara?i lé%isgg being
different in the model from those in the river—as explained in 13.36.

13.38. (vii), DIFFERENT TIME SCALES FOR SCOUR AND ACCRETION

ous Ina river, by far the greater part of the material in motion is in
pension; whereas' in most models, silt in suspension forms &

*C.Land . R. 8. & R. (T) 103040,
$ Ibia., : - ' '

*
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ralatively small part of the total weighted charge: and :

that the reproduction of full natural silting in a model 15 fmpractioasle,
If the time during which & model is run is increased to permit more
silt deposition, Seour—which ogeurs relatively much more quickly than
) g—18 excessive; which, in turn, lead - A

great sccumulation of conrSe r’ particles’. eads to a disproportionately

* This error is aceentuated where the model is laid secordine to *aold
weather’ conditions in the river; because, as already exgﬁ?ﬁeff 333111(11'
pits at the noses of groynes are relatively much larger in the model than
in the river, and the excess of sand scoured from these pits produoes
unnatural sand-banks in the model, which are not removed by sub-
sequent seour. This excess sand, unless removed, will produce quite
‘wrong results.

Accretion on top of shoals is, on the other hand, relatively small i
the model, with the result that a relatively great,er dischm?ge pass:g
ovér the shoals. Consequently, reproduction of year to year changes in
a river becomes more and more ingorrect as the period of flow increases.
These difficulties were prominent in the 1/500 scale model of the Ganges
above the Hardinge Bridge.*

13.39. CoNCLUSIONS REGARDING HYDRODYNAMIC MODEL EXPERIMENTATION

Though some types of problem ean be solved with & high degree of
aceuracy with the aid of models; other types, especially problems aon-
nected with rivers flowing in alluvium, present extraordinary diffioultiess
80, if anyone has hoped to learn enough from thig Chapter to enable
hinl to carry out river model experiments sycoessfully, he will be

disappointed.
Models are, however, always helpful, in that they make it easier—

(i) to visualise the problem;

(i) to verify data, to see whether it i8 correct and adequate,
or whether important details—such a8 rock exposed in the bed,
outerops of lime kankar, ¢te.—have been omitted; :

(iii) to evaluate the relative effects of different treatments—
making allowance for model limitations; :

but it must be clearly understood that success depends primarily on a
correct diagnosis, and evaluation of all the factors causing change.

Tn general, the tendency is to place too great reliance on thought-
numbing formule. They should be nsed only as a guide for inmitial
laying. Thereafter, observation and ecomparison of model bebaviour
* with river conditions should be the basis for further modifications.

A common mistake. is to rela'iy models for subsequent experiments
according to the original scales. This is wrong. The scale ratios should
be moditied in the light of results, and the original scales discarded.

Factors involved in reproducing river conditions in a model
include :— : ,
(i) natural slope exaggeration; : .
(ii) natural width reduction;

(ili) a very much quicker time scale in the model than in the
river, but the same rate of maturing and consolidation;

(iv) much steeper side-slopes in the model—though the material
has practically the same angle of repose as 1n the river;

(v) fluctuating discharges and charges, the latter not being
capsble of measurement in the river; but having to be injected in
~ the model; : :

., *C.IandB. B S. A R.(T) 103839, pp- 2223

451 .




" studied in the fie

THE BEHAVIOUR AND CONTBOL OF BIVERS AND cmug
. ts in the model due to rigid portions such
88 rc()?ll ex'hﬁf eﬁﬁ?ﬁaﬁ,ﬁeﬁay, bmhiges’ fgﬂ}‘ov%nfa ?ﬁ‘;még]}?ﬂe cause
, : distorted lines of flow an ;o
elongated vortice, and t-offs are affected by the relative eo- -

T ‘ ills, cu "t :
hereg%%)a;ntf 31111(1.‘3.%8&82@0;3:3 of the material in the river and model—

v - . [P : 2 'harge_t .

lation varying with variations 1n d]SG' ; ‘

| t e 1'(?criii) diﬁelllewes in flood eycles from year to year—Wwhich haye
to be agsumed and imposed in the model to prediet future changes];

(ix) difference in vertical scall.e and length scale effects in rigid
and non-tigid portions of a mode ' )
No formula can be devised to take all these varying factors sinto
consideration; all that can be done 18 to carry out expg}nmentsulw;th
mohile models to evaluate divergences from natural conditions resulting
from various disturbing factors, in order to see how far these effects can
be minimised. (‘
investigations have been in progress at Poona for a great
'mansu;]elagve'i‘hgge have given & clear indication of why certain modi-
fioations which we have been carrying out have been successful; but
they have not, and cannot, eliminate the inherent divergences, nor can
they fully resolve the numerous complex factors.

Frequently it is stated that river results have been reproduced in a
model; yet those who make this statement relay their models each year
gecording to the latest survey, instead of allowing the model to carry
on from year to year. The reagon given for this is that the flood differed
from what was assumed; but the realreason is that only rough quali-
tative similarity has been achieved, and errors are cumulative. *Our
object i8 to predict what will happen hereafter—not for a year or two—
but for several years shead—and if a eorrect solution of such a problem
depended on the model having to predict correet river conditions year
by year for several years ahead, the model would give s wrong answer—
not merely because models, like sausage machines, eannot give back
more than is put info them; but still more becanse the effect of many

faotors: differs, and the time-seales for aceretion and scour are widely
~ different.

For our purpose, it is neoessar% to study the data of alluvial rivers
for 88 many years as available. This data should include flood hydro-
%'mphs, annusl surveys, dats about bed material, and silt charge, ete.—

ut the most important investigation is with regard to river changes
which have taken {)lace in the past and are in progress. These must be

be field.  Only thus can the most probable, .and the most
extreme, variations in river conditions be predicted.

