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FACTORS A.FFEOTING FLOW • 
CHAPTER 7 

.FACTORS AFFECTING FLOW IN ALLUVIAL CHANNELS­
AS EXEMPLIFIED BY THE DIMENSIONS 

OF CANALS IN SIND 
7.00 !N'rRODUCl'ION 

Lacey's formullB have been mainly based on, and apply most closely 
;o, Punjab channels in incoherent alluvium. In this Chapter the effect 
)f the somewhat different conditions found in Sind are considered and 
3ompered with the Lacey formul.m. 

7.01 DISCUSSION ON FLAT GRADIENTS OF LEJ1'l BA.NX. CANALS 
AND STEEP GRADIENTS OF RIGHT BA.NX. CANALS 

AT SUKKUR . 
The Author has repeatedly emphasized that shape arid slope of a 

eanal depend to a marked extent on the quantity of sand in movement.* ' 
If the 1942 data for the Rice Canal-which takes off from the 1i~h~ 

bank of the Indus at Sukkur-are compared with those for the Ronri 
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 though the 
bed-widths were practically the same, yet the slope in the head reach 
of the Rohri Canal was 1 in 19,800 ( = '050 per 1,000) for a Full Sup:r,>ly 
disdu•r~e of 10,800 cusecs whereas the corresponding slope in the Rtce 
Canal was 1 in 7,300 (=·137 per 1,000) for F. S. Q.=10,200 cusecs. 

The qul'stion to decide is, 11 Why have the Left Bank Canals scoured 
thrir betls and flntteu!'d their gradients, while accretion has occurred in 
the Hit-!' and North Western Canals on the 1ight bank, causing them to 
itH•rrase their slopes Y" · 

In the past, it has been considered that the difference was due to 
murh more sand passing down the Right than the Left Bank Canals; 
and it was in order to exclude this excess sand that the Approach 
('haunel was designed by the Central Irrigation and Hydrodynamic 
Research Station, Poonat. Constructed in 1939-41, this has proved 
very effective in reducing the accumulations of sand on the beds of the 
Rice and North Western Canals t which shows that excess sand entry 
was almost certainly the explanation of the previous accretion. 

~r. T. R. Sethna, Executive Engineer, BalTaf.e Division, prMuced 
data, however, which was held to cast doubt on ' the quantity of sand 
entering the canals" being the only:, or even the major, factor control· 
ling slope. He pointed out that the quantity of sand collected in the , 
turbulence downstream of the Head Regulators in the canals on the two 
banks had been very much the same-vide Fig. 7-1 (a)_:and that the Ftg.N(a) 
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 (e) and (a). , E~:f:t[;~ 

Though this data seemed to indicate that the material entering the 
8 

• 
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 construction of 
the Approach Channel, the charge of bed sand in the Right Bank Canals 
was very much greater tha:n that in the Left Bank Canals. The expJ.a. 
nation seemed to be that the single sample taken from the turbulence 
at 0·6 depth from the middle of each canal was not a reliable guide ; 
because bed aand normally enters Head Regulators of Canals in a nalTow 
band, through a few spans, or even part of one span; 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 

. •No~• on "Di'l'ergence f:om Regime in stable ohannels in a11u'l'ium" by C. 0. Inglis, printed In 
A. B. (T) for 1941 of C. B. L and C· I. and B. B. S., A. B. (T) 19H-42, para. 4, 

t c. L and JI. B. S., A· B. (T) 1941-42, ;para. S. 
*L w. E- S., A· B. (T) lli431 para. S. 
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quantity of bed material ente1ing each canal; and experience showed 
that the narrow band rarely passes through the central span. There was 
also good reason to believe that samples taken from the turbulence 
at 0·6 depth, did not give a reliable idea of the charge of the coarser 
grades moving ~long the bed. 

It may also be pointed out that when pa:ticles greater t~an 0·2 :r;nm. 
Jlg.M(b) are considered-see Fig. 7-1 (b)-the quantity was greater m the RI~ht 

Bank Canals than in the Left Bank Canals after 1936 when accretion 
became serious. The grade ~xposed ~n the bed of the canal~ during the 
"abkalani" was also coarser m the R1ght Bank Canals than m the Left 

~l:·f·l(cl Bank Canals-as can be seen by comparing Fig. 7-1 (c) and (d)-so the 
heavy silting which occm-red 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 exceed what would be expected. 

• 
t 

t 

Mr. Sethha 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, 
shallow, channels; while channels catTying only a small quantity of 
coarse bed-sand are normally narrow and deept. The .Author in his dis­
cussion on Lala lahar Das' Papert on "Hydraulics of Irrigation 
Channels" said:-

"The shape of a channel in incoherent alluvium depends not 
merely on the mean diameter as determined from terminal velocities 
by means of a siltometer; but also on the relative quantities of the 
fine and coarse particles in movement. If there is a normal distri­
bution of the various grades, regime conditions obtain, and the 
dimensions closely follow the dimensions of a Lacey channel; but 
if, as 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 is narrower and deeper, and has 
a flat~el' s!op~ than a Lacey. channel. Channel shape in incoherent 
alluvmm IS, 1n fact, essentially a balance between bed-sand and 
fine silt in motion." 
We also know that where a channel is excavated in tough material 

to an u~natural section _it te~ds to persist; and the tougher the material 
and the lowe1• the veloc1ty-1. e., the finer the berm material and the 
smalle~ the channel-the greater the divergence may be without scour 
occurrmg. 

~~amples of channels of unnatural section which may be quoted as 
p~rs1sting are the head.reach ?f the Rohri Canal, which has remained 
Wlde an~ ~hallow i :While the mundation canals, which, in most cases, 
were ~r1gmally deSigned for smaller discharges than they now carry 
hav~, In ~any cases, been constructed and maintained as deep, narrow' 
se~tions-m order to pass early supplies down them when river levels are' 
still low. 

The vet•y fiat slopes which have developed in the Rohri and E t 
Nru.·~ Canals. are not, ~owever, due to their having been construc~d e~~ 

. ~ Wlder section th~n lS natural for Sind; but to another factor the 
1mporta~ce of which has been generally overlooked-namely th t 'h 
the bed lS very smooth, as it was originally in these tw a w ere 

~:dt~~~i~~s:ei~!il;~fu~i:~e~th~fBfed _by grthdua1 b~d~c~~r~he-
has occurred at the heads of the canals an~wdo:Strat retrfogression 
wo1·ks. eam o masonry 
A,;, •.!:~'' on "DiVIIlgiiD.ae f!llm regime ill stable chiUUiela ill allnvillll1" c B T. • __ 

1 
B 

v "' ..,_, • • •-: """"'' eport (Teehni-
t Paper No, ,.a, Punab Ellgilteerhlg Collglesa, February IS41. 
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FACTORS A.F.F.EOTING FLOW 

· Experiments which we have carried out at Khadakwasla to verify 
this point, show that with a smooth bed, several times as much sand 
<1harge can be carried with the same slope as where sand is :B.owing on 
a sandy ftoor; and that the same charge can be carried with a much. 
:B.atter 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 fiat slopes of the Rolu:i and 
Eastern N ara Canals. ' 

7.02. EFFECT OF APPROACH CHANNEL ON R:rGH',r BANK CANALS ' 

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 alto¥ether 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; 
beeanse 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. 

j.03. EFFECT OF APPROACH CHANNEL ON NOBTH WESTERN CANAL 

Fig. 7·2 shows bed levels of the North Western Canal on 20th Sep- Flg.'f-t 
tt>mbPr 19:19 before the Approach Channel was constructed, and on 
1:1th l."lrptembE>r 1943, 1st January 1944, and 17th January 1945, after 
<'omplrtion. 

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 :B.owing­
~ontinued to rise until1942; but there was a considerable drop in 1943. 
The surface gradient did not, however, improve until 1944. This 
improvement was largely due to the sectional area being_ increased by 
heading up water I! ft. higher than the de!figned level at Ruk regulator. 
When the water level was lowered a.gain 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. Fi~· 7-3, showing speciftc discharge Gauges, shows the Fig. v-a 
improvement m Gauge teadings at the Head of the Canal in 1945 for 
Gauges in excess of 9 ft.-when Full Supply Discharge was obtained for 
the first time with less than the designed water level. 

7.04. EFFECT OF APPROACH CHANNEL ON l3ED LEVELS 
IN THE RICE CANAL ' 

Fig. 7-4 shows bed levels in the Rice Canal on 2nd September 1939 Fie. H 
before t}J.e Approach Channel was constructed; and on 18th Septem~ 
ber 19H, 13th October 1942, 16th September 1943, after completion. 

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

. scoured at its head. 
The breach in the river embankment upstream of Sukkur in 

July 1942, led to flood water breaching into, and flowing down the Rice 
Canal, causing abnormal conditions to occur below R. D. 52,000; bnt 
by 1943 a marked general improvement hOO. taken place (except at one 
-point at R. D. 46,000) showing that the Approach Channel was excluding 
excess material satisfactorily. In spite of this,, ·the Full Supply 
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dischar e for the same Gange reading did not incre~se correspondingly' 
80 the ~tawas further analysed. . . 

Fi 7-5 shows Gange discharge curves at the head of the R1ce 
Canal ~r conditions with rising and falling Gauges from 1939 to 1943, 
and 1944. 

These showed that:- . 
(~J On a rising Gange, the discharge for the same Ga~ge ~m­

proved at once up to a discharge of 5,000 cusecs; but de~enoration 
continued with larger discharges up to 1942. . . 

('m On a falling Gange, the deterioration for discharges between 
3,000 and 8,000 cusecs was very marked; but. by the end. of 1941 
there was a marked improvement compared With 1940 for discharges 
up to 7,000 cuses; and by 1945, a marked improvement had taken_ 
place for discharges up to 9,59q cusecs.. ~mprovement up to Full 
Supply Discharge may be antiCipated 'Wlthm the next few years. 
The slow improvement in the specific diScharge Gauges for large 

disoh!J,rges was partially due to sand washed down the Canal from the 
"hea<i'reach" taking a considerable time to pass down the Canal, and 
partly due to "residual material exposed on the bed after heavy scour" 
being coarser than it was before the charge entering the . canal was 
reduced by the .Approach ChanneL · 

Fig .. 7-6 is a longitudinal section of the Rice Cano.l down to 
R. D. 190,0QO,showing bed-levels up to 1944, and water .levels up to 19-!5 . 

.A marked lowering of bed levels in 1943 and 1944 was partly due to 
the destruction of the Fall at 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. CoNCLUSIONS REGARDING Il\IPROVEMENT OF FLOW CONDITIONS 
IN THE RIGHT BANK CANALS 

When the .Approach Channel was constructed, the North W('strrn 
Canal improved almost at once, most of the improv('meut taking plae€' 
during the cold weather seasons. ·The improvement in the Rice Canal 
was much slower, owing to there being no cold weather flow; 'but both 
Canals have now markedly improved and further improvements may be 
confidently anticipated as the coarser grades of material are carried down 
the Canals, to be later blanketed by ful.('r material depositing on th('m. 
Improvement could be accelerated and iucr('ased by removin<1 residual 
oo!u•ee material from the heads of the two canals. e 

' 
7.06. 'V ABlATIONS OF GRADE OF MATERIAL EXPOSED ON THE BEDS OF 

THE EASTERN N.ABA. AND RoHRI CANALS (SIND) 
' . 

The present.p1•actice in connection with regulating flow. into the 
B1m•age Canals I~ to close the regulators from the bottom upwards to make 
them work as. weus and draw surface water in order to reduce the charge 
of sand eutei•mg the Canals. 

T~e Auth?r ~as asked in 'this connection whether-as the Rohri 
Canal1s scout'lng l~S bed and fla.tte~~ng its slope in the head reach du 
to th~ ohar~e entenng the Canal bemg less than the Canal is ca abie of 
cro:rymg-1t would not be advanta~teous to increase its sa d hp b 
closmg the regulator from the top aownwards to make it n k arge r . 
fioe and draw more bed water and hence more sand. wor as an on-

Fig. 7·7 shows the discharge mean silt h d · 
of b~d saud at ~seharge sites in 

1
the Easter: Na:!:'c::S.1 mtR Ddia

3
m

5
e
0
te
0
r 

and 1n the Rohn Canal at R. D 5 200 It will b a · · ' ' 
exposed on the beds of both c;m~ during th e,~ebk!t:t. ~~e .material 
season) was very ful.e and that it became coars:r . a th m. (1. e. flood 

m e 'Wlnter season. 
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• · FACTORS AFFEOTING FLOW 

This appi.rent anomaly was due to clear water picking up :fine 'material 
from the bed-to carry it away in suspension--leaving tlie coarser parti .. 
cles behind, while during the :tlood 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 is also 
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 :tlood season, to be ~coured away again in the cold season-
see Fig. 7-8. . . . Fls. 7·8 

The data thus showed that if more sand could be put into the Rohri 
Canal it would not have any permanent good e:ffect, but would, on the 
contrary, be detrimental; because all the silt and sand which now 
·enters the (;anal is scoured downstream; so, admitting extra sand 
would increase the quantity enterinao o:ff-taking channels, in many of 
which it could not be accommodate~, as their slopes al'e already inade· 
quate. 

7.07. THE DESIGN OF CANALS IN SIND-BELATION BETWEEN A AND Q 

As a preliminary step in connection with the design of canal!tin 
Sind, the data available-for the Sukkur 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-stll Fig. 7-M-and as V = Q/A, the V: Q relation is equally high. i'll· ,_, 

According to Lacey's original formulm 

A=PR=S/3 Qlxo·472 Qi;f!=l·26 Qi/fva! ... (1) 
& 

Lower Chenab A= 1·243 Q 880 = 1•26 Q' approx. 

Lower Jhelum A= 1'170 Q' 800 == 1•26 Q& approx •. 

Sukkur Barrage · D} 
Canals A= 1·650 Q' 811 = 1-55 Q' i == 1•5 Q ... (2) 

Jam.rao Canal A=1'479 Q'880 ==1·45 Qi 
Note.-Sukkur Barrage Canals data= Sind data 1941 for Rohri and 

Dadu Canals. 

Compare. these with Lacey's value A= 1·26 Qi/f! 
For L. C. C., f, = 1'0; for L. J, C., f,,-= 1·0 
Sukkur Barrage Canals= ·54 
Jam.rao Cana1=·6 
or say f, = 1·0 for Punjab, and •57 for Central Sind. 

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

7.08. RELATION BEJWEEN' MEAN DEPTH AND DISOBABGE PER FT• WIDTH 

Considering the data available from the Rohri and Dadu Canalst t 
and the J am.rao Canal, we see that by the rather unsatisfactory log· · · 
statistical method, the data gives: · 

Sukkur Barrage Canals d= 1'192 q·e+s 
The Jamrao data gives d = 1-150 q·85 s 

Corresponding values for the Punjab: 
Lower Chenab Canal d = •914 q·• u 

Lower Jhelum Canal d = •919 q'881 

... ... Fig. 7-9 (i) (b) ,11'11. 74 •l)(b) 

Fig. 7·9. (ii) (b) Jig, H(ll)(b) 

•BH Ill'. Bose's Paper No.ll52, Plmjab EDsi.ueerhrg Congr~, 11142: "Dellp of Ch111111e11J .In &Uuv!u~,, 
t22 sites on the Bobri ud Dadll CaJUIIIJ abcnna In Btatemnt 8 of the D8'f8lopm811t lllld Beaearoh 

'blvision'a Amlul Report for 11141. (Bite l-11 omiUed ••In dat• Ill hfghiJIDoollllltn1.) · · 
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. 1 . f differing e:iponents · but it is con-
There is a phys~ca retas:sr:e a common: exponent of ·66 when the 

-renient for companson o 
values of the coefficients work out to 

Lower Chenab Canal ·92 q·e& 
Lower Jhelum Canal ·95 <t'66 

Sukkur Barrage Canals 1•16 q·n 
Jamrao Canal 1'14 q·es 

So if we call d = ·935 q' 6 6 /f! =unity for Punjab, then 
d = 1·15 q·e 8 gives f ::::·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=2·67 ./Q 

has dominated the field. Later he changed this to 
(3) 

W=2'36 ./Q ... (4) 
where W =Lacey's 'effective width' =A/./ d.D. 

and D. =Central depth 
also w = 8/3./Q 
where w =surface width. 

(5) 

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 
scatter, because P has an element of both width and depth in it; and as 
valiations 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/.Jdii; 

requires D. to be known, and assumes that the greatest depth is central. 
Where this is so, W may be better than w; but in general D. is not 
central, and Dmu varies and is greatest when furthest from mid-bed; so, 
in general, D. valies 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 care is observed in selecting sites and allowing for berm 
conditions, soattel' is greater in w: Q than P: Q. This is clearly ex em. 
11lified in the case of the Jamrao data. It does not follow, however, that 
P: 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 w and d are easier to visualise than P and R, and W 
and D, so they have been adopted. 
' The coefficient 8/3 in equation (5) does not agree with most of the 

. Sind data, especially in the case of inundation canals, where w is as 
· low as 1·33 Ql, or just half the Lacey width. 

In the case of 1941 Sind data* for Rohri and Dadu Canals and the 
J amrao Canal data, we get the statistical relations: . 

l'tg.T-li(Q(a) • . w=2·52 Q·ua and 1•803 Q·DSl respectively... Fig. 7-9 (i) (a) 
Ftg.T-Il!IQ(a) , 7-9 (ii) (a) 

A¥ain, taking the mean exponential -value ('516) for comparing 
ooeffic1ents, we get, 

w=2·28 Q'518 for Barrage Canals and w= 1·96 Q"518 forJamrao 
Canal. 

The forme: is for canals constructed 10 years ago and the latter 
for a canal bmlt forty years ago, which had been grad~a.lly silting .A. · 
value of 2·12 may be accepted as a standard figure, or · 

W=2·12. Q·UG ••• (6) 

•From da\a on Pile'' 62-64 of \he Cen\tal Boud of Iuiga\ionl93HO Atmualllepon (Technleal). i!' 
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FACTORS AFFEcTING FLOW 

7.10. d: Q RELATION 

d = ·655 Q· 8 u ... Fig. 7-9 (l) (o)F~g. Nl QH4 
-derived statistically for the Rohri and Dadu Conals; and 

d='73 Q·U 
tor 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, wand d being worked out later, making assumptions. 
. For purposes of design of new Canals in Sind d = •7 Q·u may be 
.adopted. . i 

This may be compared with Lacey's R = ·-:1:27 (~) 

7Jl. S:Q RELATION 

Finally we come to the S: Q relation which is the most sensitive 
.and also the most important relation for design purposes; because 
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 o~umd in the Rohri Canal in Sind. . 