Though alluvial river models have many olear-out limitations; yet
they ggve essential information to those who can interpret them. They
should ‘not be expected to show what will happen over & long period of

ears; their chief value bej : PER over & long p
oan never replace. “ing o8 an aid to engineering skill which they
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plication of the Results fo other Distributaries, by

and al
C. C. Inglis, with D. V. Joglekar.
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Sind, by C. G. Hawes and C. C. Inglis.

Report on Experiments on Model Culverts made with Hume
Pipes, by C. G. Hawes and H. 8. Kahai, with appendix, con-
talning & Note on the use of Hume Pipes for irrigation pur-
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Note on Research work done by the Special Irrigation Division
since its formation in June 1916, by C. C. Inglis.

Note on Experiments carried ont with various designs of piers
and sills in connection with the Lloyd Barrage at Sukkur, by
C. C. Inglis and C. G. Hawes, with J. 8. Reid, D. V. Joglekar

and H. V. Katakkar. |
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of the Bombuy Presidency with & short Note on losses from
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Report on Experiments carried out at the Karachi Model
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Notes on (1) Flumed Aqueducts,
(%) Remodelling en existing Canal or Distributary; o
pass an increased discharge, ‘

(3) Affluz caused by heading up water at regulators of
s canal and the extent of backwater and

(4 Distribution of velocities in channels, by C. C. Inglis,
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57. 'Note on disposal of Poona Sewage Efftuent, by C. C. Inglis and
‘ D. V. Joglekar.
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and D. V. Joglekar. . ,
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BED RIPPLES AND BED DUNES

Sheet A2-1

Photo 2289. Photo looking upstream in sand channel experiments,
showing typical ripple formation mm white V sand (unscreened),
024 mm., with Q = 1'5 cusecs without sand injection,

Proto rroM I. W. E. St~. A, R. T. 1943.
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Sheet A2-9

THE BEHAVIO

Photo 3067  TLooking upstream showing
appearance of bed dunes at the upstream
end and intermediate condition between
large ripples and small dunes at the
lower end in experiment with () = 675
cusecs and X =02 per thousand by dry
weight of V sand (035 mm.) in L. I3,
flume,

. - "

ey oosing e shovin
; 1eur  sand
(m =023 mm,) after ripples had been
weshed away, except near the sides by
Increasing the velocity from 1-08/sec
to 2:08'/sec., by reducing depth with
same q (= 108 ¢s./ft)) to ubout half.

Proros rrox 1. W, E. Stx. A. R. T. 1943.
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BED RIPPLES AND BED DUNES
APPENDIX 2 °
BED RIPPLES AND BED DUNES
AQ.OO.  INTRODUGTION

The formation of ripples on the bed of an alluvial channel has been
gtudied in detail at Poona. In 1940, experiments were carried out
~under the supervision of Mr. A. R. Thomas,—Deputy Director—in o
25 ft. wide channel, in which a predetermined discharge was run, the
water level being lowered until bed movement commenced. The water
level then being gradually lowered 005 ft. and maintained constant
until bed movement had practically ceased. The mean height of bed
ripples (fop of crest to bottom of trough) and length (orest to crest) were
found from the average of several ripples.

The experiments showed that
(i) ripple height varied with different materials;

(¢) when the water level was lowered rapidly, keeping the -

charge constant, vigorous scour ocowrred and the ripples which
formed were higher, the final depth of water greater, aud the
velocity lower than where water was lowered gradually—that is to
say, increased charge led to an increase of ripple height, an incrense
of depth, and a reduction of velocity;

(ii7) though ripples formed when flow was initiatedin a channel
with a bed of Khadakwasla sand, they gradually disappeared, due
to the material (m =020 mm.) being partially cohesive;

(ir) bed ripples did not form on a bed of coarse sand;
and

(r) the energy slope increased with coarseness of material
as well as with relative roughness (hr/d).

Further experiments were carried out .in 1943 by Ml:. 8. C. Desai to
aseertain the factors affecting the formation of bed ripples and sand
dunes on the beds of alluvial channels.

Bed-ripples are small undulations which appear in & distinet pattern
on the bed of a channel—see Photo 2289. ,

Ripples appear and develop wherever bed movement oceurs, even
though it is very small; and their shape and dimensions depend on the
discharge of water, the sand charge, grade of material, its size-distri-
bution, and specific gravity.

A2.01. MOVEMENT OF SAND PARTICLES

When the water level in a flume flowing - with constant discharge
with incoberent white V sand on the bed (m=021 mm.) was',gradually
lowered, it was found that a stage was reached when very light
particles of the mixture exposed on the bed began to be thrown into
suspension (see Fig A2-1), while heavier particles did not move. On

Fig. A2-1

No e e BP0
W L,

A . S— ——
LIGHT PARTICLEE SET UP
N SUSPENSION,

[IPeCSET 2 JE—_

o
I P e

wdsrhy Pyl b

(F1a. 49 FroM A. R. T.,A 1943 or L. W. E. S1x.)
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city, by lowering the waber level, it wag
inorensing ih;al‘f’t‘;}ﬁes% thye mixture began to move on the bed;
observe1 ering the water Jevel still further, the medium and fine
and 9‘1' ow ved. The reason for large particles moving beforg the
particles IMOTS ticles is due to the larger particles protruding s
1l distance above the general bed level, 80 that they are acted on by
smlgtivel high velocities at Some distance above the bed, whereay the

Iﬁ'?ler pargicles which fill the interstices between the larger particles, .

3 are acted on by relatively low velocities.®

further increasing

A2.02, MECHANISM OF RIPPLE FORMATION

- ' Fie. A2:2

e 4994 - b,
oW B ST ROSJMA

W. L

" »
tadellie GNP I S sk g S T SR S
+

PARTICLES BEGIN mMOVING

oM BED

'
i
i

(Fie, 50 ¥rom A, R. T. 1943 or I. W, E. Stx.)

Asg the sand grains in a &nven mixture vary in size and shape; and
in turbulent flow, any random collection of particles will occur on the

¥ig. azs; bed—as at point A (Fig. A2-2)—this will cause a small eddy to form
downstream; and, due to the formation of this eddy, material will be
geoured from the trough and the scoured material will deposit at a
point farther downstream to form another ripple erest which, in turn,
will lead to the formation of another eddy; and the process thus
becomes continuous downstream until & series of ripple crests and
troughs is formed.

Fre. A2-3
N2 4894, C
1 W EART, 5T P,
N - . : (; )
) o FINE PARTICLES CARRIED IN BUSPENSIO
» w -:“*_.‘:_::..a_um wsnee sma il |
2 )

(Fic. 51 rroy A R.T.1943 or 1. W. E. S1N.)

Due to eddies formed in th
sand are shot up in lirecti: tr013
veing shot hIi)ghera'll;%l flilﬁg;;m%iﬁ om the trough, very fine particles

gh of sand ripples, pa,rticies of

| PR, Suspension—see Kig, A23 e particles, to be carried away in

» l ' * ) " . "
Paper No. 17, . B, Waterways Experiment Station, Vieksburg, Mississippi,

1935,
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Some of the medium particles ;re also sh :
. g ot fr ouoh -
but these arve not carried in suspension, but mostlwlvlpfall ?)I;l tﬁeutl 0“;']:1{
slope of the ripple, though some of them £all on the upstream slope ‘of
ream slope ~ : ;
action is feeble. Fiope, Bes some of them in motior, though this

Fie. A24 .
. W A995.
THDIAN.  WATERWANS £XET aln,
- 60 'g
' !
13
e o N
3
&immawml. ANALISIS ( !
o DlaGRANS OF '
8 SAKD 1M RIPPLE EXOT ' ?
-i Q= 1cusse/F:) '! ‘
3R cOLLLCTED TROM LEEWARD SLOPE \ !
. OF QIPPLE M 528 =mee / \
COLLECTED from g Slone OF " '|
QIPOLE Iz «BAG, = ‘
% ;
! V R
] \
; AT
L) Mﬁ: \
O : ] v, 'O
- Goan GIZE I MLLUMETTRE , €61 Classiritation
tloy Jsi 5:5 i! sl'ggilgigl?“'h?
e AN R ERLE
iy,

(Fis. 62 rov A R. T. 1943 or I. W. E. S18)

The rest of the particles are rolled up the ripple surface towards the
erest and then slide down the lee face, to form a leeward slope with an
angle of repose which is steeper than the normal angle of repose. This
is due to the upward current of the bed roller in the troughj and large
particles are found on the leeward slope, whereas a mixture of fine and
coarse particles is found on the upstream slopes of the ripples. This is
shown by Fig. A2-4 which depicts the mechanical apalysis of white V rig a24.-
sand! collected from the upstream and downstream slopes of a

sand ripple.
A203 CLASSIFICATION OF RIPPLES AND DUNES

: There are four distinet stages of bed roughness. Ripples; a con-

dition intermediate between ripples and dunes; and sheet movement.

Kramer* based his ripple classifieation on the ratio of height of a ripple

to the depth of water which formed it and classified as excessive ripplesif

h were greater than 8 per cent of the depth of flow, medium ripples if
F@inb 1= ] .

b, were:3 to 5 per cent’of depth of flow, and weak ripples if h, were

less than 3 per cent of depth of flow. At the Waterways Station at
Poonsa we have found, however, that all incoherent gands with mean
dismeters up to 0+43 mm. form ripples Treatly in excess of 8 per cent,
especially where depths of wafer are [oW; and that the ratio-of h/d

decreasesTwith increase- of discharge per foot run. Hence such a

clagsification is unsuitable for defining types of ripples.

% Hans Kramer: " Sand mixtures aod snmi movement in Fluvial Models ¥, Paper No. 1909,_ American

Society of Civil Enginears, 1034. .
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: petter classified from their pattern on the

s et Bipples ant L0 oA be 81— Photo Sheet A2-2—and Fig. A25,

s, bed of & C1B larly, whereas the crest of a dune stretches across

c%%siderable width of the bed. In the case of & ripple there are ng
]

B oondary ripples on the upstream slope, whereas small secondary

ripples appear at fimes on_the upstream slopes of dunes.

A2.04. TRANSITION FROM RIPPLES TO DUNES

S g in bed movement, conditions gx:a.dually change from
and from large ripples to small, medium and large dunes, a,ndheventua.]ly
to sheet movement. Lt Was also found thaf after the bed of the channel
hag attained equilibrinm, if the veloeity were suddenly greatly increased
ay doubled), the crest of the ripples was washed away, sud an almost

photo Sheet gmooth bed regulted—ag shown in Photo 2510—Photo Sheet A2-2.
A2, |
' Fre. A26
NY . BO00 -4
- 1o WL Expts B0
Malerial depostting
5‘ . ~High crest vel. 5 bence malevigl scoured

C

Rt 2l

i &7 T .
s :
Flat ufs slope Deposit in irough ¢ » CREST &
T = TROUGH

(Fio. 54 veoM A. R. T. 1943 oF L. W. E. Sv.)

The upstream slope of & ripple results from a balance of _forces~1f
it 18 too flat, material will deposit at the crest and the slope will become
steeper. If it becomes too steep, the erest will be scoured, some of the

Fig. A28, sooured material depositing in the trough, (see Fig. A2-6) and some on

the next upstream slope, till the upstream slope 18 reduced to the nor
mal slope.