Before considering the slope data we should consider the Lacey 
relation: 

La('ey's formula for the S: Q relation 111 is • 

S = ·OOO:Hi fi Q-l 
When stated in terms of fva and faa it ist t 

S = ·000:>47fvl' fJ' Q·A . . 
()1' calling ../ fva ·fa~ = f =the canal system value 

S=·000547fl·fal·Q-l . 
To allow for the decrease of particle diameter exposed on the bed!! 

()f channels down a canal system we may assume decrease in f88 (X) Qtll 
.so Lacey's formula, altered into a canal system slope formula becomes, 

S = ·000542 fi ·ft. Q(tlf Xi)-lr 
a 

= ·000542 f~ Q••l8S ... (7) 
We should, therefore, anticipate that the varl;tion in slope with 

.I 
-discharge is less than Q iT; and this i.s what is shown by Figs. 7-9 (i)(e) Fig. 7-9 (Ill•> 
.and 7-9 (ii) (e).. ' · . · Fig. 7·9(11)(•1 

'Sukkur Barrage Canals (1941) 22 sites: S = ·000205 Q-·1 u 
Jamrao Data 8=·000228 Q-·UT 

.and if a mean value of the exponents is t~ken for the Rohrl, Dadu and 
Jamrao data, this gives the same approxiJiu!,te value, namely · 

Sex:> Q-·uo (approx.) 
Similarly Dr. Bose's formula 

S = ·000209 m'8 6/Q'21 
. 

gives the same exponent 1'8 a canal system formula in which the dia~ 
meter m decreases according ~ :rp. c:p Q·Ps, whjc4 agrees closely wit}J. 
such data as are available.t · t · 

•Derived trOIIl formul111 in " Uniform llow in alluvial Rivera and Cauala" Paper 4898, IJ!stitutlon of 
<Civil Engineers, 1934, by Gerald Lacey. , 

t N'ote on "Divergtlllll8 from Regime in Stable Chauela" by C. C. ID,:IIe. 
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The values to this common exponent of ;135 are : 
Jamrao Canal 8=·0002~5 Q"'181 (S) 

Sukkur Barrage Canals 8=·000219 Q"'181 (9) 
·(Sind 1941 data) 

or say slope per thousand=s=·22 Q-·186 
... (10) 

. Though this may be taken as the normal slope, for constructing- · 
new canals, there are ,several cases of slopes about 40 per cent steeper­
This is probp.bly due to the normal ripple bed being replaced by bed. 
dunes. This is the case in: 

Jamrao Canal 
\ 

Dim Minor Head 
Dalor Minor Head 

Ilohri Canal 

R. D. 341,000 
R. D. 460,000 

.Dadu Canal 

Head. 
R. D. 477,000 

To allow for the possibility of such slopes developing, it should be· 
assumed that the slope may, in certain cases, be as much as 0·3 Q-·!9.1;. 
so regulators should be provided at suitable intervals to allow for this,. 
and also to maint;.in the required levels, should retrogression occur; 
and bridges and regulators should be so designed that they will remain 
stable even if retrogression occurs; but the canals should be constructed 
with the smaller, normal, slopes. 

In some cases it will be obvious that the slope will be flatter or­
steeper than the normal; but more generally this will not be known in 

· advance, and hence it is generally best to design for normal conditions~ 
making pro~sion. for the development of steeper or :flatter slopes. 

7.12. lN CONCLUSION 

It appears reasonable to anticipate that at the head of a C~nal 
system, where the bed material is coarser, width will be relatively 
~eater than near the tail, owing to increased turbulence, and hence 
Increased capacity to erode the banks; and this appears to be the ex­
planation why in "Canal-system formulae" the exponent in the w. 
formula exceeds the ·5 of Lacey; and why the exponents of q and Q in th~ 
d: q and d: Q formulae are slightly lower than 2/3 and 1/3 respectively 
The differ.ence is small; but not negligible. Thus, considering th~: 
formula 

w=2·12 Q'111
1 the equivalent C" values in w=C.., Q1fll are: 

1 cusec 10 100 1,000 10,000 
2·12 ' '2•20 2•28 2•37 2•46 

Another point which the data brings out is that Sind co m · t · 
the w: Q forl!lula are l?we1•, while cQeffi.cients in the d? Cled J ,1?tn. 
formulae are h1~her than lD the Punjab This is what La • q an ld · 
the 11 Sind·Si!t ~::~ignature" and the re~son for this . cey wou . ca -
small proportion of coarse material in movement in Sin~ the reladtively 
the suspended silt charge. . compare with·. 

Where there is little bed-sand enterin han 1 . · 
ble, after excavating the bed sa 20 ? a c ne ' 1t may be possi--
to lay down a blanket of fine silt ~n thrbedebt ~epair than designedt 

· was done in, the N. w. Canal by Mr. T. R J ea ng up w~ter-as. 
canal ran Wlth a very small surface slope In Jthna-after wh1ch the-· 
it would pr?bably pay to compact the bed. wh ~t case of a . new canal~ 
the canal Wlth a small surface slope. ere 1 was desired to run_ 
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Fig. 7-10 shows curves ofarea A=1·5 Q~6, of w=2·12 Q'516 and S per Fig.?·ll) 

1,000=·22 Q"'185 as in formulae Nos. (2), (6) and (10). 
It also shows the formula for bed width=1·23 Q516 (11) and depths 

of central portions DB=0·90 Q'1111 
••• ... (12) 

-as recommended by us for the design of new channels with I! : 1 side 
slope for discharges exceeding 300 cusecs and 1 : 1 side slope for dis­
charO'es less than 300 cusecs. These side-slopPs are 'flatter than the 
final~lopes aftE-r the berms have silted; but give the best final1·esult. 

In many cases, especially in the case of small channels, the designed 
bed level is near ground level or ev~>n above it. In such oases, it is 
customary in Sind to construct 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. Sethua for his 
assistance, persistence, and insistence that there were other factors than 
"sand exposed on the bed" causing divergence of shape and slope. 

APP&'WIX 1 TO THE NOTE ON " THE DESIGN OF CANALS IN 
SIND-PART I-NEW CANALS, 

As the relation "area to dischar~e" gives the highest co-relntion, 
thr dimensions of a cbnnn~>l should be worked out from the A: Q 
rrlatiou. 
A:Q . 

Thr menu A: Q rrlatiou for the Sukkur Barrage and Jamrao 
C'nuals is 1 

A=l·:i Q" ... . (2) 
This and otlwr rt·latious are shown in Fig. 7-10. Fig. 7-lo 

In addition to ar(·a, we must assume a shape and either a width or 
ut'pth dimt'nsion. 

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

On this assumption, and using formula (6) of this note to give the 
surface width dimension, . 

W =2·12 Q·&ts (see Fig. 7-10) ... (6) 
The bed slopes are in accordance with 

8::•22/Q·lBS 
The relation DB: Q both for l: 1 and 1: 1 slopes has been worked 

out from the formula 

derived from 
B=W=2n. Ds and A=(w-nDB) Ds 

B has ~lso ?een wor~ed out fo~ Sind for a side slope 11""1. These 
are ~hown 1Q. famt dash-lines on F1g. 7-10 for comparison with the Band p1 ... 7

•10 DB lines for proposed values shown in thicker lines. • 
The formulae forB and D work out to 

B =1·23 Q'66 
.:. ... (11) 

. DB=·9o Q·a~ ... .,. (12) 
This is a s~ght .m~dification o:a dimensions according to Lacey's 

recent note o~ .Ar~f:iCial ChanJ?el Shape"; but his concept of a con­
stant B/w ratio IS slighlty modifiE-d in accordance with Sind data for 
Su~kur Barrage Canals* which indicate that B/w is not constant . but 
vmes as Q·01• • ' • 

• .Fr~m data on pages 62-64 of the Central Board of Irrigation 193940 Annual Be~ori (Teohnieal). 
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TBE BEHAVIOUR AND CONTROL OF RIVERS AND CAN~LS 

An objection to adopting the Lacey .concept for construction is that 
the side slopes would then vary with discharge. This they actually ~o 

• in nature; but if our values of B and Ds ar.e adopted and side slopes of 
1!: 1 used for discharges exceeding 300 cusecs and 1: 1 for discharges 
less than 300 cusecs, the error in cross-sectionalarea is about+2 per 
cent down to 50 cusecs and it is only+5 per cent at 30 cusecs and+9·7 
per cent for 10 cusecs; and as it iS desirable to construct small channels 
a bit too b!f: in the first instance, this is all to the good. The formula 
B=1·23 Q· is, therefore, recommended as suitable for constructing new 
canals in Sind, with.1!: 1 side slopes for discharges exceeding 300 cusecs, 
1 to 1 for side slopes less than 300 cusecs and DB values as shown in the 
thieker line ( 4b) of Fig. 7-10 for depths in the central portion of channels 

Pfg.7·10 according to Da=·9 Q·'. · · 
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~~~ DEPTH OF SCOCR AT RIGID STRuCTURES 

Photo 101'2. Pior expt'rinw nts !Jlwwtug wnll' l' 
ptol11~ nt pit' l'. 

Photo 1410. Cup-shaped scour round pier wilh 
no stone protection tlooking upstreu.ro) . 

1/40 scale pier. 

Photo 1410 from C. I. anti H. 11. S. A. R. (T.) 1033-39. 
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!UXDl11JI DEPTH OF SCOt'B AT RIGID STBUO'rol!.ES 

CHAPTER 8 

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

OF BRIDGES 

8.00. !NTBODUUl.'ION 

Deep scou.r occurs-
! at. noses of piers, due to curved diving flow; 
n at ends of guide banks and groynes, due to :flow concentrat· 

ing and swinging round the extremities, causing large-scale eddies; 
and ill downstream of bridges, due to eddies shed from high 

pavements or stone protection placed round bridge piers. 
In all three cases, scour is due to the development of curvature of 

:flow and eddies; so the velocity does :not decrease rapidly near the bed, 
as in natural :flow. · 

Fifteen years a!!O, Lacey• O'ave approximate figures fo1· maximum 
depths of scow· at bends, by re~ating tht>se to his depth fot•mula for 
regime conditions in a straight channel: 

D=·47 (Q/f)l ... ... 
wht>re D = e:tl't>ctive depth, 
Q=discbarge, and 

... (1) 

f= Lact>y's silt factor whiclt, for regime conditions, approxi­
mat!'s to 

(whl'l'€' m =the> weighted mean diameter of the bed material). 
In a moderate benu, he considered that the maximum depth might 

bt> I·:i timrs thP rt>gime depth, and in a severe bend, 1·7.5 times; while in 
a ri~ht-ang-lt>d bend, he assumed twice the 1•egime depth. In this note, 
adual maximum depths of scour observed in ·Several places have been 
colleett>d and related to the corresponding maximum discharges. 

At that time, Lacey broullht grade of material into the formula to 
the l/6th power; but recently he, and others in India, have considered 
that depth of scour downstream of rigid stt·uctures is unaffected by bed 
material. Work done at Poona seems, however, to indicate that f is 
a factor and that f! is probably of the right order. 

The data, classified into three groups, are shown in Tables 8-I, 8-II Table•8-r 
and 8-III and Figs. 8-1, 8-2 and 8-3. . s-ri& 8-Iii. 

8 1 ·u . t f . d t di . :ft 11 Fig. 8·1, II - .w.anmum scour a noses o pters ue o vmg ow, a owing 8-a & s-a. ' 
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 Ma:ximum 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,Jfl) at bridge piers; sharp bends, groynes; and do~tream of 
bridges respectively; where d.=maximum depth of scour, and f/J (f.t 

being the bed sand factor)=1·21 m! t so that m, the normal mean bed· 
sand value, is 0·32 mm., f.s=l·O; and depth then varies as Qt ; but where 
the bed material is coarser than m=·32, the depth of scow· is less than 
for m==·32 and vice versa. ~ 

• "Stable Channels ill AlluviiiiD.'' Paper No. 4736, Vol, 229, Jauaaeyl930, 

s 759-48 
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~ ;:B~HA'VIOUR AND 90NTROL OF ~R~ ~ CANALS. 

References to various annual reports, in which these cases have been 
Tables8·I, described, are given in the last·column 0~ Tables 8-I, 8-II and s-m. 

s-n a11d s-JII . . · . • · 

• 8.01. ENQumY INTO SCOUR ROUND B~GE PIERS* 

At the request of the Railway Board, experiments were carried out 
at Poona in 1938 to determine the best m~ans of pr?tecting bridge ~iers 
against scour, witli. particular refe~ence to th~ piers of t~e Hardinge 
Blidge (E. B. Railway) over the r1ver 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 protec­
tion against straight, and oblique flow; and whether it was preferable to · 
delay laying pitching until scour had taken place, when the stones would 

· be dropped from above, many being waehed away. 
The Hardinge Blidge piers were sunk to a depth of 160 ft. to 180 ft 

below maximum water level. 

8.02. MODEL EXPERIMENTS-SCOUR AROUND PIERS 

The piers used in the experiments were geometrically-similar 
1•eplicas 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 f1•om 
the site of the Bridge. . . 

Flg.S-4. · Fig. 8-4 shows, diagrammatically, the flow around a pier. 
Owing to obstruction to flow, water spreads upwards near the 

Pho:,01~heel surface at the nose-see Photo 1012, sheet 8-1-eausing a small surface 
wave; but except near the surface, water flows downwards and to each 
si~e, f~rming the familiar c~p-shaped scour-pit-see Photo 1-HO, sheet 8-1. 

IJ'lg. 8-tl. Fig. ~-5 shows the relation between q-discharge per ft. width-and 
d=depth m flume. 
· It will be noted that the relation worked out to d= ·93 q·11 

the exponent being ·71, and not H-as was to be expected. 

F' ds i rta. 8-6 • 1g. 8·6 shows the relation between 11and ~· where b =width of 
ph1er ~nd q.=discha~ge per ft. in the centre of the flume-i.e. upstream of 
t e p1ers-the relation worked out to 

Fig. 8·7 

Fig. 8·7 
8·& 

ds= 1·7o(9~)0·78' 
b b • • 

. 8.03. CONCLUSIONS DRAWN FROM FIELD DATA AND PIER EXPERIMENTS 

(i) If no protection is laid, scour occurs round the ie ·s 'th th 
bed higher between the piers. This condition occurs with t 1 Ji Wl e 
~veil: where. pitching has been laid round the piers and is ~f .rhharges 
m Fig. 8-7m spans 3 to 8 during November 1934. ' ear Y s own 

b ,.~i) It i~th, however, normal practice to lay stone round the pie.~ f 
a n ge-e1 er as a ftat apron or like an inve ·t d b t- h 1 0 

usually being one man stone of 60-129 lbs . r e oa t e stone 
occ.urs,, it is resis~ed round the piers, so take~ ~~~ht. t ~hethde~p s~our 
whtch lS undermmed and ln.unches. so that th e 0 '!1 Sl e e p1tching, 
between adjoining piers-Fig. 8-7 '(August 19~8madSum scour occurs 
and u.~~tream and .downstream (Fig. 8_8). · an eptember 1938)-

(m) The ma:x:1mum attack on Jihe 1 t , ., 
the nose of the piPr, and sand ana sto~ose s oned protection occurs at 
deposited at the tail. e scoure from upstream are 
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FIG. 8-4 
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MA1Df1JM DEPTH OF SOOlJ_B AT lU~ID S';I:RUCTUBES • 

(iv) . The stone at the nose remaips undisturbed until the attack 
reaches a critical stage, when the. stone suddenly begins to be carried 
away and a deep scour pit forms, reaching a depth nearly as great as had 
there been no protective stone (Fig. 8-9). . Fig. 8-9 

(v) The greater the depth at which stone is laid, the more stable it is~ 
i.e. the more severe the attack it can withstand without b!llng c~·ried away. 

(m) 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 has to be'~made. Stone laid 
at higher levels is of little value. . · 

8·4 DISCUSSION 'oN SCOUR ROUND .HARDINGE BRIDGE PIERS 

Early in January 19-:12, the Author m·ote a Note* on "Protection of 
Bridge Piers against scour and l¢uimum safe level at which to lay stone 
around Piers" based on the above conclusions, which was considered by 
the Engint>ering section of the Indian Railway Conference Association · 
on 19th January 19-:12. In the discussion, it was stated-

(a) "The general principles of 'falling aprons' have so far 
been adopted in the design of pitching round piers.''t · 

(b) "Normally the centre of a spa~ is scoured more than the 
portion adjacent to the piers with the result that the bed slopes 
away from the piers, and so long as these slopes have got an adequate 
cover of stone, the piers are considered safe." 