For a given length of ripple, the height is a maximum when the

+» upstream and downstream glopes are steepest. Bagnold® has pointed
out that

“the length of the characteristic path of particles inereases
with inorease in velocity.” :

He was writing about air-transported sand, but the same holds for
water-transported sand ; and as & result the length of the ripple also
inereases with velocity, while the upstream slope flattens and deposition
takes place at the orest; so that the height increases. This is limited
by the velocity at the crest; and increase in height relative to the
inorease in length decreases as the velocity at the crest increases, until
L/h, exoeeds that for normal ripples, and dunes develop. Due to this
fiattening of the upstream slope of the sand dune, convergence of bed -
flow is reduced and is less than inthecase of normal ripples and is
insufficient to smooth out all the turbulence at the toe of the slope where
flow emerges from the trough. This reduction of convergence leads to
instability of flow and the formation of small ripples on the upstream

Flg. 487 (a) 8198193 of the bed—see Fig. A2-7 (a) and (})—each ripple having & roller

and 3).  with horizontal axis formed in its lee, as could be s ough a glass
window in the side of the flume. ’ een through & & ;

Due to different grades of materialin the mixture, the characteristic
hops of grades differ considerably, and some of the particles (especially
the larger ones) thrown up from the trough saltate only a short distance,
to fall on the upstream slope of the next ripple. Thereafter, they move

by bed-ereep, mingling with. the secondar i jch have
Flg. A27 ) formed on tﬁe slope—see Fig. A2-T (). vy smell ripples w]i11ch *

———

* “The Physies of Blown Sand and Desert Dunes” by Brigudie: R. A, Ba.guol-d, FR. 8.
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BED RIPPLES AND BED DUNES

-~ Fig. A2-7 (a) and @)
J >, . LW.E St
' a
(a)
W
. T T -
Smell wave *

No rgoflcs on the ufs slepe of the wave,

T Secondery ripples onthe uje stpe'of'o

. e Ware,
Salialion of lawge partich.
el
f&‘ u Crash
7' - ?MUJII.

l.;ﬂ"‘“'.‘ ¢

(F1e. 55 rroxt A, R. T. 1M43 or L. W, E, 8mv) -

1

A2:05 FACTORS AFFECTING THE SHAPE AND DIMEXSIONS OF RIPPLES

__Experiments have been carried out in open channels at the Station
with incoherent V sand of 0-21 mm., 0'24 mm., and 0'43 mm.; Nala
sand of 0'65 mm., Nala gravel 14 mm., and 4'9 mm. ; in open channels ;
and with materials of 422 mm., 8'7 mm., and 19'4 mm., in flume experi-
ments. These showed that ripples do not form where the bed material
consists of gravel but that sands up to about 0'5 mm. mean diameter
produee ripples.

*Rubey concluded that particles having a mean diameter of Jess than
0’10 mm. follow Stoke’s law, i.e. the formuls for visecous resistance
(V, « m® while those with m>0'5 mm. follow the formula for move-

ment by impact of water (V, « m’})- For intermediate grades the move-
ment of particles i controlled both by viscous resistance and impaet of

* the fluid.

A table based on Zahm’s extension of Stoke’s equationt indicates
a much shorter transition range than agsumed by Rubey and an infer-
mediate renge betweenm=02 and m=0'5 in which %’. ¢ m (approsi-
mately), with short transition regions each end. .

« Experiments with Nala sand (065 mm.) showed that ripples do not
form in Nala sand >°65 imm., and such smell ripplets as formed at
higher stages of flow were due to an admixture of particles finer than
050 mm. Hence, the presence or absence of ripples is closely linked
with the way in which the particles move, which in furn depends upon
the grade of material. : .

# “Sattling velocities of gravel, sand and silt particles” by Willlsm W. Bokey pp. 825839
"Vol. XXV, Amerioan Joarnal of Science, April 1033, _ ' .
# Punjnb Irrigation Resenrch Institnte Repoxt for year ending April 1937, p. 46 and Table 16,

B 759—78 . | 465



Fig A28,

THE BEHAVIOUR AND CONTROL OF RIVERS:AND CANALS

4206, ErFECT OF SIZE DiSYRIBUTION: OF PARTICLES ON THE RIPPLES
i i in unsereened white V sand—m =024 mm
: tf'!h?nh%gggf (fgg%) %&egéﬁ.’ae material above'O'G mm. Was onl_y about
(Ialoxllfaﬁlllatg of ripples in soreened V sand of 021 mm, This d1ﬁe1-91‘me
.wis largely due to the coarse particles of unscreened sand accumulating

in the troughs. , D
! A2.07. Brreor.oF CHARGEOF BED SAND
load: :ments were carried out in the 225" and 45" vertical-

aaicledS ?11111(111113: ﬁfﬁvﬁe Vsand =035 mm. The discharge and charge
were the same in the two' channels, being 4 cusees and 02 per cent by
dry weight respectively. Equilibrium was reached with large dunes in
the 2'25¥ﬂume and with small dunes in the 45 flume. In experiment3
of that series, the .charge was reduced to 1/4th, i.e. X=005 per cent
by dry weight, and it was observed that with reduction in charge the
bed condition in both the flumes gradual'ly changed, the large dunes
being replaced by small dunes in the 2:25 flume, and the small dunes
by ripples in the 4% flume. :

These experiments showed that ripples or dunes inerease with
increase in charge when discharge is kept constant.

A2.08. EFrFECT OF DISCHARGE
In sand bed experiments carried out in the 45’ flume with white

. 'V sand (036 mm.), it was found that with the same charge (02 per 1,000

by dry weight) but with various discharges (36 cusees, 5:0 cusees and
675 cugecs) small dunes formed on the %ed; and the height of dunes

inoreased with inerease in discharge, but ratios of height of ripples to
depth of flow were nearly similar.

A2.09. PHENOMENON 4T THE DUNE CREST (Obsérved through the
glass gide of the flume) :

~ Asin the case of ripples, large particles move by bed-creep on the
upstream slope of dunes, while some of the medinm particles move by
saltation, the fine particles being in suspension. ‘

- , Fig. A28
b NY 4959 B
Bnascamme o JN thICAL !MAVE: LW e s,

\i) BuseeNsion ¥oom corst, @

» o (!
A A ’j,! BUSPEREION FROM TROUGH.
/13 samenon voow cersy,

A) &) savtarion FROM TRouaw.  CRESY
£ M——

T "‘t‘.’u)(smm CREEP FRom TROUGH

(Fre. 56 FroM A. R. T. 1043 oF I. W. E. 8mv.)