(r) ''The conclusions (t•elating to the fitchins- round the HardinS'e 
Bridge piers) arrived at after the mode exper1ments 11>t Poona, ao 
not quite agree with the observations made at the Bridge. Pie1• 
Xo. :lmay be taken as a typical case where the pitching has been 
mnintaintld at a hi~h level (R, L. 167 to R. L. 179) in spite of the 
moHt Hevere attacks during the floods of 1936 and 1938, when the 
intenHity of dh!charge along this pier reached bS much as 1,437 
l'tl!it'<'l'i,'ft." ' 

(rl) ''It is of course more economical to lay the pitching at 
a lower leveli and it. affords a better protection. It it also recognised 
that the idea level for laying the pitching is R. L. !50, this level 
heing nearly midway between the H. F. L. and the bottom level of 
the wells; it also affords sufficient waterway fol' discharge to pass 
through the span without undue scour. But it is not always possi-
ble to lay the pitching at this desired low level." . 
The above comments enabled the Author in his reply to bdng out 

points of interes.t: In .reply to {a) and (b) ~e stated: "Fig. 8·7 shows 
that when the nver discharge xs low, max1mum scour does not ocilu1• 
between the piers but round the piers, the bed between the piers being 
silted to a high leveL It will also be seen that scour at the centre of 
spans does not begin until pitching round the piers prevents further 
scour occurring in their proximity. When that occurs, scour between 
the piers is inevitable, because the flow concentration is then so great 
that heavy action is generated, which scours out the sand until a condi-
tion is reached when the outside pel'i.phery of stones laid round the piers 
is undermined, and launches; but there is nothin~ natural about this; 
it is imposed, due to the pitching round the piers bemg at an unnatnrally 
high level. Furthermore, under such conditions, the pitching near the 
piers is in a state of 'strain'. It is, however, possible, whe1•e it has 
been laid at too high level, for it to launch; or even be completely washed 
away before conditions upstream of the pier have led to failure at the 
nose; and such stone will not prevent failure at the nose when the discharge . 
reaches the critical value for fat1ure. Indeed, experiments recently carried 
out show that stones laid round piers at a high level cause deep scour 
downstream; which may lead to stone ~eiug depleted from the tail .. This, 

• c. I. & H~ R. 8. A. B. (T) 1938-39, PP• 33-38 and "Protee&ion of Bridge Pian aga!un Seou:" b7 c. C· 
Inglia-Indiau Bailwa7 Coufa,enee Aaaoeia&ion-l9&h Jaunaeyl942. 

t 1/U Chap'et' 9, 
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Fig. &-10 

Fig. 8-11 

THE BEBAVIOUB AND CONTROL OF RIVERS AND" CANALS 

• · ma. eaUSP failure by downstream scour before c~mdi~ons reach 
lll ~·. 1 y 1 for failure at the nose. This was exemplified m the case 
the ~rr~ca f ~h uha.rdin()l'e Bridge during the 1938 flood-when the level 
of pt~r hio e und thtf pier dropped from R. L. 178·9, 172·9 and 170·0 
b;£E:~th~193s flood, toR. Ls. 152·1, 152·2 and 15~·3 at the end of the 
flood (on the South-West, South and South·E~st of prer 3). · Such down­
stream slips have been observed at many brtdges and baiTages, some­
times leading to disastrous results. 

In 1938, when the maximum discharge of the Ganges near ~he 
Hardinge Bridge was 1,675,000 cusecs,,and c~'Vature of flow resulting 
from "throw-off" at the nose of the Rtght Gmde Bank was marked, the 
deep scour-hole downstream of piers 2 and 3 was 172 ft. ~eep, 400 ft. 
downstream when the slip occulTed on 31st July 1938; but mcrease~ to 
186ft., 500ft. downstream on 5th September 1938, when the detatled 
contour survey was done, and to 216 ft., 800ft. downstream, on 22nd 
September 1938; showing that, with a high level of pitching, scour 
occulTed nearer the pier, so was much more dangerous than a deeper 
hole fU11iher away, because the slope toward~ the scour-hole was 
steeper. 

In the light of this, ~he first conclusion of the earlier paper, quoted 
in para.l, should be modified to:-

( i) Where the stone pitching is laid round a pier at too high a 
level, failure may occur due to stone launching downstream from 
the tail; but, normally, failure ocCUl'S at the nose. 
In reply to para. ·(c) it was explained that 'scour round pier 3' was 

not typical of what .has occmTed at other piers; due, apparently, to 
p1•oximity to the bank and to curvature of flow. This difference at 
pier 3 has been borne out in recent model experiments. 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 =·85 times the surface velocity. This assumption is not 
permissible; because, though ·85 times the surface may be au approxi­
mation for the whole river or where there is axial flow, it is not true fo1· 
mean velocities on all verticals. Furthermore, scour is due to 'dra"' 
which depends on the 'rate of change of velocity' in the immedi;t; 
vicinity of the bed; and where, as in this case, curvature of flow is 
a major factor, 1 drag' may have little connection with surface 
velocity." 

Fig. 8·11 helps to explain this point: it shows scour on the centre 
line of the Bridge between piers 1 to 10 on 15th Au(J'ust 1938 15th 
September' J~38 and 29th October 1938 compared with a smo~thed 
surface veloc1ty curve plotted from W. 1. as datum. On this Fi()l'ure 
has also been plotted what may be assumed would have been the 0bed 
level profile had t~ere been n~ pie,rs; and when we compare this with 
the s:urface veloc1~y cm-ye, 1t wtll be seen that though the surface 
veloc1ty was a ;maxn~um m SJ!an 3 and r·elatively quite low in spa 6 
yet there was little difference rn the scout• depth. n ' 

An analysis o~ slips which occul'l'ed between 1935 and 1941 showed 
tha~ stone round p1ers had been made up yearly to a high level . 

• 
~Alvei$ up lo which 

Btooelaid. Stable level. 

At nose of Pier 2 R. 1.185 R. L. 170 ... 
II II II " 3 { R. L. 178 up to 1937 R. L.l50 R. 1. 166 in1940 

... 
" " II " 4 { R. L. 190 before 1936 R. L.140 

R. L.150 after 1939 
... 

" II " " 5 R. 1.165 R. L. 140 6 R. 1.167 
... 

" " " " R. L.l45 ... 
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:MA:xnt:Ull DEPTH OP SCOt:'B AT RIGID STRUCTURES 

As the assumed danger line was R. L. 129 and scour diminishes 
rapidly as depth increases, experience bore out the model results and 
showed that making up the pitching above st.a.ble depths was unneces- , 
sary; while building up the pitchin~ far above the stable depth was a 
sheer w.aste of money. . 

I 

As regards the statement quoted in para. (d): " ... it is recognised 
that the ideal level fo~ laying the pitching 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 is feared that it may become severe in the near 
future, the anxiety to lay st{)ne at a high level can be appreciated i but 
there is no justification for doing thil! before there is any danger of deep 
scour occm'l~ng. 

The most severe attack at the Hardinge Bridge occtU'l'ed at about 
1/3th to 1/-!th the river width from the right bank. It is, however, 
more correct to say that maximum scour occul'l'ed at O:S (Qma:s)i to 

1·2 (Qma:x:>~ froJll. the bank. .At some future date, this condition will 
also occur on the left bank at 11iers 12 and 13, and scour at piers 3 to 6 
and 11 to H will be almost as deep; but scour at piers 7 to 10 will 
be less; be<> a use towards mid-stream curvature of flow will be less 
intense. 

Heturuiug now to the data shown in Fig. 8-1. The mean ratio of Fhr. a-1 
ds!D1 :=2·09: 12·9 per <'l'Ht. - . 

S. Xo. R-ludus in the Hohri·Bukkur Gorge, 3 miles upstream of 
Barrag<'. Uer~>, mninmm scour occurred in 19331 when the rocky bed 
of the (tor got' wns tt'mporarily cleared of sand. The maximum river 
disdlllrt.:e Wai'l (i:!O,OOO eusecs, of which approximately 2/3 (i.e. 
41-l,Om •·nl'ecs) pnRsed through this Gorge, while the remaining l/3 
pnlist•ti tbrou~h tbt> ~ukknr-Bukknr Gorge. 

8.0.). SCOt'R AT GUDJE BANKS, SPURS, AND SHARP BENDS 

Fi!!· 8-2 shows in addition to maximum scour observed in rivers, ll'lg. s-a 
the corresponding scour obtained in. the vertically·exaggerattld Ganges 
model of the Hardinge Bridge at the Station at Khadakwasla. In this, 
d

8 
was 2·3 ft. for a total discharge of s·o cusecs, and was consistent with 

the depth observed in the Ganges. In the Jumna model, ds was 1·0 ft. 
at spur No. 5 for Q =2'8 cnsecs, which was relatively slighly less than 
in the J umna. . 

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

!i) S. No.1 (b).-Scour of 206ft. at Sara Guide Bank (=3·8 Dr) 
was due to sharp curvature accentuated by the remain~ of the nose 
of the old Sara Guide Bank, which pointed upstream. 

( ii) S. No. 2.-Scour of 66 ft. ( =3·9 DL) in the 'Right Bank 
Approach Channel at Sukkur, was due to water entering the 
.Approach Channel with a high velocity being very sharply- deflected 
round the nose of the outer bank of the .Approach Channel; 

(iii) S. No. 1 (c).-Ganges· near Right Guide Bank of the 
Hardinge Bridge:- · 

• 
d8 =2'7 DL. 

(iv) S. No.3.-· Old Railway Bridge on the Narbada at Broach . 
.A pothole, 106 ft. deep, formed upstream of· the Bridge, due to 
water being thrown off ~om a long, sloping.groyne; 

_ ds =2·24 DL. . _ -

· . (v) S. No. 4 . .:_Scour- in the Hooghly downstream of the 
" Knuckle " at Dunbar Cott<?n Mill, d

8 
.:..1·84 DL' · 
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THE BEllA VIOUR AND CONTROL OF RIVERS AND CANALS 

The conditions were only moderately severe. The River is tidal at 

this poinr 0 8 N 5 (b) and. (c).-The Jumna at Delhi Gate Pumping 
• Stati~~' ds ~i.7 DL' Conditions only moderately.~evere. . · 

(vi1-J s. No.6 (a).-The Sutlej ~~stream of Railway. Bndge at 
nose of spur 4 at Ferozepore, ds =2 3a DL, and . . 

S. No.6 (b).-On the same rive~· at nose of old Right Gmde 
Bank, d =2·44 DL. · · 

(viiz)s s. No.7 (~).-~t nose o~ spur 5 on Right Bank of the Ravi 
upstream of Balloki Weir, d8=3 74 DL . 

. (i:») s. No.7 (b).-At.nose.of spur? on the Right Bank of th~ 
Ravi upstream of Balloki Weir, ds=3 5· DL. 
In both (viiz) and (ix), the curvature was very severe. 
Thus scour at the noses of spurs projecting. straig~t upstream is 

very deep', up to 3·8 DL; while Guide Banks, which SWing round as 

arcs of larg~ radius, gi.ve much lower values 2'7 DL' 
Spurs projecting from banks, give widely v~rying ~alues, ranging 

from 1·7 to 3·8 DL' depending upon the severity of r1ver curvature 
indueed, which, in turn depends upon the length, an~le, and position of 
the spur relative to the attack. Scour at Groyne 5 m the J umna near 
Dellrl, where flow merely brushes past, was 1·7 D1 ; and scour down-
stream of the Hooghly knuckle near Dunbar Cotton Mill; where action 
is not severe, was only 1·84 D1. · 

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 velority rf'lati"l'r 
to the depth, abnormally high, causing violent eddies to be shed ft•om 
the downstream ends of the pavements. High level pitching romul 
piers is another cause of violent edd)ing action near the bed, and henf'e 
deep scour. 

S. No. 1 (d), scour downstream of pier 3 of the Hardinge Brid "E', 
and S. Nos. 4 and 5, scour downstream of N. W. Railway Brid~es 
ove1• theN. W. Canal and the Rice Canal, and scom• in the Hohri Canal 

. downstream of the Head Regulato1· and downstream of the Bridge 
at R. D. 52,000 (8. Nos. 2 and 3) all show scour of the order of 4 D

1
. 

8. Nos. 6 and 7 (scour downstream of road bridges on the Eastern 
Jumna Canal) also show scour of the order of 4 DL' The bed consists 
of clay and loam; but their equivalent fd value appears to be 1·0. 

8.07. CONCLUSIONS 
The data so far available show:-
1. (a)· Tb.e maximum scour downstream of bridges is of the order 
of ds=4 DLacey=4x·473 (Q/f)l. · . 

h d(b) Scour !lot straight spurs facing upstream, with steeply slopin" 
ea. sOl: 1), lS of the order of d =3·8 D · and Wl'th 1 "' 

. . s Lacey' ong, slopmg heads (1 in 20) =2·25 D . ' 
Lacey 

(c) Scour at noses of large-radius Guide Banks d =2.75 D 
(d) The ma~mum scour round bridge piers, d' =8

2 D ~acey· 
(e) Scom· at spurs along . river banks ds =l·7 rncey t 

a·s D d d' · . ' s Lacey 0 

L~c.ey epen mg on seventy of attack, which vades according 
to conditions, such as len!!'th of · ti . 
angle, and position l,'elati;'e to thproJecb on, sharpness of curvature, 
9 Th . e em ayment. 
"" e data 1n Class III (wh th 

~as from 0'06 to 0·37 mm.) appear~r~ be rafje. of grade of bed material 
lS a factor affecting maximum scour 0• e ~u. oient to confu'lll that grade 
even though flow pattern is the d : This lS what one would expect-

omman~ factor. 
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FALLING APRONS 

Sheet 9-1 

l'boto 116i. Showing a falling apron experiment, usio~ bands 
of differently coloured pebbles to trace how "launcbmg " 
takes place. 

PHOTO FRO:\I c. I. AXD H. R. ST~. A. H.. T. 1037-38. 
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CONTROL OF RIVERS AND CA~ALS 
THE BEHA vwuR AND Sheet 9-2 

h tb ~ 1 il) OCC ':.Hred 111 Ph t 1187 Showinrr how and w ere c ~ 
o ~1e Gu.ide Bank ;f t he H ardinge Bridge. 

Photo llU-3. Experiment \\'ith Falling Apron~. l\Iotl vl o( 
Guide Bank at Hunl inge Brill:!e sho \\'i n~ ftH'Illal ion of 
breach. (Look ing down trcam lo\\'ards Bridge.) 

PHOTOS FHO:\£ c. I. . \ ~D H. R. ST~. _-\..H . T. 1 0:3"1- :~~-
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FALLING APBO!i'S 

CHAPTER 9 

THE DJJ;SIGN OF FALLING APRONS 

9.00. l:NTRoDUCTION 

A falling apron is a eoveling of loose stones laid on the hE'l'ID of a 
rivE-r embankment to protect it from erosion. 

· The stones, usually "one-man" stone weighing SU-120 lbs., are laid 
during low water in a horizontal "apron" on the sand Ol' ·silt b£1rm 
deposited by the liver. . 
. Stone is also. la~d on .t~e slope of the emban1:ment, but this -is 
mtended to remru.n m position; whE-reas the "apron" is intendt>d to 
"launch" or subside when th_e underlying sand is ~rom·ed by the t·ivel' 
current-so as to form a continuo'us protection below water level. 

This method of protection appears to have bePu originated by JamPs 
R. Bell and was deseribed in his Paper of 1890 on t11e "Bell bund" 
system of river control at bridges. 1:5h• Pranois Spring produced a 
modified design, now in general use in Northern India, in his "Rivet• 
Training and Control on the Gnide Bank System"*-Chn.pter IX-from • 
which Fig. 9-1 is an extract. FJ11• O·l 

In the follnwing pag.·::~, information dfrived from model experiments, 
togetlm with data obtained rrgardin~ fnlling- aprons at the IIarding-e 
Bridge and othrr Bridgps in Northern India will be presented. 

!l.Ol. l\lollEL EXPERIMENTS 

'l'lw wotlt•l t'XJ•t·rinu·ut:; her!' tlt>~N·ihed werf! C'arried out at the 
Ilyth·ntl~·nn•Hi•• J:,·~t'lll'o•h :-itntion ut Lal<e l!'ife, Pooua, in the 
'ft•ar~ l\1:;~,.::;, nt tlu• •···qnPst of the Hail way Board, in connection with 
thP l'''nlo·t'l ion oft ht• li uith•. Baukt~ of the llardinge Bridge which carries 
thP B. ntH! A. J:ailwny ovt·r the GnngPS at Paksey. 

TJ 1,, h·•·ms of ,., fpJ'PJH'P for exprrimentR werP drawn up by the 
Hnrolin:,::P HridgP Com111ittPP ou l!lth to 22nd November 1934, as 
foil owl':-

(i) That PXpf'riments ~o~hould hi' carried out on the behaviour of 
aprons ll'"nerally, and for the be~;t design of aprons, both in alluvial 
snud and in strata of clay overlying sand. The aprons in these 
etperiments should be dl"signed in accordance with Spring's formula 
for scours of 100 feet and 160 feet. 

(ii, That experiments should be carTied out with regard to the 
best disposition of stone in an apron, not so much with regard to 
the thiekness as with regard to the relationship between the length 
of the apron and the depth of the scour. . 

(iii) That experiments should be canied out for the best method 
of reinforcement of an apron which has already fallen (as 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 pitched through grids moored over the toe of 
the fallen apron. At the same time this expe1iment might be 
extended to establish whether in the case of an apron which had 
fallen and over which heavy silting had taken place ·(as 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. 

• Technical Pape! No· ll!S, Railway BQ.ard, India, 1903 (reprilrted inl935). 

s 759-111 
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Fig. 0·8 

\ 

'.£]IE BEHAVIOUR AND CON'rROL OF RIVERS AND CANALS 

The experiments wer~ car?ed out in channels of various widths, 
ranging from 4 to .20 ft., With dts~harge~ up to 24 cusec~- The b~nk and 
bed (except in Senes I and XIV lll which local cohesive red silt was 
used) were composed of incoherent Ganges sand of mean dia­
meter 0·29 mm., and the protective stone was of grades varying from 
1/8 inch to 6 inches, of specific gravity=2·9. 

9.02. LAUNCHING OF AN APRON (SERIES IV) 

The following is a description of the launching observed in a model 
consisting of an apron of 1/8"-!" sto!les laid horizontally on the berm of 
a channel formed of Ganges sand. Ftg. 9-2 shows the apron as laid. · 

Fig. 9-2 

J:'JTCHlNG 5TOr-IE.!5 • 

(Fm.119 FROM .A.. R. T. 1937-38 OF C. I. AND H. R. STN·) 

When the discharge of a riv · h deepen and widen. This was re ro~u~:c~eases, t e channel begins to 
the Ia;yet• of stones compdsing tle "apr!~~!~~ modde~; ~ndda bs a result 
A.-rnde Fig 9·3-caus· th d . un etmme y scour at 
but there w~re insufficf~:t 8~0~n ermi~ed stones to settle on the slope ; 
furt.her scour took place caus~~gtoth~ehe~~ sctoulr lof th~ saud at A; so 
again undermined. ' 01 Izon a ayer of stone to be 

SECTION. 

lOGE OF PJTCHII'I6• 
AS LAIC. 

PLAN. 

Fig. 9-3 

I 

(1!1o.120 l:'ROM A, •. R T 193"' 3 -
. • I· 8 OF c! I ... um H. R. STN.) 
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!'ALI.UiG Al>RONS 

More stones were thus set in motion, some remaining with the 
previously fallen stones at A and others rolling down to B-se8 
Fig. 9-4--until a stage was reached when scour temporarily ceased at A, 
when that part of the bank had become ·aaequately covered with stones; 
but scour still continued at B. . 

(FIG. 121 FROM A. R. T. 1937-38 OF c. I. AND H. R. STN.) 

l'ig. H. 

.... ·' ... 
. . . 

.After a time, scour at B led to the bank at A b!'!ing unde1•mined, 
and stones from A rolled or slid down to B-ses Fig. 9-5. . !'111• O·D. 

l!'ig. 9-5. 

W.l.. -- ·---~ ----=-=---=--..=-.....=--::....-------

(FIG. 122 FROM A. R. T. 1937-38 OF c. I. AND H. R. STN.) 

and a few went beyond to C, as shown in Fig. 9-6. 

Fig. 9-6. 

W.L. --=-....=-....=-=-.---=---=-_______ 
---------t:"--

.... __.. 

(FIG. 123 FROM A. R. T. 1937-38 OF c. I. AND H. R. STN.) 
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TilE BE:S!\'IOUB ~ OOlttROL OF RtVllRS AND CANALS 

This caused the sand to be ag~in exposed at A~ and further ~cour 
· d thus undermining the hor1~ontal apron until more stones fell, 

~~~:e the sand at A to .be again co~ered; so th~t scour was again 
h k gd ·Meanwhile scour was occurrmg at C, until stones rolled down 

cece. .. ' d ll. hili a·' from B, uncovering sand there, an so a owmg scourt w c , un er-
mined A, Thus the process went on, the stone extendmg deeper and 
deeper as bed scour progressed, the pitched slope simuJtaneously receding 
towards the bank:. 

Photo sheet Photo 1167 (Photo Sheet9·1) shows the apron in pro~essof launching. 
e-l. It will be noticed that settlement of stones was· to a umform slope under 

steady axial flow conditions. 
' Some of the stones were coloured in vertical bands and others in 

horizontal bands . to ascertain where they finished up. The results (as 
may be seen in the photo) showed that 'the stones subsided straight , 
down the slope, without any appreciable motion along the channel-.:. 
except for a few stones which were drawn along the toe of the slope in 
small'' gulleys formed in the sandy bed of the channel.'' 

Thus the "falling apron" slopes at the angle at which rolling or 
sliding 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 is approximately 
constant; but where the bank is being attacked, there is a tendency for 
surg~s and ~urved divi~g fio.w to develop and the velocity tlear the bed is 
l'elatively higher than In axial flow; so that where the toe is scouring 
rapidly, a steep slope develops-with the result that stones move more 
rap~dly near the toe ?f the slope than near tbe water surface, so are 
proJected towards m1d-stream where the slope is flatteninoo• and the 

''•· DJT apron lil!ally settles to a curved profile as shown in Fig. 9:.'7' with its 
toes resting on the bed in its position of final scour. ' 

' 

FIG. 9-7 

W.l.. 

------------

POSITION OF 
)::ll'JAt.. SC'OUR 

(FIG. 124 FROM A. R. T. 1937·38 OF c .. I. AND H. R. STN.) 

. Pr' 9t.03h. • EFFECT o.F DISPOSITION OF STONE (SERms VIII) 
lOr <r t ese experlments 'd 1 . 

* c~arf~g the be.st disposition of :O~ey . mcorrect vi:ws had bee.n he~d 
ap er IX of his Paper• stated:- m an apron, thus Sprmg, m 

" ... the apron should be mad b 
not ?nly to cover up the erodiJle roa~t enough and thick enough 
et'OSion; but also to keep the de ma er exposed by sub-surface 
~~ thti~ automatically pitchede~mt~~t fof the 

1
erosion so far off, 

na on of fully two to on I ur ace s ope may have an 

~d~€:r.~;~~4F~~~~l:bi!~;;a~~~:~~~ 
. equll'e more replenishment fr . Wlb e to settle further 

•" li~Yor Training~~~~ Oohtrol oh lh• . om: a ove." 
GUldollant IY&Iem" T p 168 "'-" 

' · """'way Bo&rd, India, 
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· These experiments demonstrated, however, that where scour was 
grad~al, the slope assumed by the stone and the quantity of stone 
reqmred to protect. a face of sand were practically the s!Une whether 
the apron was la1d deep and narrow or shallow and wide· but where 
erosion was taking place rapidly, a shallow wide apron w~uld launch 
more gradually and so more evenly, and to a Slijthtly flatter slope than 
a deep narrow apron-as was indicated in Expt. vill-see Fig. 9-8. Fig.9-s 

FIG. 9-8 

- £XPTS WITH FALLING APRON 
SE:.::::tl£5 . YII!. 

;;;C'AI-Ji': I INCH • 2 f£trr. 

to::====:-;;;-:::::·---- 10' --------------~, .... ~/ Le, t~a 

---,_FZ: '.-SL···--.~PE 1-----1-a'-----i I ""'"""" -_, . r--p· ·-~ , . ~~-~·~~--· 
V4 TO ~B 
ROUNDf:D STONES 

JN SECOND t:Y.,::r;: (-:'11::K) Apr::' ON LAID HALF' 
THIC'KNCSS OF AP110N IN rO.'i'M.t:!? (THIN) 

w. 1.. • 

(Fill. J:!j Fll0\1 .A. B. T. UJ:17-:l8 OF c. I. AND II. R. STN.) 

!l.OL 1!\t LlliATWN OF SLOPE (SERIES IX) 
~\. t<•·ri··~ wns dnnP. with a thick layer of stouPs laid on a 11 tiltiag 

bon!'ll'', whi1·h t'nlihllJf' 1wt at nny Anl.rl<!, to determine the natural angle 
of l'l'}lo~~· of tlw ~ton,·s in wnter with various velocities of flow. Stones 
Wl'rt' drnppPtl ou to the ~tou('S at the top of the pitched slope, and it was 
fonutl that at a rrlatinly flnt slope most of the stone came to rest, but 
a f,•w roll••d tn the lwttom; while at a greater slope a few came to rPSt 
nud tht> majority rollrd to the bottom, an. arbitrary criterio~ for the 
anglt• of rt>pose was thPrefore adopted, VIZ. the angle at wh1ch 50 per 
rent of the stouE"s 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 9-1) were obtained in still TBble d~I 
water:-

Rounded stones laid on 
stones. 

Angular stones fuid on 
stones. 

TABLE 9-1 

similar 

similar 

Angle for riatlonary 
Bt0Db8. 

30°d'3to 1 

4o0 el'2 to 1 

Rounded stones laid on Ganges 31°d'7to 1 
sand.' 

• 
3,59 

Angle for rolling 
non ea. 

ar=I·7to 1 

34°!51'5 to 1 

25°!52'1 to 1 
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fl tt Fig 9·9 shows the 
· 1 s'were a er. h 1 'ty !" 

With flowing wate~, th;h:n~i~e of the angle again~!e~ £rX~ 0d~ta of 
curfe ~~!a~~:e~~~J~~g comparison, ¥~:S~ 8~~~ :J~s~der~ble scatter, 
·:~~~~s which had actually lau;c~e~th increase of velocity 'lS clear. 
but ~he trend of decrease of s p t d that flat and·angular 

d stobee:x:pece, 
. It was also foun ' is 1a epose than rounded stones. 

stones have a steeper ang e o . r . 

(FIG. 126 FROM A. R. T. 1937·38 OF c. I. A~D H. R. S'rN.) 
. -

9.05. ·ACTION WITH LABGEB STONES (SERIES XIV) 

All the p~evious experiments had been done using. small ~tones. To 
compare the action of larger stones, 3" stones w~re la1~ on Ganges sand 
in a 'bank at 1·6 to 1 slope and subjected to an mcr!'asmg 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 by 
stones from above, thus giving a greater depth of protection to the sand 
below. As the discharge increased, the bed scoured and the stones at 
the toe moved down the slope followed by those above. There was no 
rolling, and sliding was so slow. as to be almost il)lperceptible. 

It was thought that if a few large stones were put at the front of 
the apron, they would protect the toe from scour; so the bank was laid 
with 1~ 11 stones, a;nd 9" stones were gently pushed QVel' the berm, to 
represent large blocks put in for extra protection. These did not reach 
the toe, but remained halfway down the slope, and the turbulence 
generated b'y these stones displaced some of the 1~11 stones. 

9.06. ACTION WlTII STONES OF li!IXED SIZES 

.A.s a further experiment, a model was constructed having a mixture . 
of 1~", 3" and 5" stone, laid in a horizontal apron, with the idea that 
the large stone ~ight ~orm the main protection while the sm111ller .stones 
would ,fill the 1nterst1oes and PJ'event sand being sucked out thus 
pro~ectmg the bank. When the discharge was raised the apron l~unch­
ed 1:0. the usual way; and sand was sucked out from betwhn the stones 
as .m other expel'Iments. After a time, however, the larger stones 
sorted thems~lves out and lay more on the top of the smaller stones ; 
so th~t the mlXture afforded somewhat better protection than stones of one s1ze. · · · 
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9.07. CONDITIONS UNDER WmCR A. SLIP 0~ " BLOW OUT" MAY 
. OCCuR (SERIES XV) 

It had b~en suggested that slips sometimes occurred due to water 
trapped behin~ a ban~ being some feet higher than in the river; so a 
model of the _Right 4!mde Bank 'Yas constructed with Ganges sand, and 
a gradually-mcreasmg hydraulic-gradient. imposed. There was no 
failure until the mean hydraulic gradient ·becam~ 3·6 to 1, when water 
began to. ooze frop1 the bank, causing a slip. This gradient WJ.\S far · 
steeper than any which could· occur in the prototype; but a slip' could 
occur on a 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 occur in rh·er banks when the water level is 
falling rapidly. 

· It was also thought that slips might be due to heavy superimposed 
loading on thP berm, such as that due to staeking stones. Though 
loading up to 700 lbs. per square foot was imposed near the edge of the 
bank, no slip took place; but if the backing became saturated, the exta·a 
weight would facilitate a slip. . 

9.8. .APRON L.\ID OX ALTERX.\TE LAYERS OF SAND AND C'LAY 
.. (SERIES XVI) 

In ot·dt>r to test the behanour of an apronlnid on a bank consisting 
of alternatt> layers of i>and nud rlny-ns found at Sam, ups~t·e~m of the 
IIm·dingt> Britl!!"e-a 1 ~0 s.•al,, motlt>l was l'.mJstru•·.t~d (Srr1es XVI) 
eonRistin!!" of a hank of alt,•runtin:;r horizontal layers of red silt and clay, 
:l" awl U'' thit·k r•'~P····tin·ly. Tht> top laJPr was of silt, on whioh au 

. lljli'Oll•Of r-:l S" l'lllll.ltll'\1 RllllH'S was laid. 
Xo ~'•·our t .... k J•ln•·•· with nxial flow, so a couceutmted di~charge 

wns tlit·•·•·t .. ,l nt tlt•• hnuk wi1h th•• nid of a vaut>, the mean VPloc1ty past 
th•• hank !win!!" ,., 1uir:tl•·nt tn li ft.jsP•'· iu th1' prototype. The stones 
»lit! t!uwn ns s•'lllil' '"'''lll'l't•tl. hut tlH• clay layers scoured unevenly, 
th·· •·la1· so•nnrill!!" intu :-t~>t·p •·IitTs, Ro that the lltoue could not come to 
l'""t nn· it, t•nt f· II t .. th:• hottom (N~'I' Fig .. !l·lO) and it may be said that Fig.D-lo 

Fig. 9-10 

£ XPER!!'.!£NTS WITH PALLING APRON 
SHOW!Na ,APROt'f .1-AUNCJ./ED OH AL7"$RHATIIVS 

LAyERS OF'" Sll ... T• ('l CLAt • 

/ 
II 

6 CLAY, 

s aa:uad 

, ~~'~ __ L_ _________________________________ , 

' 
(FIG. 129 FROll A. R. T. 1937-38 OF c. I. AND H. R. Sn.., __. 

. •o'!U" --~ 

an apron does not launch satisfactorily unless. . . 
-;;-, "'rt)(i) the angle of repose of the underlymg matenaliB flatter tha:t 
- that of the stones, and 

• (ii) the material scours easi~y and evenly. 
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THE BEHAVIOUR AND CONTROL OF RIVERS ANI) CANALS . 
. 

9.09. CoNDITIONS UNDER wmcn APRON PRoTECTION WILL FAIL 
, I 

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

ways, due to :-
(1) launching taking plac.e beyond the capacity of stone 

reserve. 
(2) slips and "blow-outs" in the bank oc?uning ·~ue t~ a steep 

subsoil water gradient resulting from a rap1dly falling, r1ver, or 
abnormally deep breathing {fluctuating water levels) of several feet. . . 

, (3) irregular disp~sition of stone on the slope due, to the 
presence of layers of coherent material, such as clay, in the banks­
as exemplified by the failure of the Sara protection Bank. 

1 
• (4) a layer of coherent, or resistant, material becoming exposed 

at the toe, so that all stone reaching the Me is washed downstream 
until all available stone in the horizontally-laid apron and in the 
origin,al slope above water level is exhausted, leaving part of the 
bank-material exposed to the current and wave action- as exempli­
fied by the failure of the Right Guide Bank of the Hardinge Bridge. 

. • t 

Fig, 0·11 

As rP.gards the above: · 

(1) should be prevented by adding stone; 

(2) can only occur as a secondary effect, or with very large dis· 
charges combined with abnormal flow conditions. 

. . 
(3) and {4), falling aprons sh~uld never be used where the an O'le 

of repose. of .the underlying material is steeper than that of the sto~es 
to be. la~d m the apro~, or where there are layers of coherent 
mater1al m the bank or lll the bed above the level of maximum 
scour. 

9.10. REPRODUCTION 'oF BREACH m THE RrGRT GumE BANK I 

HABDINGE BRirlGE (SERIES X) 

The ~onditio.ns le~ding to the breach in the Right Guide Bank of 
thll Ha~·d~ul ge Bndge m 1933 were reproduced in a 1/500 scalP geometri­
ca y-s1m1 ar model of the Bridae and River * but model li 't t' .-~. 
~~~ili~~~~ ~~fto~each being reproduced under geometric~\l;·-~i~~il~~· 

Wh 
Fitgh .. 9-bll shhows the Bridge and Guide Banks in plan and the place 

ere e . reac occurred. 

A. large geomett•ically-similar m d 1 th 
scale of 1/200, in which unnatural flo~ c~nili~~ en ?o~structed to .a 
was nec~.ssary, because in nature the smaller th n~: whr~ tmposed. This 
the vertical exaggeration. so tbat . e ...,.~c arge, the greater 
velocities have to be ex~gaerated. 1A,t fi.~s~o~e;.~6~allfs~~milar model,. 
we1•e used for the apron this b · a th ! I grade stones 
man" stone to scale· b~t it wa:~~~und ~ppronmate eguivalent of "one· 
~sul~s duet? the ra~o of size of stone toos~~dtbo.smap t6. give correct 

an 1n the r1ver-so 3/8" stone was substituted. emg ess m the model 

.Photo llheel Photo 1187 (Photo Sheet 9 2) h · »·a. had occurred. . ~ s ows the experiment after the slip 

tBol!lbay P. W. D., T, P. No 55 "B 
wBIIh the prot~UOD. o! th~ RaJP.?~ 0: .~~erilllents omied ont with d ,_ eport

1
lllSii·S6, '"':""' r1..,.., on the Easte~ Bengal Bmt euo /:l connection 

t &. Chapter lf, . a way, and A.nnnal 
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FALLING APRONS 

Th'e foll?wing. extracts from th~ rep~rts of the Hardinge Bridge 
· staff .a.t the time of the breach descnbe bnefly the events as observed 

by them,:-

. "Early in September a definite change in the ·direction of the 
mam cut:rent was observed after it had left the Damukdia Guide 
BaJ?-k (Fig. 9-11) and the ~urrent impinged on the head of the Rightr~g.D-11 
. ~mde Bank at about chamage 27. Dangerous eddies were observed 
m front of ~h. 14. to 17 ...... and on the 26th September at about 
4·00 ~ours .t~s G~de Bank. was breached between Ch. 19 and 22, on 
a rapidly nsmg nver. Dunng the course of the day the breach 
extended from Ch. 14 to Ch •. 25 by erosion from inside the . embay· 
ment. B:y: 12·30 hours ·the breach was 1,200 ft. long and the embay-
ment behind was 500 ft. across. The river continued to rise and 
on 2nd October eroded the narrow neck connecting the head and 
allowed a clear flow from the embayment behind the breach' and 
out again into the river. Reserve stone was rushed up and a r~tired 
bnnd was formed to prevent further e:lltension 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 currents 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, 
whence 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. 'rhis filled the breach with watet•, which was 
subsequently discharged back into the river with high velocity, sucking 
out sand. The breach was thus due to stone being carried away ft•om 
the toe. This, in turn, was due to a clay layer being exposed at the 
toe. 

• 

The breach in tht> modeJ can be clearly seen in Photo 1192 taken Photo Sllee• 
after the top of thE' bank had been denuded and scoured, but before 8•8• 
appr{'ciable 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 Fill• o.u 
shows the isotachs observed at Ch. 10 and 18 of_ the guide bank. 

CONDITIONS AT THE TOE (SERIES XIII) 

In ord{'r to observe why the stones were being carried away at the 
toe, the portion of the ban~ where the breach occurred w~s replaced by 
a glass window through which movement of the bed matenal 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, keeping 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. 

An excellent picture was obtained ()f 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 occurring near 
mid-depth which was the base of the large slow eddy visible at the 
surface • ~nd 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, a steady velocity; .but C81}le in surges (about 
2 to 5 per-second) with a surge of greater veloc1ty at mtervals of a few 
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· d to be hodzontal, not diving;_ but the 
seconds. Tlie mean fl~w a~e~~ues, perhaps within an angle of ! 10•. 
direction fluctuated Wlth e tocarried away by the small surges, 
The stones on the battens ~ere d~ metimes carded away by the bigger 
but were sometimes rocke a~ 0~ the glass under a group of stones, 
surges; and sand would remam , 
being sheltmd by them. 