Movement of materi

al on the wave orest ig <l s
Due to the sharp curvatur rest 18 shown in Fig. A2-8.
partioles were gwept up liaey %i.eﬂmbﬂi:r? : flow angeo, Some of %m fine

suspension. The course of t fluw and were carried away in

medium partieles cup
struck the upstream st Lcurved downwards and
suspension,%a.ltation (())IP i:(f-.ct?:egf  aime, setting partioles in motion—

of grains Was very consideratle. * It This action of g descending cloud

drvegular eddies in the troughs, the mowaeh ) ot due fo small -

troughs was inteimittent. ¢ movement of particles from the

466 -



BED RIPPLES AND BED DUNES

Fig. A29
N\
PECULIAR SALTATION = dnehe :
EEMOVED.
P SATATING PaRTiCLER,

SLIPPING OFF OF THIS PorTion

gulkarn;

(F16. 57 rrow A. R. T. 1943 or I. W. E. S1x.)
A210. SCOUR OF THE UPSTREAM SLOPE OF DUNE CRESTS

At times it was observed that heavy saltation developed from a
dune erest, the particles striking the upstream face of the next dune,
Heavy scour then oceurred and almost all particles moved by saltation.
[see Fig- A9, (i), (i) and (iii)]. This action was 80 severe that vhe Fig. A3o.
upstream slope of the dune crest became very steep, whieh led to the
upper portion—from (iii) to (ir)—slipping off. During this motion it
was observed that the rate of travel of the dune crest was less thay the
rate of movement occurring at the upstream end of the dune, due to
scour, and hence the length of the dune decreased, nutil, in some enges,
the whole of the dune was destroyed. The mean length of the path of
the saltating particles from the scoured portion wes nearly equal to
the lonyuth of & small dune.  When the length of a dune became about
10 per cent greater than novinal, small secondary ripples developed on
the npstream slope of the dune. These results were for equilibrinm
conditions with a discharge of 2:22 cusees per ft, run and X =02 per
cent. [nder these conditions, the slope was foundto be 0'63 per cent,
d=13%, V=167"sec. and V/d=208. !

A2.11. SuMMARY or THE NoTE

1. Bed ripples and dunes are undulations which appear as & dis-
tinet pattern on the bed.

2. The origin of ripple formation lies in the uneven movemen} of
material caused by the flow of water.

3. Random collections of particles oceur on the bed. These create
eddies, and material deposits at a point one ripple length downstream,
where the same process takes place, and ripples appear on the bed
further and further downstream as a series. .

4. Ripples develop wherever bed movement oceurs, even though it
is very small; and their shape and dimensions depend on the discharge
of water, the sand charge, grade of material, its size-distribution, and
specific gravity. : : A

5. With increase in bed movement the ripplets change to small,
medium, and large ripples; and large ripples change to small, medium,
and large dunes; until eventually, with still further increase in bed
movement, sheef movement oceurs. ‘

6. With increase in bed velocity the characteristie path of saltating
particles inereases and the ripple length increases, with a com?spondmg
small inerease in height. s formed fum s

7.. The upstream slope of a ripple whieh has formed on a dune 1
dependeg;ﬁ on tI;)he bala.nee%f forces between the rate of bed movement
and the crest velocity. The downstream slope is determined by the
angle of repose as controlled by the upward current of flow in the roller
eddy (with horizontal axis) which forms in the trough. _
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FACTORS AFTECTING EXCLUSION OF BED SAND

APPENDIX 3

Sheet A3-1

[hoto 479, Iiscape at the nose of the Divide
Wall—facing towards the -canals—
looking upstream,

. -
> A I
: ud LMES

Photo 48). Escape at the nose of the Divide
Wall-—facing away from the canals—
looking upstream.

QR =4'06 cs.; ch =2'D ¢§.; Q(escnne; =156 es.
Protros rroM Bousay T. P. No. 52,
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AND CONTROL OF RIVERS AND CANALS

THE BEHAVIOUR Sheet A3

Photo 530. Scecur at a vertical-nosed Divide
Wall ending opposite the upstream end
of Kastern Nara Canal after 15 hours
flow.

EiDO A ) S " [ (i
Qe=832¢s.; Q=582 ¢s.; Qe =23 cusces:

I

Long Divide W
laid round nose after s

residual pitching in the form of an
Iverted boat,

all with pitching
our, showing the

PrOT0S FROY Bousay 1, P. No. 52.
470



FACTOBS AFFECTING EXCLUSION OF BED SiNp.
APPENDIX 3

FACTORS AFFECTING EXCLUSION OF-BED SAND FROM
CANALS TAKING OFF FROM ALLUVIAL RIVERS

~

SUMMABISED FROM BoMBAy P. W.\D,.T. P, 51.

Model experiments carried out at Poona * in connection with the .

design of Bukkur Barrage showed that the
surface water drawn from a 9 ft. wide, kin

proportion of bed water to
ed flume into a 3 ft. wide ofi-

take with its bed at the same level, the discharge being one-third that n

the parent channel — so that V¥d was the
in the parent channel, whereas with 6 eng

Same ~ was 1'YS with 3 cugeos
ecs, the ratio inoreased to 213

showing that doubling the velogity in the parent channel increased the
ratio of bed water to surface water drawn, by 66 per cent.

When a sill = d/3 was added, the ratio fell to 1-69 or by 11 per oent;
and adding piers reduced the ratio to 180 or by a further 5 percent.

fia.A3-] SERIES O D, PLAN
(scaLe-glat )
] 4 cw, h -
Gp= 80 cs. .'\'}:: o-a: Py, 9
Vo R a-e?ff |

AWVIDE WALL

SILL 4 HIGH

|

Q‘: mE.0 es.
Ve *°-e7 Flg.