. of the severity of attack, cement 
In order to obtain .a measur~in to the toe and the smallest cube 

cubes 1/2" up, we~e lowe~~d o_nw~ nofed l?itot t~be readings were also 
which would stay~ posiadon with the h~t ·wire instrument fol' va1ious 
taken, and recordings m e . 
conditions of 1low. 

. . • in osition was 2" in the case of the 1low 
. The .slZe of cube remawng~" J'hen the cmTent was directed at the· 

directe.d mto tht e em)baY'ld~!~~l" in other cases. The velocities recorded 
bank (I.e. wors. c~e ' !l'n Th aximum velocity recorded at the toe 
gave the same mdicat10ns. e m . t d t th b k 
was about 3 ft/sec. when the 4ow was dll'ec e a e an · . . . · 

The hot wire and oscillograph* for recording ~urbulence fluc.tuations, 
lacPd 3'' awa from the toe, showed the J!lOSt vwlent fluct~tat10n when 

fhe flow was rirected at the head of the gmde bank, but nearly-, as much 
under the conditions which caused the breach; for other conditiOns they 
were relatively small . 

. 9.11. THICKNESS OF "ONE-MAN STONE" RESTING ON THE FACE OF 

THE BANX AF.rEB THE APRON liAS LAUNCHED 

Engineers with e~erience of livers can quote cases in which ~hin 
coatings consisting of spauls or bricks left on the bed or bank of a r1ver 
after work has been completed have withstood severe attack; but the 
safety, of a bank, like a chain, depends Ol?- its weakest pa~·t, and the 
.A.uthor holds that it is an unsound practice to use materials of low 
specific gravity where stone is available at a reasonable cost; so the 
formullll proposed assume the US~ Of One-man Stone Of norJ,nal Specifi<' 
gravity.-but see Appendix 4. 

' ' . 
The thickness of "pitching laid by hand on a prepared bank above 

low-water level" and the thickness of the "face stone required to protect 
th~ scoured face of a bank after it has launched" require separate consi­
deration. Where the material is laid by hand above low-water level, 
spauls Ol' fine material can be laid as a backing and material graded to 
fill the interstices between stones, so a relatively small thickness of 
stone is then permissible; but there is little justification for assuming 
that a mixtm·e of stone laid in an apron will teclistribute itself as desired 
(behind and in the interstices.of the stone) after the apron has launched 
so the thickness of launched material must be considered in the liuht of 
past experience when relatively uniform material was used. 0 

Sir Francis Sprin.g wrote.:-t . 
".A.ft,er much consideration, and some hesitation in reuard to 

the .stan~a1•dising of practice, where conditions vary so greatly and 
so httle ts l'eally k~own about them, the .A.uthor ventures to put 
forw~rd the followmg table; more as a general guide in aid of men's 
own Judgment, than as a rule to be accepted as having been proved 
to be cor1•ec~. The table purports to give the thickness, in inches 
of t.he c~vermg of rou.gh heavy loose stone pitching, which ordi: 
na~1ly. wlll suffice, from low water upwards, to prevent natural or 
artilic~al banks of sand from being eroded by the cm·rent of a river 
Fol',Pltching drop~ed through deep water, ot· which must fall auto: 
matically, and wh1ch therefore will probably not be very uniform 
• c. I. llld H. R. s., A· :a. (T) 1935-39 pp. 36, 31. I I 

t T. P. No.l5S, Chapler VI, page 33, para.I.S • 
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' !t ~11 be best ~o allow perhaps 25 per cent more. The Author is 
mclined to believe that this table errs, if anything, on the safe side. n 

. ' Fall per mile of riVer in inches. I 3 19 

Sand Classification. 
Thickness of stone for Blopee. 

i 
Very coarse 1 16" ')')!/ 28" I • • ·~ --
:Medium I 38'' 3-.l" -:lO'' ... 
Very fine 

I 
•.. I 40" -!6" •')II 

I 
v. 

(.Vole.-'l'his statement is deliberately abbreviated, as it is not recommended lor use.) 

What is clear from Spring's wording is that this statement was very 
tentative, yet it is still being followed.* • 

Sir Fra~cis Spring ~ade, very tentatively, what appeared to be 
a most plausible assumption, namely that the thickness of stone required 
on th~ ~:>lope f~ce depEnded on the slope of the river and the ~rade of 
matertal behmd the stone face. Actually, howevE>r, the thickness of 
launched stone depends mainly on the disoharl!e, and as the river gra\li­
ent decreases with increase of discharge-other things bein~ equal­
slope, which is a dependent variable varying inversely as the (\iscliarge, 
is unsuitable as a factor affe('ting the thickness of stone required; nor 
is the grade of sand a suitable faetor to select, because, though line 
material behintl the fa('e !!tone would be more easily sucked out, the 
velocity in tht> river would be correspondin~ly reduced, thus neutra­
lh;in~ the l'ffec•t of mnh'rinl; so the sand elnsl.li!ication would not appre· 
cinbly affeet the thirkut>ss of lnunehed stone on the slope-though. it 
wonltl hnvt> a 1unrked t•IIP\'t on the minimum size of blocks required to 
withstnml SPonr. · . 

In tlH• moclt>l expel'imrnts, a ~:>ingle layer of small pebbles sufficed to 
protef't tht> nnclPrlyin~ r<aJH!-so, ver)"large mode·Is would be required to 
dve m;f'ful 1lntn, and ewn then the formula would have to be extra· 
ilolatt>cl-a lwnp; a daugr·rous proceeding-whereas. it W!'-8 known that 
several feet thickness of one-man stone was reqmred m the case of 
embankments in large rivers; and the data afforded a valuable check on 
the accuracy of the formula! 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 a!n'ees with the calculated thickness of launched aprons of the 
RiO'ht and Left Guide Banks of the Hardinge Bridge-on the assumption 
th:t the stones in the original apron as laid had launched and none been 
carried away, thus:-

TABLE9-ll 

I.eft Guide Bank. Bight Guide Bank. 

Year of I Thickness I Slope of I Ch · I Year of I Thickness' 
Chainage. Observation. of stone (fl.)iStone Bank. amage. 

1
0bservation.

1
of stone (ft.) 

Slope of 
Stono Bank. 

2 1920-21 5·5 2·4:1 29 1931-32 4·8. 2·4:1 

a·5 1919-20 6•2 2·6:1 24 1931-32 5•7 2·8:1 

.9 11932-331 3·9 2·6: 1 

• ainln and Control o( the Gr8a • T p No 809 "The Sect•on and Armour of a Gmde Bank for th Tr g 
Alluvial.Ri~ers;' by K,, B, Ray, Depnty Chief Engineer, E: B. Failway. 

t 

- .. -" 
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FALLING APRONS 

~ough slop_e~ of 3 to I and even flatter have been observed under 
exceptional conditions of flow, aprons with slopes of 2 to 1 are much 
more common, and slopes of 1! to I are found where the material is 
angular and the ~ttack not yery severe. .It may be argued that this is 
due to the matenal of which the backing is formed bein(t different. 
Even if this were so, it should be taken into account; but in the liaht of 
the model experiments and general experience, the Author believes that 
shape of st?ne and severity of attack have much more effect on the slope 
than material of t~e ~ank, and that the slope-other things being equal­
tends to flatten With mcrease of turbulence and hence with iMrease 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 
2 to 1, nor flatter than 3 to 1. 

As regards depth of scour, 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 1•easonable 
amount of time, trouble and personal attention-" 

but in practice, depth was generally based on 

''deepest known scour for a distance of trn mill's from the site." 
'!his practice has led to widely incorrect results, which is not surprising, 
because vorticity at a guide bauk far exceeds that normally found in 
alluvial rivers. 

Iu Chaph•r 8, all data whil'l1 could he obtaiu('d regardin!£ depth of 
scour in rivers art' liHtrtl, and shown in graphs. From this it appears 
that the mRximum dPI•th of t>t•.,ur at rur,·ed guide banks is about 2·75 
times the Lnt•ey re!-,>1me dl•pth, Ol' 

(D +H):: 2·7~· X ·47:1 (<l/f)& 
(D +H) ::-1·:1 {<l'f)& 

· or D=I·3 (Q,'f)!-R 
where D =depth below low water, andR=max.:rise of flood above L. W. L. 

' 

On this basis, the slope face length 
\ 

L == { 1·3 (Q/f)!- R }vi+ (S.R.)1 

where (S.R.) =slope far-e ratio; so with T= ·06 Q&, the total stone per eft. 
on launched face would be 

T x L=O·OG Q!{ 1·3 (Q/f)!- R }JI: {SJzy 

Assuming 25% of the stone laid in the falliD:g apron fails.to settle on 
the slope the total quantity of apron stone reqmred per runmng foot to 
protect the portion of the bank face below low water level . 

. =0·08 Q!{I·3 (Q/f)j- RJJI+(S.R.)1 

This uestion of slope ratio requires further investig~tion but s~cc~ss 
. will depeJd to a large extent on expe.rience and .sound Jn~gme= ~~ ~ 

application. Thus conditions will an~e-as for mstance' 1n es nnes 
where the depth of scour will be relatively less. · 
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11'ig. 9·13. 

. THE BEHA VIO~ AND .cONTROL OF RIVERS . AND CANALS 

9.14. BEST :METHOD OF· REINFORcmG AN APRON 

WHICH HAS ALREADY FALLEN 

The Hardinge Bl'idge Committee desired to know ''whether reinfor­
cement should best be placed as a berm at low water level, or whether 
the reinforcement should be pitched through giids 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, reinforcement 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 silt- see Fig. 9-13-this method has some advantages. 
In practice, however, it will be difficult to distribute stone evenly from 
~arges, and deep silting genera~Iy occurs a's the discharge decreases ; so 
Inmost cases .stone should bela1d as an apron at low water--see Fig. 9-13, 

NG. $-/3 

Remnant of' 
· rJI'f!ina/ apron. 

9.15. SUMMARY 

(1) A falling apron provides hi · 
p1•otectiou where the material of th .. ghly satisfactory form of bank 
saud 01' othe~· incoherent material~ blVel'. b~d or .sea coast consist of 
tfe bed consists of nutterial which dut It IS qmte unsuitable where 
o ay Ol' rook. oes not scour freely-such as ·I 

. The re~son for this is that the 1 ·. , 
~~h~~:~:3rt Tehaflb1es kthe toe until th~u~h~~go:~hne tis c~rried_ away as 

d . · e an face then be e s one In the apron ·s 
an lS quickly el·oded by the c . . ctomes exposed just below wat . 1 11 urren ~wave aetion and . el eve 

. ' river breathing. 
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.A.n apron ~ also u.nsuitable where conditions are such that it does not 
launch satisfactorily because, . 

(t) the angle of repose of the underlying· matet·ial is steepel' 
than that of the stones, or · 

(it') the material does not erode easily and evenly due to the 
bank consisting of alternate layers of sand and elav. . . - . 
(~) T~e ~utstan~ing ~eature of this form of protection is its flexibility 

in adJustmg Itself to resist attaek. Attack normally starts at the toe­
.Partly because the slope is protected down to the toe whereas saud in 
exposed at the toe, and partly because, with a slopiu.,.' bank . the flow 
conditions near the bed are almost always most serve~e ·,but' wht>revet• 
attack takes place it invariably causes the bank to '1·ecede, whit1h 
automatically reduces the intensity of attack and causes more stone to 
slide down from above until no more sand is scoured from beneath it. 

(::!) Provided the material of the bank has a fiattt>1' nn()'le of 
repose .than that of the launching stones; the inrlinatiou !>f th(> stones 
on the slope depends mainly on the se>erity of the atta<'k, j, e. on 
the velocity, turhulenee, et<J. obtaining; and the se>t>l'\'1' the t~onditious 
the flatter the slope will be, and it may he as fiat as 3 to 1, though 2 t~ 
1 is mor~> normal for diseharges up to :!00,000 cnst>cs. Near the· top of 
the bank anrl wht>re the rivt>r tliSl'harge is small, the slo11e may 
be 1-1/2 to 1. 

(4) Tht> thirknt>ss of lauut·lled stone found on the slo11e is snl.'h that 
allNJUntr proh•dion is gin•u to the Rantlllell!'ath. If the SI10tll'ing Mtion 
bt•comrs mort• st•rt>re, stou~> falls and the sl?pe rt"'•edt•s, bringing clown 
mor1• stouP from nbovt>, thus stH•ng'themng the protetltiou, whieh 
1111tomntit•allr n,Jjuf'ts itsPlf t~1 the 11ttal'k. The thiekness is scar<'ely 
ntf~>t•tf'tl hy t'!w qnantit~· of Jnnh•riallnid in the apron 01: its diRposition; 
but is ,J,.t .. rmiJu•tl hy th•• dP~rPe of turlm!Pnrr, whHlh is dne to the 
mn;:nitmlt•nfthP ,Jj,.,·hnr~l' and tht> nnglr. of attaek. 

TIH• thi··knrss of stonP nftt>r launching. 

T- ·Oti Q I ,':l. 

(:!) Tht> quantity of lamwhPd stone requir('tl.to cover the face of the 
slope to au at!t•ttnate tlt>p!h to pro~ert the materml underneath it fi'OID 
brin•• rrmoYNI hv srour IS deternnnetl by: 

~ .. . 
(t) the thickness of stone T=·OG Q113 (where Q=maximum 

tlisehar~e). . 
nntl (ii) the extent of the slope fare from water level to the toe; 

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

(a) the maximum df'pth of scour 
and (b) the angle assumed by the material on the slope face. 

The maximum depth of soour=1·3 (Q/f)
1
/
3
· 

The ratio of slope free to depth will vary from 2:1 to 3:1 fo1• 
different conditions. 
(6) Normally the supply of stone requ~red to. pro~ect the face ~f a 

bank launches automatically, and all th.at IS required IS t_o lay suffic1ent 
stone in the horizontal apron; but 1ll. or4er to avoid undue slope 
recession or to provide additional protectio.n 1t may be advantageous to 
drop some stone from barges .. Where, ~s ?S frequently the case, sand 
deposits on the apron as the river falls, 1t 1s better to lay the stone ~n 
the sand after the river has fallen to low water level, to act as a rem-
forcing apron. 
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(7) Slips do not normally take place as .a result of a steep hydraulic 
gradient in the bank nor to the weight of a superimposed load; but 
local 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. . · 

(lO):Falling :aprons of one-man stone laid on incoherent sand 
produce an impregnable bank, but the coarser the material of the bed, 
larger the stone should be, and experience shows that large blocks are 
required inlboulder channels. 
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GUIDE BANKS AND GROYNES 

CHAPTER 10 

CONT~OL OF RIVERS BY GUIDE BANKS AND GROYNES. 

10.00. UTRODUCTION 

The earli.est form of river control consisted of retired embankments 
to prevent s~tll .. At a later stage control was effected b:y means or 
groynes, proJecting fro~ the banks desi[Ued to prevent eroS1on: and the 
best-known groyne of th1s type was the JJenehy T-beaded gt·oyne .. 

In the ~neties, J. R. Bell introduced the Bell bund system of t•iver 
control, wh10h was perfected by Sir .Jh·ancis Spring. Tb.e method now 
rec~mmended-which has been developed during t•ecent years at the 
Ind1an Waterways Experiment Station, Poona-utilises the natural 
meander swing of a river to effect control 

10.01. RIVER CONTROL BY DENEHY T-READED GROYNES 

A good exa:n;tple of this type of protection is shown in Fig. 10-1. Fl 
In that case a senes of ten T-headed groynes were constructed along the 
right bank of the Indus some 36 to 50 miles downstream of Kalabagh-
to protect the Bilot Creek which feeds the Pabarptu• Canal."' These • 
groynes may be called "fender gt·oynes ", the object being to direct 
fl. ow so that it brushes along the faces of the groynes without developing 
any considerable embayment between them. 

The heads of T groynes e>.iend some distance upstream ·of the 
shanks of the groynes-so, even if some embayment occurs between 
successive groynes, the shank of the lower groyne is not bt•enched: But 
success depE>nds mainly on the correct posit1oning of the groynes­
bE>cause if they are too far apart, a deep embayment is likelr to occur, 
and if spaced too close to~ether, they become very costly. Thus, each 
gl'oyne in this case cost about a lakh of rupees (.£ 7,500); at the time 
thel were constructed, and would cost much more now. 

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

Where gJ.'oynes have been wrongly positioned, they create havoc. 
This has occul'l'ed so often in the past that-to quote F. J, Salbergt- t 

. "a spur or gro,Ylle was usually anathema to the ordinary river· 
training engineer.' · 

10.02. BELL BUN'D SYSTEM OF RIVER CONTROL AT BRIDGES 

AND BA.RRAGES 
. ' 

This system, introduced by J. R. Bell, w:as further develop.ed by Sir 
Jl'rancis Sp1ing, who worked out the quantity of stone reqwred to be 
stacked when the falling apron was constructed.t Under this system, * 
the whole flow of a river is passed through a nal'l'ow throat, which 
should be equal to about 2·8 .tim~s t~e square root of t~ discharge; 
whereas the ·swing of an alluvtali'lVer 1s often 10 to 15 t1mes as great. 
It has been the practice to make the guide banks of about the same 
length as·the throat, and to constt'llct curved heads, with ~he object :of 
allowing water to swing round them, so as to reduce seventr of attack 
compared with what would occur were the gnide banks to proJect straight 

...... • . . I • 
ups~tea.m. - · · · . . ·. · - .. 

• I. W. E. S. A. B. (T), 1943, pp. 8-10, , . . 
t Discussion on InBt. of c. E. Maritime Paper No. 3 (1946) "TraiDiJit! Worb OOIIItruoted, in the 

l!upnarain River in Bengal" by the Autbor. • · . _ · - '·· • . 
:; G ent otlndia (Bailwa:r Board) T. P.lli3. "Biver traming and oonuol on the guide bank· .... ,o,vernm . . . .. . . . . . . . . .· · I , . . . 

a, •• em. • · · - · 

' 3.79 
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. h · . f this design is to prevent an embayment forming to such 
de T thet~~ t~~> approach bank to the bridge could ~e. breached. T~ough 

:his~esign h.as.been in favour for some~ year~, 1t IS far from perfect; 
becaaS'l stone has to be' thrown in from tlme to time .as apron stone .gets 

h d and maintenance may be very expensive-as exemphfi.ed 
b';~h~ c:::~f the Hardinge Bridge, where nearly a million po~nds was 
spent on repairs in a period of .two yeat·s. ~here the m~tmal of the 
bed is scour-resistant, consisting of ~rd ma~ertal such as lime kanka~, 
or even clay, stone is washed away m quantity; and under su~h condi­
tions, the whole of ~he stone in an .apron may be depleted In a short 
period of time. (See Chapter 9. ) · 

10.03. THE APPLICATION OF NATURAL CURVATURE. OF FLOW, WHICH 

IS ASSOCIATED WITH MEANDERS, TO RIVER TRAINING 

The method of river control which has been developed during recent 
years at the Indian Waterways Experiment Station, Poona, consists in 
making use of natural curvature of flow associated Witb. meanders. 
This necessitates the development of a control point, to limit the swing 
of the river, either by constt'Ucting a repelling groyne or by holding the 
tiver permanently where desired, by a suitably positioned attracting­
groyne·. ln either case, the domi,nant factor is the correct positionin~ 
of the training work-the position bPing det.:rmined by meander length 
for }he dominant discharge of the river at that point. 

10.0-!. CONTROL OF A RivER :BY MEANS OF A REPELLING GROYNE 
j 

• Tpe Authot• in a recent Paper* gave an example of the use of a 
repelhng groyne to prevent a bridge being outflanked. This was located 
0·4 of a meand~>r length upstream of the Benaal-Nagpur Railway Bridae 
spanning the Rupnarain River at Kolaghat i~ Bengal on the main li~e 

f.11~8s. tl!, betw~en C.alcutta and Bombay-see 1·26 and ])g. 1-12,' t-13, 1-l:l and 1-15 
t-lB. showmg rtver conditions before the repelling groyne was constructed 

and 14 months after th~ groyne was completed. · ' 

• 
1 

In this. pel'iod the r~ver channel movt>d 2,000 ft. from the left bank 
w 1ere eroston had prevtously been endangering the railway. 

10.05. RIVER TRAINUlG UPSTREAM OF A BRIDGE, OR liARRAGE, 

BY MEANS ~F AN Ai'l'RACTING GROYNE 

A common problem is the selection of th b t .. 
brirl.,"P. OL' barrage and th<> w·or·k . e es postnon. for a new · ' · nocossary t:> maint · · 1 a:ual flow th1·ough such a. structm-e. Thi . " . am ~pproXlmate y 
the natural m~>nndPr swing is permanentlys ?rldsbnti li~le dtffi.culty wh!'re 
l!tratn on both banks at points "'suitable d' ~ Y oca exposures of hard 
where lime kaukar is exposed on th" 1,£t ~s ance apart-as is th ~ case 
outcrop occurs on the l'ight bank a f"ew ... r1ank at~enares, and a similar 

, ~N~d~ 

More frequently the river is h ld • . · 
not on. the othPr. Thor,~ are then e twoperm~ne~tly OD; one bank; but 
th~ brtdg" at the point where the tiv .. al~rlatiVPS: etthor to construct 
smta~ly placed attracting 0 · e ~b 18 

: d by an outcrop, with a 
+ stt•;•am -as was rPoommendef fl: th" Loo~ 0 4 ,of a meand~>r l"ngth up­
Fig.IH (Fig. 10-2); Ol' to construct the brid "e or ~>r ~md Barrag-e at Hajipnrt 

length downstream of the natural Jed. p ~atrrage, about half a meander om. 
" Mnlllthne Pap~• No. S Ins• C E "Tr . • . . 

alter !Dodel experi~nenll!." " ' ' am10g worka construoted in th B • t · · 8 npnaraln River in Bengal 
I. W. E. S . .1.. R.(T)l9U PP· 6~hnd 98 "De . f L 

. ' stgn o ower Sind Barrage at Bajipur." 
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Fig.l0-2 

LINES 01=' FLOW 06SE~O WIT!f BARRAGE AT 
, StTI: a. 

SQ:lle:-t"tAda JO.ooO • 

(F.iJ. 108 FBOM A. R. T. 1944 OF I. w. E. STN.) 

Where there is no fixed point on eith!'r bank-as is frequently the 
case-the meandt>r tl:'nds to progrt>ss downstrt>am-the river channel 
changing from one bank to the other ovt>r a period of years. Two fixed 
points have tL:n to he devE>Iopt>d :-

(a) at th bridge or barrage, 
and (b) at about <N of a meander length upstream. 
Soml'times 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 
construct a suitably-placed attracting groyne about 0·4 of meander 
length upstream. 

The above gives a general idea of the method; but successful design 
necessitates being able to foresee changes which may take place in the 
river for many years ahead; so no hard and fast rules can be aid down, 
and success will depend on the experience and ~kill 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 arise. Such models must have 
correct scales-to ensure correct curvature of flow-and they must be 
yery large-to minimise the effects of vertical exaggeration, which is 
1nherent in river models. 

8758-66 381 
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14 feet. 

PHoTos FROM B oMB.AY T. P. No. 42. 
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FLUMING 

OHAPTERll 

FLUMING 

11.00. WODUCTION , 

.Ji'l~ng~ which consists in first contracting and then expanding the 
s~ction, 1S based on Bernouilli's theorem, · 

.P. v~a 
w + 2g + z = total head above datum, 

where p=pressure, w=weight of a cu. ft. of water and z=height above 
~m. . 

Strictly speaking this formula applies only to a filame~t· but it has 
become customary to ap:ply it ~o general a~al :O.ow and, provided there is 
no curvature of :O.ow .e1ther m the vertical or horizontal plane, it is 
u~derstood that V812g 1s not a true summation of all the point velocities, 
~0 being a closer approximation, and lossea due to :fJ:iction are allowed 
for~ it can be usefully applied in this way. . . 

11.01. FLUMING TO !'I'l'AIN MODULARITY 

~luming is resorted to where it is desired to produce hypercl'itical 
flow 1n order to prevent the downstream water level affecting the up­
stream water level, when flow is said to be modular. The discharge is 
then dependant only on the upstream water level. This is the principle 
adopted in "Standing Wave Flumes and Flume Meter Baffie Falls''-
see Figs. 11·1, 11·2, 11·3.• • Fl11.11-1, 

11-2, 

11.02 .. FLUMING TO REDUCE COST 

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

In the former case, though a high tluming ratio reduces the initial 
cost, it produces a correspondingly high discharge per ft. and necessitates 
much greater expansion downstream-both of which necessitate a 
longer expansion; so the throat of a fiumed fall is 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 a fall should 
vary proportionately to the natural canal water level for a rnnge •of 
discharges, a fluming ratio of more than 2 is required. t t 

11-8. 

Photos 147 and 149, Sheet 11-1, show models of .Aqueduct 23 of Photo Sheel 
the Nira Right Bank Canal. .As originally designed it was 34 ft .. !wide; 11-1• 
but was eonstructed as a flume 14 ft. wide. The additional loss of head 
through the aq!leduct WAS only 3". 

. 11.03. FLUJIIING TO INCREASE THE DISORARGE OF A STRUCTURE 

Fluming is most advantageous where, the dischai·ge of a masonry 
structure has to "Qe increased. · · 

When the Nil's. Left Bank Canal, Poona District, BombauPresi-, 
dency, was remodelled to carry 50 per cent more dis~arge, this ~ad to 
be arranged with as little increase of head. as posSlble, and Without 
~losing the Canal for more than 5 days at a time. 

This was successfully achieved in the ca~:~e of most of the bridges, 
aqueducts, and culverts, by adding carefully-designed downstream 
expansions. • 

•Nola on• "Blanding wa;e Flumes and J!'lume _ Melet Baflle Falll" L W. E. S • .a.. B. (T) 1944. 
pp. 21-55. ' 

ti. w. E. s. A. B. (T) 1944, PP• 4346" Desigu of proporllonal Blanding Wave l!'lumea and Helshl ol 
Jump." . _ , 
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Fig. 11-8 •. 

CO:ti"TBOL OF RIVERS AND CAN ALB 
THE BEHAVIOUR AND 

N A LEFT BANK CA.NAL HEAD REGULA'J?OR 
,11.04.' REMODELLING Tll:oR:DISCHA:RGE WITH LESS LOSS OF HEAD · 

TO p,ASS 50 PER CENT . • · . 
le was the remodelling of the Head 

The most spec~acultt~t eBa:! Canal. In this case, the increused dis­
Regulator o~ the N1radLe.th \dismantling the Regulator, and there was 
charge had to be passe WI ou ' . . 
no room to add more spans. . , 

· . h'. d by bell-mouthing upstream and adding an 
Success was ac Ieve F' 11-8 

expansion downstream.* See Ig. . 
. · .· t ·ried out in this connection being. of gr~at 

The model expe~1mden sdcd~scribed below. The paper dealing With 
interest are summanse an f . t 
these experiments bas long been out o pnn . . 

(p) Notation-
Q?::total discharg_e in cusecs. 

D
1
=depth of water upstream above sill of the sluice at G~-

vide Fig. 11-1. 
Da=depth of. water downstream above ~:~ill of the slu~ce at Gs 
.A.=area of waterway at the upstream end of the sluices 

=4X4X7 spans, 
=-112 sq. ft. 

' H=difference of water levels' upstre_a!ll and downstream of 
the sluice under submerged cond1t10ns. 

=Dt-Da. 
hs=head in ft. of water upstream over soffit of sluice. 

a:=opening of sluice=4 ft. 
Cn=coeflicient of discharge in the formula 

Q=Cn A.J2gli 
=On x 112 x s..;n 

· =896 Cn.Jtr.' 

• (b) DESCRIPTION OF THE MODEL 

The regulator at the head of the Nira Left Bank Canals at Vir con­
sisted of 7 spans, each span 4ft. wide, with upstream gates 4' x 4'. The 
sluices were 9ft. long and had arched tops. The rise of the arch 
=9 inches and the gate frames blockr.d the arch sector. ln the Nira 
VallPy Development Project (1922) Rs. 20,000 were provided for increas­
ing the discha1•ge of the Nira Left Bank Canal <from 455 cusecs to 
720 cuseos-byincreasing the number of spans. This work would have 
been very difficult to carry out, and would have interfered seriously with 
Canal rotations. · 

. .The model consisted· of a single span, which was geometrically­
stmtlarto the prototype. The scale ratio was 1/3. 

Full snpply discharge desired in the prototypE' ::::720 cusecs fot• one 
spau:zl02·86 cusecs. . 

The equivalent discharge in the model=, 102·86 . 
3x3x..;3 

::::6·60 cusecs. -
h Two !!1\ll!tl'S Wl'l'e fixed in the model, G, being 5·3 ft upstream of 
~":s gfi;:t ~~~e~~bll~~~d:t. downstream of the gate-whe~~ natural flow 

•BolllbaY I'. W,ll, 'I' l'.o4 (1995) ''Nole onE . • • 
l.ollllank Canal" by c. c. :Wglis and D. v. Jogle:::~•ments w•th a Model of the Head Sluices of the Nira . . 
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TABLE 11-1 

Bin Expts. C8 inExpt~. 
Experi~ LHscbarge ; Ill Da H ('H 

2-14 2-14 
ment Description. + + Remarks' 

Number (eusoeH). : ft. ft. ft. ft. ll in Expt. C8 nExpt. 
l(b). 1 (h). 

1 2 8 • 6 6 7 8 9 10 

~ I Design before 

----·------ - - ---~---- --- ---- --------

I 
remodelling with gate bloeking arch aectori 

Fig. II-~ 6J3 lO·Z-14 11·61 0114 O·Ba1 In prototype, B was 0•80 ft. ·and 
... 1 C8 = 0·811 with Q =655 os. 

1)1 =10·80ft. 
and 

D8 =D·60 tt. 

1 (b) llo. do. do. 720 11 f90 10-50 O·DI!O 0·808 1·0 l·O 

2 Same at'Expt., 1 but a ron socto• ftllod with I In 8 divsrgl~nee 
":! 
t" 

~ d/s of gnte--ahown dotted In o'lg ll-4 720 11·383 10·50 0·8·5 0·852 0·8D 1·06 

.~ <0 .:n 8 Arch sootor ftl!ed with \In 10 dlvergonoo d/s of gate and I In 
lU dlvurgenef>ll cl/fl of tho sluice ln aidea1 bed and top for a 'P 
lo~>gth of 10 rt.-Fig. 11--~ 720 ll·:l80 10·50 0·780 0·910 0·711 1·13 

4 Arob "ootor Ollod wit.h 1 in S divergonoe d/s ot gate, otbe:rwise 
ns In Expt 8-Fig.•ll-6 , ... 720 11·203 10·50 0705 0 957 0·11 1·18 

6 Bellmouth uJa of ~ate. nrcb ~o('o\or ftlled ·" ith 1 in a diVt"tt!'Pne 
I and lin 10 divurgene:t.•sU/a of sluice~ Gate was not fixed bnt 

a gap eq\lh~alent to to.~~' wlde in the prototrJ;O wne left hl't 
ween tho beU·mou'h and ~he e\uiue \o allow the gate lo pa 
throuJ:h and wa,er waa allowed to spill into the gap-

0·41 F'g. 11·7 . • .. 7211 10·9011 10·50 0·405 1·6:14 1·fi6 

6 Snme na E~t 6; but water was prevented from spilling int. 
th& gnp - 'lg. 11--8 -720 10·740 10 50 ., 240 ).641) 0·24 2·03 

'1 Same as ExP.t. 6; but. with areb BtM!'tor filled with 1 in '2 dive 
gt-nce djs 'of gale·-abowu do\1ed in Fig. 11-s; water 1t1t. I 
spilling Into the gap 7:0 10·91~ 10·50 0-4lf 1·~41) 0 42 Hi5 

8 Same as Rxpt. 5; but with &11.-h sector fillE-d with 1 in .2 diver-
geuce d/a of gat.e--shown duUed in Fig. 11-s i 1rater wa 
prevented from spilling inlo the gap 7:!0 10·746 10·50 0·2MI 1·8111 0·21 2·00 



TABLE 11-I-(conkl.} 

--c 
- BIn Ez;ts. OulnExpta E$1 . 

Di:!::f.e Dl Ds B Ou 
l!-14 ll-14 

men$ Descripllon. (e • rt. + + Rem.a:rka. 
Nu~ber. [t. n. n. BIn Expt • Pu In Expt. 

. 1 (6) l (6) . 
!1. 3 4 II 6 7 8 9 lQ . . 

- 9 Same aa Expt:. 6; bot: with a reb sector filled with 1 in 5 diver~ 
genes d/a. of gate shown dotted in FJg. 11-8; water was -opllllng Into the gap ... 720 1G·926 10·00 0·426 1·232 0·4.' 1·68 -

10 Same 118 Expt. II; but with arch sector dlled with lin 5 diY'er- . . 
gence d/a of gate-shown dotted in ·Fig. 11-8; water was 

. 
prevented trom apiUing into gap ... 720 10·752 10·50 0·232 1·602 0·26 1·98 

l1 BelJmou&h u/s of gate; arch sector 1llled wl1ih 1 inS divergences . 
and 1 In 10 divergences d[o of olnioe. Gats was dxed wUb . 

· bottom of gate dush l'(lth bellmouth-F!g. 11·9 and 11-10. 720 10·~74 10·50 0·174 1·927 0·175 2·88 

12 Be1lmouth n/s of gate; arch eeeto• ft1led with 1 in 3 divergSnc• - . 
but without 1 in 10 divergences d/s. A gap 811 wide between 
boJlmouth and sluice and water was spiJJing into gBp-

. Fig, Il-11 . · ..• 720 11·181 10·50 0·681 0·974 0·69 1-20 

18 Same as Exp~. 12; but with gate with bottom ftush with bell· 
month-Fig. 11-ll ... 720 10·947 10·50 0·447 1·202 0·45 1·49 . 



FLuKmG 

(C) EXPEIUMENTS AND CONSIDERATION OP RBSUI/~ ' 

The masonry of the sluices in the prototype was· of coursed rubble 
(2nd sort) I~ the mo~el, this wa~ represented by rough oast cement 
plaster to obtain approxunate relative roughness. 

Re8ults of experiments are shown in Tabh~ 11-Iand Fi~.l14 to11-14. 
fl 

Experiment No. 1 (a) 

Conditions were the same as at present at Vir, the arch sectol" being 
blocked by the gate frame. · · 

Q (cusecs) 
Da (ft.J 

.. -lt Vir 

655'0 
9'50 

In model 

6•0 
3•17 

The loss of head in the model was 0'258 (equivalent to 0·774 ft. in 
tbP prototype I, while at Vir, th~ observed loss of head was o·S ft.; the 
coefficient of discharge in the mod('l was o·817 against 0·831 in the pl-oto­
type indicating that the model roughness was a little too great. 

Tablell·I 
Fl ... u .. 
to 11-ll 

The flow downstream of the sluice was of the dt'OWU('d standing 
wave type and hence was highly disturbed and there was return ftow on 
the surface from6·5 ft. downstream of the sluice-vide Fig. 11-12 below Fl1. ll·Ut 
-equivalent to J9·:J ft.. in the prototype. 

FIG. II -12. 

I 
g.os':....tt.---- 6·ts' -- _...,. ,. ·, 

. - J.:.__ --~r---

•. ,, , 

(FIG. v FROM BoMBAY T. P .. No. 5!.) 

Experiment No. 1 ( b) . 
W 'th Q -6·6 cusees (equivalent to 720 cusecs in the prototypN~-

1 - · d F 11 S ly discharge at the head of the J.r& 
which was the des1gne ~ .~ upp . 1 t to I0'5 ft. at Canal head) 
Left Ban~ Canal) and

0
.D
33

3 ft3 t>(-~·.9~~~~~~ ~~e prototype) and C8 =0·808. 
the loss of b ead was · - · 

E xp eriment J..Yo. 2 · . 
f h d due to sudden expanSion down-

In order to reduce the loss 0 ea fill d WI'th a 1 to 3 
f th arch sector was e 

stream of the gate rame,. e. 114 With Q=6·6 cusecs and D,= 
dive~gence-shoW?- dotted Ill o~9i'ft. (~ 0·885 ft. at Vir) and cl! was o·S5~. 
3·5 ft., the loss of head wa~ to riment 1 (b) above -(preVIous condl­
The head lost (H) compare txp:d the increase in Ca. was 5·44 .Per 
t ions at Vir)-was 89'4 pe1· cen ' a 

• cent. 
s 759-59 397 

Fig. 11-4. 