(F1c. 9 rrom Bomzay T. P. No. 52)

-
L

divide wall wag added (Fig, A3-1), making a pocket = 4/9thg ¥ig. 431
the g(ﬁ%ngf the parent channel, with “still pond” running imposed, the
ratio was reduced from 1'80 to 0°62 ; but when the discharge outside the
divide wall was reduced from 4 o842 cs. and the undersluices were
opened to pass 0'52 cusec, the pocket ratio wag approximately unify.

o

No. 52 “Factors sffecting Exolusion of Bed Bilt from Cansls tgﬁng off from

-

# Bombay P, W. D, 1. P.-
. ~Allavia) Bivers.” e S

875976 | 471



AVIOUB AND CONTROL Oli' RIVERS AND CANALS

THE BEH
| Tapit AT . |
o " Qerja_s 10-D wity, '
e 8 dg:’f;g;ig:lz ?f?:a
| 18606 ~ . .. 60 B
Qg (ousees) e T ‘ ‘
40 40
Qs (cusecs) |
20 2:0
Qo (cusecs) ! 2 )
Ly e .. 067 06T
: _ o . R
vn (f/ﬂ) . Teew ’oc- Y 067l | 80
Vo (l8) - e e e 06T 067
‘Surface divide () ... ver e 2B 3'95
Bed divide (£t) - .. 45 99

.o bed water - into Canal 180 - 062
Ra.ho‘ Ofsurface ater drawn into ‘

Though these experiments -were done with & rigid bed they give
8 clear—cu% qualitativxep result indicating the relatively small effect of
o taised sill on exeluding bed sand and the greater effect of ‘still pond’
yunning. The benefit of ‘still pond’ Tunning decreases rapidly as the
pocket gilts ; so that even this is not a solution.

The optimum length of divide wall was investigated at Poona in
conpection with sand execlusion at Sukkur, and the conclusions arrived
ab were that |

t%) A divide wall should not normally extend beyond the upstream
end of the upper canal o

© (id A shorter divide wall is almost equally effective for exelud-
ing bod-sand, and makes it possible fo scour the bed of the pocket
more quitkly and effectively, and gives better control.

Other conalusions arrived at were that

(i) In general, it may be said that the higher the velocity
through the under-sluices the greater the proportion of bed-sand
drawn by the Canals. The reason for thisis twofold — due to the
higher velooity of flow at the entrance to the pocket, a higher propor-
tion of bed-sand is drawn into the pocket; and due to the higher
velocity of water through the pocket, more top-water flows through

the under-sluices, and hence a large proportion of bed-water enters
the Canals. : .

(iv) Where theve are several canals, the bed Water tends to
fow into the upper and larger canals. . ~ ’

+(t) Where there is a pavement, sand exclusion will not merely

bé quantitatively different from that which occurs where there i

no pavement and a free scouring bed | he
reversed. g bed, but the result n‘1ay even he

. It follows from this, that under some ci ved

ﬂoor(is_)d%simble while in others the revell'?: ig ltrr?elflsmnees o pave
vi) Where there isa curvature of flow. the top. hich velocit

water tends to flow outwards » the top, ugh velocity
water is deflected towards %and the relatively slow-moving be

he convex hank. v ords
ourvature of flow tends to deﬁgc_t bed sand from thgo%g?e }j;nk. ’
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(F16.2022& 24 Fron
BOMBAY T.0. Ne 52)

fie. A 3-2 (LINED BED) MITHOUT SAND on BE0.

SHOWINE LINES ofF FLOW

Qp=4-08 €S, Q= ML,

i\_ax 1'5e U5, QQE-: 2% CUSEES.

Fis. AB-3 WITH SAND ON BEQl SHOWING LINES OF FLOW

Rp= 406 CH. Q= ML
Q&'—" 56 os, q‘:ﬁﬂ 2.5 CUSECS

o

————
CLosSEn

— O]
— ;""" ¥ }

FE. A3-4 (SERIES 36) WITH SANDOW BED
SHOWING LINES OF FLOW

Qp= 40 LS. L Ry= O

QAp =196 €9, Q;Em 2.5 RUSECS.

CLOBETD

REFERENCE,

"SURFACE WATER,
'MID-DEPTH = =—-——=

BED  cormmemmeeig
-4 - »® & PE N PONA S0
L™ 13 * ) : L
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-+ PACTORS AFFECTING EXCLUSION OF BED SAND

" Ag an offtake from a straight channel oauses curvabure of &
towards the offtake, the offtake draws bed-water. If thi?cmfaf&z
is reversed by construeting a pocket in front of the canals snd rup-
ningit *‘still pond”’ the curvature isreversed and bed-sand excluded.

. When the * veloeity : depth ’ ratio in the River falls below that in
the pocket the canals will then draw more than their share of bed- _
sand ; but this would also oceur without a divide wall, and does not

. n{?)fiter, beeause at such times the movement of bed-sand is negli-
gible. . . ,

(vit) In order to ** drgxw” sand away from a; eanal, water must
be ““drawn towards” mid-stream of the parent channel, to obtain
the correct *‘ surface outwards ’’ rotation.
(vi) and (vii} are illustrated in Figs. A3-2, A3-3, and A3-d Figs asy,
(showing lines of flow and Table A3-I1). 433, a3t

Tasre A3-IT . Table ASL
Series 35+ Lined bed. Sanded Bed. Series 36+ Sanded bed.
Divides Total
width=9 fg. .
Canal. Esanpe. Caual, Esoape, Canal, Esoape.

Surface water | 635 | 25 39 58 625 | 275
divide (ft.). )
Mid-depth divide | 60 30 38 59 1 45 45

|

(ft.). ‘ :
Bed-water divide | 495 45 90 00 | 29 6:5
(ft.): ‘ l _

_Bedwater b0 ) 180 | 281 | 00 040 | 2:36
sSurface water. { . -

Photo 479 (sheet A3-1) and Figs. A3-5 (Series 356X), Photo 489 pycto shoe
(Sheet A3-1) and Fig. A3-6 (Series 36) showing bed contours, explain m“f'lha-ﬂ
why the roversed escap2 of Series 56 was so much more suceessful ~'yiq
than the Series 35X lay out..

fla.A3-5 ( STRIES 35 X) SHOWING SAND CONTOURS
AFTER 12 Houe's OF FLOW

o i ——— ———

" , "
' Z | tl LUU
S L

© (Fic. 21 rrox Bomeay T, P. No. 52)
‘ a5
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' > CONTROL OF RIVERS AND CANALS
THE BEHAVIOUR AND o R K
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F1G, AS-C (SERIES 36 ) SHOWING SAND CONTOURS -
N‘I—H.M' . b . , - X _— ’_.
AFTER 12 HOURS FLOW

~
X
T
S
.

¥ =4+
cLosen

.

- (Fa. 23 FrOM Bounax T. P. No. 52)

*
'

(vii7) - As sand exelusion is governed by eurvature of flow, which
in its turn is governed by the ratio of critical velocity ratios inside
and dutside the divide wall, it follows that diverging divide walls
are—within limits—better for sand exelusion than those constructed
parallel to the face of the canal regulators.

(tz) The rate of movement of rolling bed sand around the nose
of a divide wall is not uniform; but takes. place in a series of hops,
whirls, checks and darts, and when a seed was laid on the bed, it
progressed like s live thing—such as a fish or water insect (Fig. A3-7
snd Table A3-I1). ,

fie.A3-7 (SERIES 40A) WITH SANDON BED (scx maex)

AEFs~ SURFACE WATER~ :
MID DEPTH ~'h o i s
BED ssssanitcironnndna '.;‘5.52-

Qg = o332 ¢, B
Qp ® B8R cs,

\q;,ﬂ ?-‘VSQ Q‘&;‘. .
SRy s N,
L ERTY : o
; : : ; : : LI '_ym' ' ’
|§~) -1 -] aannt? o
[ LU TYPPPRrTIes PR L
-—*‘ .
0 ----u—-n""""“
<18 W, ki i ) ¥
L RS : % L ‘;:
o gy o A .
. . . p " :i o \
T — . o b

o ¥ ) i ‘

USTANCE oF '8’ SERD FRoM SioE WALL WAS | AT CS. 35,

LI ]
" v -
. LN D " L3 . ol 1 ,3‘ . "y LTHR
= L Y N . .
N L1} Pow e . .
: 1 v o t
. . 1y -~ ¢ ¢ ’. " 5 1) " "™
- L G dag . ® . .

(F16..26 FroM Boussy T. P, No, 52) -
"o - -




FACTORS AFFECTING EXCLUSION OF BED SAND

-

- .+ . MemaAnIm.
Time jn | Approx. Time }
t sesonds ﬁvoel"g‘t 8wond:
Seods, | from C. 8. ?:‘_;, to | from C.8, Approximste veloeity trom C. 8. 47" to
W, | c.o.4p | 4T C. 8. 52 (tps).
ch. 47 » (ﬂﬂ], c' 8. 52;‘ ”

B 13 | 090 15 033 #/3 and flowed towards
V . Barrage. :

D 13 090 9 056 f/s and flowed towards
. ‘ Barrage.

- 7 0'70 f/s and flowed towards
Barrage.

F 10 12 - 5 10 f/s and flowed towards
Barrage.

(z) Large radius (R=20) coneave vanes built upstream of the
pocket were more effective in exoluding bed sand than vanes of
smaller radius (Photo 530, Sheet A3-2) Photo Bheet

(xf) Vanes with tops sloping longitudinally nupwards or down-
wards caused disturbed flow downstream, and bed sand wag thrown

into suspension.
The best results were obtained with a horizontal vane of height

=1/3rd the depth of water with a gap between vane ‘and divide gy, 4ps
wall (Fig. A3-8 and A3-9). and A3-9,

-

Fi6.A 3-8 (SERIES 53 )VANE WITH HORIZONTAL TQP AND
HEIGHT = '[s+d DEPTH OF WATER AND SLOPING
MEDIUM LENGTH BIVIDE WARL: Qg / Ges= 2.88.

REF. = SURFACE WATER

MIDDERTH = = e a
BED ronstonsmrasssustorsors - s hrasas ot . % ‘
: . 4
‘.:'; ‘-‘( I o
n 374! 1Ny
. - 1he
- "“TL‘ - : .% u
ol g G , .
* T L ﬂ‘. i
AT o ek e W PP L o k-0 * N
. ]

N e
-

(Fra. 31 rroy Bompay T. P. No. 52)
FTSQTTG 477
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[HE BEHAVIOUR AND CONTROL OF RIVERS AND CANALS

PN A L

S aeatre A caTOURS ACTER-6 HOURSEEON |

T

B A %
1
\n
. tow -
—-
11 .
fres s

CTOE &

AT I APRON,
GLACIS SLOPE EXPSED .

(Fief32 ivnoﬁ Bowmpat T. P._ No. 52)

gy e

A
HE I

~ When the vane was made continuous with' the divide wall (i. e,
with no channel between the divide wall nose and the vane), curved
flow persisted right down to the entrance to the pocket. This
threw sand into suspension. ’

L " (wii) With a divide wall but no vane, %ég—mg drawn by the

cgnals was 011 and 0-38 when qp/ges =268 and 156 respectively and

- ‘allthe bed water .that entered the pocket was drawn by the first
cansl, i e. the Eastern Nara (Fig. A3-10).

| Pla.A 310 (SEDIES 48) SHOPT DIVIDE WALL WITH NOSE

. SLOPING AT liN3 AWD HORIZONTAL VANE., .
e . SURKACE WATER -
Qp* 529°¢s. . . NDEPTH o .
QB n 275 cs: QB/ , ;6‘!0‘ [
QGS".' 3'5 €s. QQQ“ I"

L

(FIG_. 38 rrox Bomeay T. P. No. 52)

(ii1) When the divide wall was unprotecteci by pitehing, the

great . - e
Hgs. AL, -33_123?t depth of seou 9001111§d aithe nose. (Figs. A3-11 and

AR13,

Ao ' 478
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Al

1. A3-11 SERIES 40A- MED]UM LENETH
DWIDE WALL WITH A VERTICAL NOSE

Q= 582 €5, ¢ = 138 TS, } Ya

= B B.PEROD OF

= 2. S :w_'e:a- . = .
= 2.5 ' CI{% AB CS FLOW =15 HouRS

Fes

PLAN -

SCALE FOR PLAN
A=,

fic. A3-12 CROSS SCCTION ON ABD.