• 
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. . ,...,..... CONTROIJ OF RIVERS AND .CANALS 
TRE BEllA VIO'OB .ouw . · · 
,• . ' • 

Ez1eriment.No. B • · 

W 
.. h · downstream of the,gate of 1 in'lO and ~rched sluice 

1~ expansion fora length of B' 4" (!!! 10 ft. at V1r); the bed, 
e~pandindg dohwndstrt:Oepa~U diveraing at 1 in 10-as shown in Fig .. 11-5 
s1des an arc e o· . . . 
and 11·10. · · . • . . 

(i) The. area of waterway at the gate= 16sq. ft. in the prototype. 

(ii) Do. in the sluice= 18·06 sq. ft. • 
(ii~) Do. it the end of the 10 ft.lengtli of expansion downstream 

. of the sluice 5?42·02 sq. ft. 
With Q = 720 ~usecs or discharge of 102·86 cusecs, through each span, 

the velocities at (i), (ii) and (ii) ab?ve worked put to 6'43' ~t./second, 
.5·69 f/s, and 2•45 f/s respectively; 1. e. the yeloc1ty at th.e end of. the 
downstream expansion was reQ.uced to o·S8 t1mes the veloc1ty at the gate. 

Though there was some return tlow downstream of the· sluice, the 
fiow was ,much less disturbed than in experiment 1. 

With Q=6·6 cusecs, and Ds=3'5 ft., the loss of head was 0·26 ft. 
(a 0·78 ft. at Vir) and Ca was 0'910. . The loss of head (H) as compared 
to experiment 1 (b) was fhus 78'8 per cent and the increase in Ca WitS 
12'7 per cent. 

· llfs·ll·G. Experiment No. 4-Fig.11-6 

. Conditions were as in experiment No.3; but the arch sector was 
filled with 1 in 3 divergence downf!tream of the gate. 

H=0·268 ft. (!iii 0'705 ft. at,Vir) and Ca='0·957. · 
The loss of head fH) compared with experiment 1 (b) was 71·2 per cent 
an4 the increase in Ca was 18'4 per cent. 

l!'l1.11·7. Experiment No. li-Fig.11·7 

,A bellmouth was then constructed upstream. A gap 2!i" wide 
(• 8 m prototype) was left between the upstream face of the existin()' 
masomy and the bellmouth, to allow the gate to pass through·. but th~ 
gate was not fixed. Under these conditions, water was spilling into the 
gap left for the gate, thus causing interference with the flow · 

~ith Q =6·6 cusecs. and D,=3·5 ft., H was 0"135 · ft (. 0•405 f­
~t Yn·) a~d Ca=1'264· the loss of head (H) being 41 per c~nt and t~·· 
Increase 1n Ca was 56'4 per cent compared with that in e:xperiz~ent 1 (b)~ 

Ffa'.ll.S~ .Expe1•iment No. r;-Fig. 11·8 · 

I!J-.this experiment, water was prevented from sp'Ui . t th 
by ra1smg the wall of the bell·mouth and · 

1 rrf In ° e gap 
reduced to 0•24 ft. and C8 increased t;6 1.64 is a ~hsu~ was further 
was 24'2 per cent of that in experiment 1 fi>) ~d the . oss of .head (H) 
103 per cent. e mcrease 1n Ca was 

' . 
E:pperiments Nos .• 7 and 8 

In ~x:periment No.7 the arch sector ·behi d . 
1 

flll~d Wlth ~ in 2 top divergence instead 'Of 1 . n the gate . f:ame was 
as tn ex:per1ment 5, and water was eJJ.owed t m 3! 1o1~her condttions being 
0'138 ft.'(2.0'414ft.)andC =1·249 • · 08PI mtothegap· Hwas 
in experiment 5. In other ~ords a if:mst R=:=o·135 ft. and C11 :::::1'264 
frame Wat! not so good as a 1m' Q dt'v 2 top divergence behind the gate 

I 
. ~ ergence. 

n experiment No.8 conditions wer . 
· vented from spilling into the a He the same, but water was pre-

0·082 ft., and Ca increased fl:orf. ~49 to f,~f9 reduced from 0·138 ft. to 
' . . 
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FtUMING 
• 
· Experiments Nos. 9 and 10_ . 

· 
1 

The top diverge;nce in th~ arch sector downstream of the te was · 
then altere~ fro~ 1 m 2 to 1 m 5. When ·water was spillin ~to· th ' 
gap-expenment No. 9-R was 0·142 ft and c -1·232· h g t e 'lli · t th · · a- 1 w en no wa er was sp1 ng 1n o . e gap m experiment No. 10 H was 0•084 ft d 
Ca wao;1·602, or 1m 5 was inferior both to 1 in 3 'and 1 in 2 to d.' an 
gen~e behind the gate frame. 1 in 3 divergence was a.pP.rox:im f 1 1~h 
optimum. • a e Y e 

Experiment No. 11 

. With a. bellmouth upstream; the arch sector. fille'a with 1 in a 
divergence downs.tream .of the g~te frame, and 1 in 10 diver"ence doWn· 
stream of the slmce-Fig. 11-9 and 11-10. I ~:> Flg.ll-9, 

In this experiment, the gate was fixed upstream of the sluice the ll·lO. 
bottom of the gate being flush with the bellmouth. 1 

· • 

H was ~·058 ft. (-= 0'17-:l: ft. at Vir) and Cu :was 1'927-the loss of 
hPad (H) bemg 17'5 per cent of that in experimentltb} and the increase 
in Ca = 138 per cent. • 

E:tperiments Nos. 12 and 13-Fig. 11·11 Flr.ll-11. 

In this series of experiment~, the 1 in 10 divergences downstream of 
the sluice were removed; otherwise the conditions were as in expel'i.-· 
ments 5 and 11. In experiment 12, the gate was not fixed and water 
was spilling into the gap; H was 0·227 ft. (s 0·781 ft. at Vir) and 
Ca=u·974. ' 

In experiment No. 13, the bottom of the gate being flush with the 
bell-mouth, H was 0·149 ft. (!! 0'447 ft. at Vir) and Ca=1·202. The loss 
of head (H) was 43·2 per cent that in experiment 1 (b) and the 
increase inCa was 48·8 per c£'nt. 

Considering experiments 1 (b), 4, 11 and 13, it will be seen that the 
saving in bead du£' to the downstream E>xpansion without the upstream 
bE>llmouth !l'ide (:'Xp!:~rim~>nt No. 4l ... 0·99'-0·705'• 0·285'; whereas, th.e 
saving in head due to a bellmouth upstream without the downstream 
expansion (ride experi,ment 13) was!!! 0·99'-0'4-17' !5 0'5431 or nearly 

.double the effect of the expansion; and when there was a bellmouth up- . 
strenm and expansion downstreaq~ (t'ide experiment No. 11), the saving 
wass 0·99'·-(1·174' !i 0·8t6 ft. 

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

-Experiments 1, 6, 11 and 13 were carried out with D, '= 3·5 ft. 
(sl0·5 ft. at Vir); 3·2 ft. ( = 9·6) and 3"0 ft. ( = 9"0 ft.) and the coefficients 
of discharge were worked out. Fig. 11-13 shows the relationship bet- Ftg.11·18. · 

ween Ca and h,/x. · 
where h. = h·~ad in ft. of water upstream over soffit of the sluice and 
x = the opening of the sluice =4ft. . 

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 ·sluice when the downstream depth over the 
top of the gate was less than 3·3 ft; at this limit a vortex formed at 15'' 
upstream of the bellmouth at long intervals alternately on either side 
of the .Approach Chllnnel through which a few air bubbles were sucked. 
As tht> depth downstream decreased; the vortex grew bigger in size­
about 2'' to 3" in diameter at· the surface, and formed at more frequent 
intervals. The vortex formed when the prt'SSU!e near the top of the 
gate entl·ance fell to less than the depth of supenmposed waP.r, due to 
the combined effect of high velocity ~nd curvature of flow. . ~he effect · 
on the discharge due to air insuct1on was, however, negligtble, and 
the value of Cu incr.eased slightly as the depth of water decreased. 
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1111· 11-ll. 

' Ill 114, 
11·10, 
11.11. 

. . CO~TBOL OF RIVERS AND CANALS 
'rBE BEllA VIO~ AND .. 

(Jff) Summary 

: . . . t ~he head of thP. Nira ·Left Bank Canal ~t. 
(1) With the old deal~ a Q.,720 cusecs and Da ..,1J'5 ft. -e:x:perl· 

Vi the loss (If head With . .1 t to 0 99 f'let and C I = ,y 808. 
11', . Fi 11-4-was equrva en f th ment 1 (b), g. · f x ansion downstream o e gate 

(2) Filling in the sh.arp roo e-!hioh was' fvund to b<> thQ b'\St 
frame by a 1 in 3 top diverg;nro·6 per cent and Ca =0·852. 
divergence-reduced the head. Y • 10 fP.et long, downstrP.a.m. of the 

(3) The addition. of an· expansd~~ed th~ hP.ad by 28·8 p~>r cent and 
1 . Wl'th 1 in 10 d1vergenoes, re 

a moe, . t 4 Fi 11-6 · 
Cs=0·957 -expel'lDlen . 'h' ~' 1 . 10 downstream expansion) reduced 

(4) .A bel~outh (WI~ ~d Cs::;lf.202-expenment 13, Fig.ll-11. 
the he~ by_54 Sper oeb~ ad . d ed the head by 82·5 per c ·nt and 

(5) The two .com me .te ll~9 and 11-10. . . 
08 =1·927-experlment 11' J?g. 'th water spilling ovP.r the bell-

(6) In ex~eriment 5 _(Fig. 11•7k ~as 0'405 feet and Ca=1·264. In 
_mout~ block6 m.\0h thi1J~!~~t ~:f~ed above water level ~nd spill. stopped, 
expenmednt dWlto o·2e40 feet and Cs=HiM. Similarly, In experiments 7, 
H was re uoe . · s, 9 and 10, figures were-

Experiment No. H (ft.) ca 

7 0'414 1•249 

8 0•246 1•619 

9·. 0'426 1'232 
' 10 0•252 1•602 

When the ~ate was added in experiment 11, its bottom being ftush with 
the bellmouth, H was reduced to 0·174 feet and Ca = 1·927. 

These results showed how important it was to bring the b~llmouths 
above water level-to prevent spill-and to have gates wh1ch, when 
closed, are flush. , 

.A module could probab.ly be evolved, b~sed on t~~ pri_nciple, for , 
waterwo1•ks r'egnlation; but 1t would not be reliable form1g!tt10n outlets, 
because it could be easily tampered with and would be liable to get . 
choked with floating matter. 

(7) The coefficient of discharge increased slightly as the wa~er 
depth in the canal deoreal:!ed-Fig. 11·13-Ca varying from 0·808 W'!-th 
10·5 feet to 0·877 with 9·0 feet depth in experiment No. 1 (b) (the exist1~g 
design); and from 1'927 with 10·5 feet to 1 ·978 with 9•0 feet depth 1n 
experiment No. 11-with a bellmouth upstream and 1 in 10 divergence 
do-wnstream and gate flush. This was the best result obtained. 

(8) It was originally proposed to increase the head regulators to 10 
spans at a cost of Rs. 20,000, and the head, required, would have 
been 6". With a bellmouth upstream and 1 in 10 expansions down­
stream, costing Rs. 5,800, the head required was only 2 inches. 

(9) The reduction of loss of head into the Nira Left Bank Canal, at 
Vir, 'Yas imp~rtant; bec.ause the . cres_t of ~ir weir was 11 ·o feet above 
the s11l of slmces-so With water 1n Vu basm at 10·7 feet which is the 
norm.~l ma-ximum lev~l, the maximum discharge that c~uld be passed 
was 610 cusecs; but With the bellmouth and expansion added the full 
720 cusecs could be}assed with some free-board to spare. ' 

. (10) With the same depth upstream anl:l downstream as in experi­
ment 1 (b) and the same design as in experiment 11 C ::::;1•89 (from the 
fo1·mulaC'!=2·16-0·H2 ~JX) as against Ca=O·SOS; i.e. the discharge 
wotlld be ~ncreased 2,'3 times-in other words, the discharge of sluices 
(of\~ebordinary type mstalled at the head of the Nira Left Bank Canal) 
o~u e more than doubled by remodell~g on quite simple lin<s. . 
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F:r.lWING 

Altemative).y the same discharge could be obtained with 1/6th the 
Mad. In practice the results were not quite so good due to increased 
losses int!uced in the canal. ' · 

01} Inferior results were obt~ed when the velocity. through the 
barrel exce~ded v'if>-where D=he1ght of barrel of sluice. · 

11.05. A CASE IN WEICH THE EFFECT OF FLUMING WAS OVERLOOKED 

It was desired to pass an increased discharge through an aqueduct, 
in which there was a central wall which divided the flow into tw() 
channels. 

With the intention of increasing the discharge, without having to 
increase the water level through the aq'lleduot, the central wall was 
removed. When, after the central wall had been removed, the same 
discharge as before was passed tl,lrough the aqueduct, the water level in 

. the aqueduct rose .several inches and overflowed the side walls. 
The explanation is clear if Bernouilli's theorem is borne in mind. 

I n ? 
~:.. + 2 + Z==const. 
w g d ... 

because, as the kinetic energy head decreased, the pressure hea ,1. e. 
the depth-necessarily increased. . 
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REMODELLING AND M!XlllUM RllN-oFl!' 

CHAPTER 12 

POINTS .WOSTH -CONSIDERING WHEN DESIG~G AND 
REMODELLING QANALS A:N'D RIVER WORKS 

1~.00. Intr01luction ... 
12.01 •. The misnl!e of groynea 
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REMODELLING AND MAXI:MU:M: BUN-OFF 

9HAPTER 12 

POINTS WORTH CONSIDERING WHEN DESIGNING 
AND REMODELLING CANALS AND • 

. .RIVER WORKS 

12.00. INTBonu<moN · 

The .first point for consideration is whether in any partie lar 
the ai:ln should be to make the design foolproof and· hence · ~d. c~e 
have a flexible design, liable to future misuse. ' · rlgJ. 1 or 0 

· Experien.ce shows that water generally behaves quite differently 
~om :what c~mmonsense would lead one to expect; so, even the most 
mtelligent ~11 blunder unless they are restrained by long experience 
or s_ound adVIce. Un~ortunately, a considerable proportion of irrigation 
engrneers who have littl~ knowledg~ of hydrodynamics and still less of 
the complex factors wh1ch determme the behaviour of rivers consider 
themselves competel!-t to issue orders on river control proble~s merely 
because they have, m th~ course of years, become senior. The result 
has nearly always been disastrous; yet the same mistakes are repeated 
again ~nd again, just ~s. soon as the .last blunder has been forgotten: 
For this reason, there IS much to be st:nd for foolproof designs. , 

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

12.01. THE MISUSE OF GROYNE~ 

The most general mistake is to construct a gl'oyne at the point 
where attack 1s taking place, or is anticipated-the idea being that a 
groyne can be USE'd to dPftect flow away from the point of attack. 
Actually, such a groyne attracts flow towards it, and hence intensifies 
the attack. This was well· known sixty years ago, and probably long 
before that; and the experi(ln!1Pd have long considered that rigid train· 
ing works were anathema.• Though this is 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 
fiercest-unlE'ss there is no alternative; but the energy of flow of a river 
can often be utilised in such a way tba~ the desired result is atta.ine~ at 
a. relatively small cost. In general, this can bes~ be done by attractmg 
ftow away from the point of att~ck, by all: ~ttracting ~oyne constructed 
on the opposite bank or by a smtably-pos1t10ned repelling groyne. 

12.02. INTERFERENCE WITH NATURAL FLOW BOUND A BEND 

Fig. 1-5 shows a cross !!ection of a riv.er flowing roJJ.nd a bend, tne 1 
~epth being very much greater at the o~tstde _of the bend t.han ne~r the 
mside, due to the velocity at the outstde bemg much high~r than at 
the inside. Despite this fact, there is a tendency for engmeers to 
design bridges with piers of uniform depth from ban_k t~ bank and to 
throw stone into the deeper portions in an attempt to mamtam a constant. 
depth of scour across the river.t . 

When this is done, flow becomes seriously distorted, ~nd eros~on 
takes place on the outside of the curve downstr~~ of the bn~ge, 'Wl~ 
serious consequences-as at Surat,. ~here the City s walls, which e:x.te 
up to the river's'edge, were undermined.t 
- . ' In t c E Maritime Paper No.8 ''Trabi!Dg WorkS 

• &e Dlsenssion by F J. Salberg and Reply, 8 • • • • c 1 E · . 
eonabnoted In the Rupnarain River bl Bengal" by Sll' Claude ~Its, • • • . • 

t L W. E. S., A. R. {Tl 1944 PP• 87·90. . . 
i I. W. E. B. A. R. {T) 1944 P• 87-.90. 
s 759-61 . 
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CONTROL OF RIVERS AND ·cANALS 
THE BEllA. VIOUB AND 

· · h ~barrage is built on a bend-as was the 
A second exaw~e IS~ :.!:vel at the outside. of .the ·bend ~s then 

case at Sukku~ · · e wa e h inside and the discharge through the 
considerably ~g~~r t~a~h atc~r~e is al~o greater than at the insi.de of the 
spans at the ou~I tlrl is· !ot interfered with, but orders were Issued in 
curve. Norlll:a t Y. 8 nstant discharge through all the spans of the 
1943·44 to mStnnkkam. a cod as a result flow was highly distorted, and 
Barrage at u ur ' an ' 
affiux increased by more than a foot. 

ld b eco ·sed that Nature knows her job best; and though 
she ~~!h~eu pers~~delto do what is desired by tactful treatment, she 
resents being coerced. · 

12.03. OBJECTIONS TO INDUCING AN INCREASED CHARGE OF SAND 

TO ENTER A CANAL TO REDUCE SCOUR IN ITS BEAD REACHES. 