HQR *u l .
M{vaq (=

é
\ 7
/8 =/
/:.. /
7, /
7 %
/ 7
N s %
27 st
7B 7
s R R /4
;4 - "' 4.', M -‘/
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« .. FACTORS AFFECTING EXCLUSION OF BED SAND

. -

. Seour was considerably less when the nose (;f the -divid'e wall

was constrictedsloping at 1 vertical: 3 horizontal (=1:18 at Sukkar); -

but & flat slope was not considered to be desirable at Sukkur ag |
Wﬁoul& have endangered boats; also sand exelusion was mucmz;;ﬁ
effective. . ‘

(ziv) When loose stone pitching was laid iound the nose, it was
gmdually scoured away and redeposited, sloping outwards from the
ivide wall (Photo 605, Sheet A3-2; Figs. A3-13 and AS-14).

_ (av) The-further the seour was removed from the mose by
pitehing, the less itsintensity. Hence it is desirable to provide
* very strong bed protection at the nose of a divide wall.

Photo Sheet
Figs, A%18,

(vvi) A divide wall should not extend beyond the upstream end .

of the upper canal, and a shorter divide wall is almost equally
effective for sand exclusion aund ensbles the pocket to be seoure
out more quickly and effectively and gives better control. Takin
everything into account, it appears that in general a divide Waﬁ
extending for 2/3rds the distance of the canal or canals from the

Barrage gives the best results. .

(rvi?Y) This Paper deals primarily with chanuels taking off from
& straight chamnel. The gemeral principles are applioable to all

i
cases; but it is unwise to assume tﬂaﬁ details of design are univer-

sally applicable. Actually they are not, beoause in curved channels
the curvature of the channvel is generally the dominant factor.
Hence it is advisable to carry out model experiments in every case
and to take all probable changes of conditions into aseount.

.o



. APPENDIX 4

. EQUIVALENT SIZE AND SPECIFIC GRAVITY OF STONES
AND BLOCKS IN A MODEL . ‘

Experiments were carried out in connection with the Sarda modele  *
These were more bagie than specific in character, in that th?gbjeo%dﬁis
to develop a technique to determine equivalent size and specifie gravity
 of blocks and stones in models. Various grades of sand were tested to
ascertain conditions. ‘ :

The method followed consisted of laying s flat layer of loose Stones
and observing the depth of water with diﬁergent ﬁsethges w]geg_one '

() bed movement just commenced; and
(i1) general movement oceurred.

In one series, the stone was laid in a single layer on a8 hard smooth
bed. In another, a 2'' layer of loose stones was laid in the observation
length, with similar stones upstream and downstream (but fixed to the
bed). In the case of blocks, a single Line of isolated blooks was laid
across the channel in one series, and & olosely-packed layer in another.

Fig. A4-1 shows results in two of the series,

The following conclusions were drawn :—
(1) When {a) V¢/gd in river=V?*/gd in model, and

(b) specifio gravity of blocks or stones in prototype
and model are equal,

stoues above 1" grade in a channel less than 1 £t. deep behaved similarly
under conditions of equal V/vgd with diameter « depth; but pebbles
less than 3" grade tended to depart from this 1-elation8hi;). The same
was true of cubical blocks of various sizes ranging from §" to 2 oube.
In othcr words, with equal Fr (=V?/gd) in model and river, blocks and

stones behave similarly when |
median diameter of stone
depth of flow
is the same in model and river, within the limits stated.
(2) When (a) the Froude number of the prototype is not equal to
the Froude number of model, and
(%) the specific gravity of blocks or stones in river
and model are equal. .

Experiments showed that
wmedian dismeter of stone \1-8
; = ()

approximately for commencement of movement. Thus if the ratio of pig aes
Froude numbers (model : river) is 12, the grade of stone in the model
should be inereased in the ratio ,

(L2)13*8 =204 _
above that given by the depth scale. The index here (13} is, however,
dependent on the velocity distribution npstream and on the similarity in
shape of stones. With similar velocity distribution and shape of stone,
the index would be 1'0. This also holds in the ease of blocks [see (3) -
below]. '

(3) In the case of isolated conerete blocks -

Diameter o1
w0t (Froude No.)'?
depth of flow ( )
* Eoproduced from C. I.and H. B.5. A.R. (1) 1939-40, pp. 50-51.  Also see pp. 2223,
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DT BEHAVIOUR AND CONTROL OF RIVERS AND CANALS

(4) When (s) Froude No. of prbtotype is not equal fo Froyg,
No. of model, ]
() specific gravity of model and prototype blocks gy
" also different. S .
' - dia 01
o T (Frx £ )

T ~-p

"

Where d=depth of flow
- p=density of water
s=density of blocks.

Az an example,' supposing it is desired to reproduce conerete blocks i
a vertioally-exaggerated model to a smaller scale than the depth gcale,

then the density of material to be used is given by '

T p 'V'Q‘dﬂ-lo
o © @
or . :
' e =p o
- = p) dla,, 1-1 )
o'p-p Wm/V;) X amj:.é’.;) (dm/dp)o 10

where the suffizes m and p refer to model and prototype respectively.
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