Where the bed of a canal is scouring, attempts have sometimes 
been made to check this by regula:ting so as to pass a la~g~ charge of 
coarser material into the canal tlurmg the flood season. ~hiS lS unsound, 
because even though the excess material may temporanly check.scour 
near the canal .head, it is subsequently earned down the can~l m the 

· fair weather season and will eventually clog those channels whiCh have 
insufficient slope to. carry the in<R'eased charge. · 

The only conditions under which it is justifiable to pass an increased 
chargP. into a channel is in order to relieve another channel which has 
too flat a slope to carry its load. . . 

There seems to be an idea that if trouble should arise in a canal due 
to excess sand having been passed into it, this can be checked by merely 
excluding sand when the trouble arises. Actually, however, once the 
sand has enterod a canal it has to be accommodated somewhere in the 
system .. At 'irst this may not cause trouble, or may even improve 
matters near the head ; but after a few years the increased charge will 
reach a part of +.he canal where it will cause trouble ; and stopping the 
excess sand at tne head when trouble starts will not prevent the excess 
whicli has been entering for several ye:ti'S continuing to pass down the 
canal, and this wi:~ continue until the whole t>xcess bas bern absorbed. 

A good example of this is the Mithrao Canal into which a heavy 
charge of sand began to pass when the Eastern Nara was remodelled to 

* fo1•m part of the Barrage Rystem of canals.* Though the exct>SS charge 
was Pxcluded before the full supply discharge at the head of the canal 
had been seriously reduced, the sand which had pt·eviously entered the 
canal was carried down to the middle reach~::~. causing the bed and 
w~ter·level of the canal to rise considerably so that the banks had to be 
l'atsed by several feet. Still11tore serious· damage will result when the 
coa~·se ;material passes)nto d~stribu~aries with flat gradients; reducing 
then: dtscharges, and mterf~rmg ser10usly with irl'igation-necessitating 
cont1.uuous t•emoval of sand. · 

. 
12 .. 04. RELATIVE MERITS OF CANAL FALLS AND REGULATORS FOR 

ABSORBING EXCESS ENERGY 

.Whm it is possible to predict the slope 'of a canal a fall has the 
~e~t that the canal will stabilise to a natural regime and the fall can be 
la~~ued S? that d_o~strea~ scour is eliminated ; whereas with a regu· 
examp'e m~~~ale thu ~~gulknation may haye se~i.ous consequences. For. 
d 1 d b · u . OJ; as 0~ a case m which a 40 ft. scour-hole was 
E~~~~ir ~~:g.a rer,la:hr m

1 
a !ew hom:s as a result of an Assistant 

r~gulation; ou ~ re ative mer1ts of various methods of 

• C. I. & H. R. S A. R. (T) 1940-.1 p. 16. 
• 1.941-42 p. 19. 
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1 · Another arg~ent in favour of a fall is that there is much less 
danger of wa~er bemg headed'up above full supply level than is the case 
wher~ there 1S ~ regulator ; because an unauthorised level cannot be 
expla1D;ed away m t~e ease of a fall, the water level beint? automatically 
determmed by the discharge. t> 

. . . 
'YJlere, ~owever, the slope of a c11,nal cannot be predicted with 

certamty-as lS generally the case-a regulator is preferable because it 
gives much. more freedom of ~ontrol. The difflculty of predicting slope 
was examplified by canals taking off from the Riaht and Left Banks of 
the Sukkur Barrage ; it was assumed that the slgpe 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 12,00(l 'The slope 
in the Rohri Canal on the left Bank flattened, however, to 1 in 20 000 ; 
whereas the slope in the Rice Canal steepened to 1 in 8,000. ' 

Water levels upstream of a fall can ·only bt:~ satisfactorily raised ot• 
lowered. by narrowing or widening the throat, or by raising ot• lowering 
the crest~the latter necessitating reconstruction on a lar~e scale -so any 
considerable retrogression downstream will necessitate a lar~e amount of 
rebnilding. For this reason falls are not satisfactory where th(.' slope 
cannot be foreseen, unless a regulator is also eonstruett>d some milns 
downstream, whh<h can be used to head up watE>r should this be desirable 
in order to maintain the downstream water ll.">el within the suitable 
range. Probablr the best solution is to dissipate f'D('l'gy on alar~(' scnle 
by a fall, snppo1:ted by a downstream regulator to 'take up' unpredictable 
vw·iations. · 

In tlH• light of the nhoYe t>xampl£>, the Author frels that it. is 
generally hrtter to dr.sign. foolproof structures ~ather than run the r1sk 
of l't>rionR tlam!l''f' l'1'~nlt1n~ f1·om bad rr!:(nlnhou of sand and water. 
This a~">mnt•s, l~"""''''••r, that those rrspo~sible for the original ~~signs 
know tlwir job thut·onghly. pulr!iS th1:; lS the case,, ~he less l'lgJd the 
de~igus the bettrr-he•~lluse nnHtakes can then be rectllird. 

l::!.O:l. 41 ~fAXIMUM FLOOD" FORMUL.all 

Empiri•'al t·uu-off formlure a_re ~t prrse~t apt to be swept aside; 
either bee a us(' thev have not apphed m a pnrttcular case or becaus.e they 
are cousidert>d to 'be uuseirntifir, or out-of-date. It seems desirable, 
therefore, to· explain the uses and limitations of such fot•muloo. 

HISTORICAL 

Three empirical "maximum .flood". for~uloo· and Whiting's curve 
(Bombay) have been widely used m India-FJg.12-1. Ftg.l

2
•
1 

Colonel Dickens' formula (Bengal) Qm~=825 A! ... {1) . 

Ryves' formula (Madras) Q.,os=C A i ... (2) 

Inglis' fan-catchment formula 
Qm .. = ?OOOA ... (3) 

JA+4 

where Q., .. =maximum flood discharge, 

A ::::area of catchment in square miles, 

; h' h R put at 450 within 15 miles of 
C = a coe:ffiment w lC Y1V5etos lOO miles and 675 for limited 

the sea; 562·5 from . 
. areas near hills. · 
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THE BEHAVIOUR AND CONTROL OF RIVERS AND CANALS 

Note~ Dickens' formul8. was based on only 4 points. He assumed: 
(1) A maximum rainfall on 8 ac;es of 4" an hour. . 
'(2) Sir P. Cantley's ·rule of ! an hour for small nvers (50 sq. 

· miles). 
(3~ Jnood discharge equal to 1/8 inch per hour from the 7,000 sq. 

miles of the Damodar catchment, and . · 
(4) A floo~ discharge observed on the Son eq~al to 1/10 inch per 

hour over the whole area of 27,000 sq. wles •. 
Two points in these formula:! are worth noting : 
(i) the exponent has progressively decreased n·om i jn the earliest 

formula to ! in the latest ; . . · 
and (ii) th~ estimated run-o:B; has progressively increased-except that 

Ryves figures were lower than Dickens ; but Ryves figures were 
meant to apply to designing the suitable waterway of structures rather 
than predicting the maximum possible flood and, as a consequence 
they were lower. ' 

Subsequently, vat?ous engineers have adopted ~gher coefficients 
both for Ryves' and D1ckens' formula:!-up to 1,600 bemg used. 



REMODELLING AND MA.Xllfml: BUN·OFF 

I1ziiian ·Data from Note ''Statistics of Floo:~ Pro,n:t. 
r. • • tt ""~' we toor ks 
.~.mgatwn &: Hydro-electric &L· ,, ' 

"""' 11r. E tWines ,. 
'"II JU.'f. 'iJ,gecombe (No. J152) 

s.No.j River. Locality. IC~tchmentareal Maximum dls­
m sq. lillie. eha1'1!9 iD ODSOOII, 

48 ·Gangan 

49 Garai 

50 Ratman 

51 Kho 

. ·. United Provinces 

· ·. U. P. (Karman) 

... U. P. (Dhariapuri) 

... U. P. (Headworks) 

97 

H3 

... 120 

52 Amlawa Nadi ... U. P. (Kalsi Bridge) 

190 

960 

53 Poonch ... Punjab 

54 Dasan River at C. P. .. 
l,SlO 

3,026 

4,600 
Pahari. 

55 Jumna ... U. P. (Faizabad) 

56 Keu 

57 Damodar 

58 Gauzes 

60 Ddwa 

Gl Ron 

li2 ~I a hnnatli 

U4 Brnlnn:mi 

63 Cbeuab 

66 

67 

68 

69 

" 
, 

" 
70 Indus 

71 
" 

72 
" 

73 Jhelum 

•. 74 

8759-62 

... U. P. (Gaugao) 

... 

1
Beu~al 

... U. P. (Rniwala) 
' I 

... : r. p. (Haiwa la) 
I 
' 

... i ('. P. (Ptrit-lm) 
I 

... \ DPhri (Bihnr) · 

' 

... 

... 

... 

7,199 

7,200 

8,660 

9,800 

10,:30 ) 

.. . 24,000 

... i ~n1·aj Weir (Orissa) ... 50,000 
I 

•• .I Mohan1'nr Auicut(Bengal) 2,260 
I . . 
I T ) l4,0JO ; .. OriHsa (• enapur 

... )larnla (Punjab) 11,110 

Al~xandra Bridge 

... Khanki Bridge 

... Rivaz Bridge 
1 

... ' Sher Shah Bridge 
' 

.. J Attock Bridge 
I 

.. Kalabagh , 

... Ghazighat, 

... Kohala (Punjab) 

.... Mangala , 

4U 

12,465· 

13,202 

. ") 17,961 

61,614 

103,476 

... 111,900 

138,778 

9,787 

13,352 

24,225 

85,000 

50,000 

50,060 

200,000 

450,0CO 

45~·,ooo 

550,0CO to 
600,000 
59U,OCO 

• 
664,000 

775,000 

629,214 

700,CCO 

214,000 

1,543,460 

220,308 

643,290 

718,000 

978,000 

94.7,COO 

650,000 

. 535,COO 

818,000 

819,COO 

700,000 

349,000 

760,000 • 



, NTBOL Oli' :RIVERS AND . OANALS m :BEU! VIOUR AND CO . · • ' 
\Catehment area\ Maximum ilia· 

•· 

River. 
LoeaUIY· · ill sq. miles. charge ill eus110s. 

s.No.\ · 
•.. Rasul (Punjab) ... 15,050 8751000 

... 1,344 85,000 

... 720 7,984 

75 Jhelum 

76 Lehri Kh~mwah Baluchistan 
River. 

.4, 300 11,880 

... '10,716 148,600 

77 Kaka.r Lora· · .. " 
· '18 Barshore and " 

Tormorgha.. 

... 432 7,917 
· 79 N ari Rivers .. • - " 

so Kha.iaar River · · · " 
' . . 

.Data coZlected by the Indian Waterways Experiment Station, Poona 

81 Silam.ia. nala ... C. P. & Berar 

82 Pa1iat nala .. • " 

83 Lalpuri Tank ... Ra.jkot State 

... 
187 

42 

32 

· 84 Nallltupstream of Eluntkal-Bezwada section 8·35 
:M. & S.M. Ry. of :M. & s. :M. Ry. at 

1 Blidge No.445. mile 453 • 

. 85 'Karamnasa : .. Silhat weir, U.P. 200 

86 Karamnasa ..• Deo~a1i, U. P. . . · 315 

87 Jawai River ... Erinpura {Jodhpur State). 304 

111,300 

42,890 

36,600 

u,ooo 

84,777 

126,000 

127,000 . 

~------~--------~~--~------
Fl;.a.2• When Wl'i.ting 11 A ot1tical study of run-offs and floods of catchments 
• of the Bombay Presidency 11111 , the Author found that nearly all the da.ta 

for sma.U catchments in Bomba-y Presidency were for floods measured at 
masonry works-canal culverts, su-per·passages, weirs, etc.-and as a 
consequence, flood absorption and deflection of flow into a,djoining 
Na.lo.a-due to ponding by the canal banks-greatly reduced the dis· 
charges. This explains the mark~d curvature of Whiting's curve, 

Fi~.l~·l, Fi~. 12·1. There is, however, also a natural hump in cm-ves bounding 
12-s. maximum run·off data, Fig. 12-:3. This is connected with the area that 
· is effectively covered by a maximum storm. Obviously, if the high 

intensity p()rtion of a storm does not cover the whole catchment, the 
Flg.ls-3. run·off must be relatively much less than where it does: Thus Fig. 12-3 

shows that the discharge per sq. mile deoreas.ed relatively slowly for 
catchment up to 160 sq. miles and then fell away. For this reason a, 
stJ.·aight line exy,oential formula like that of :Messrs. Khangar and 

t Gulho.tit gi~es Wldely wrong l'esults for large and small catchments. 
Another im]?Ortant factor is "time of oo~oentration" and hence the 

shape of the catchment. Hence, any general formula must be modified 
whe1•e the catchment is not of the standard shape. Such formulae must 
not, theref~1·e, be applied blindly, nor should they be condemned blindly. 
' . 
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THE BEHA.VIOUR AND CONTROL OF RIVERS AND CANALS 

-This raises a point of very great importance ill; using elr!-pirical run­
off formulae: Though the fa:n·catchment run·off formula glv:es a very 

d 'd of the maximum run-off from a fan-catchment, 1t does not; 
g?v0 a1nyeindication of whether a maximum flood will occur once, or fifty gi e . , 
times, in a thousand years. . 

.A. general formula does not, in fac~t, absolve. loc!l.l officers n:om 
using their brains, nor should it prevent then: referrmg cas~s for adv~ce. 

Where flood data are available for a penod of years, the quest10n 
can be clarified by plotting "probability" curves for t be catchment 

Fig. 12-4, under consideration. Figures 12·4 and 12·5 show such curves for the 
12-5• Girna and Damodar Rivers respectively. 

The slope of the relatively small Girna catchment prob.ability cu~ve 
is steep, indi.!lating that a much larger flood than rec~rded m the pewd 
of observation may be expected to occur, whereas m the case of the 
Dam~dar two floods have been reported which are much higher than 
was to b~ e:~tpected from. th~ rest of the record, indicating that no 
considerably large~ flood is likely to oc.cur, unless tho~e storll,lS w~re 
entirely different m charater. There are some areas m Ind1a, hke 
Baluchistan, where rain is so r~tre and storms so small that the chance of 
a maximum flood occurring may be said to be ·nil. There are other areas, 
lik~ the cyclone areas of Bengal and Orissa, and the Western Ghats, 
where floods approaching maxima are liable to occur several times in a 
hundred years. 

The only way to decid~ this question is by judgment, based on past 
experience· and records; but in examining these, one point of importance 
should be borne in mind : Maximum storms tend to occur more frequ· 
enbly in .medium-sized catchments 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 t~e 
small catchment is remote; while in the case of a very large catchment, 
the rain storms rarely, if ever, cover the whole of the catchment. 

Very l~rge catchments should generally be looked on as consisting 
of severa.lr1vers. Each of these has a small fan-catchment at its upper 
end, followed by long stretches in which there may be little repleni~:>h· 
ment f~om affluents and much reduction of discharge due to flood 
absorption as t~e _flood flows down the river. In such cases a highly 
detmle~ an~lys1s lS necessary. The reduction of discharge due to flood 
absorpt1on 1~ long ~arrow catchments is very considerable and should be 
allowPd for, but th1s tends to be neutralised when the storm moves 
down the catchment with the flood. · 

In deciding what maximum flood to allow for judgment must be 
u~ed as to whether. a risk may be taken, or not. If' a (lam. is to be built 
a ove a to~., no nsks can be taken; but if such damage as will occur­
s~l onbe ln a hundred years or more-can be easily rectified it will 
0secet? ,~ unnebcessary to design for .a maximum flood-a" br~achin" 

Ion may e provided. o 

cato~~:~f~~ill~~~~~d whichdis gred~tly in e':c~ss of the Inglis fan­
floods havfl bee . c~ur un er In Ian conditions, but much larger 
southern Unit~ r~tortded m a!). area of abnormal floods in some of the 
according to this for~~t, \1 the P1'0V!ld'sion made is. much less than 
reduction. ' ere shou be clear-cut reasons for the 

The fact that no storm of th ;tud h · 
been l'ecorded in say lOO years ~ magm t h s own by this formula has 
not occur at rare int' ls It' oes n.o. s ow that such a storm may 
plotting available datr;~n ·prob sabpilir?tybability can be roughly e~.;timated by 

. . paper. 
12.06. A ·-·u, .. 'D.,...T 

41'1l!l """ ""u.o.,·OFF FROM CATCIIMENTs . 

l'lt.ts.e, Fig. 12-6 shows the rei ti · 
in 1 ghat catchments, in Boa bonship of annual run-off to annual rainfall 

s:-:1 m ay. 
· d ~~ ~ormulae, With sli ht . . . · 

eduction 1n mches allow d f g modifi.cation of the coefficient and the 
found to apply equally w:ll m· or etvhaporation. and transpiration have bee"n 

· o er parts of India.- ' 
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. 
MODEL SOALE RATIOS AND \LIMITATIONS 

CliA.PTER 13 

:METHODS FOLLOWED IN FIXING MODEL SCALE RATIOS 
A.ND OVERCOMING MODEL .LIMITATIONS, BASED ON 

EXPERIENCE GAINED AT THE INDIAN WATER.' 
WAYS EXPERIMENT STATION, POONA 

13.00.1NTBoDuOTION, 

~o a considerabl~ extent, this Chapter1·:reproduces cases stated in 
preVlous Ch~pters,, With, however, this difference-that model scales 
and model d1fficulties, rather than the results of the investigations ro:e 
stressed. · ' 

There are few subjects concerning which so much confusion. of 
thought exists as about the correct rol~> of hydrodynamic models • • 
Some engineers believe that models can always be relied on to gi;e 
correct re.sults! others that they are highlyuntrustworthy. Neither 
of thes~ Vlew~ IS co~ect. S~me types of models give results which are 
almost mdentical With those m the prototype; othe1•s give results which 
require correction for known errors; while in models of alluvial1ivers 
the banks of which are eroding, only short-term accuracy obtains; s~ 
that in complex river problems, correct interpretation depends on wide 
experience in the field, combined with 8 natural flair, 8 scientific back· . 
ground, and much practice with river models. . 

The aim of this Note is to explain why some experiments give 
reliable results, while others depend to a marked extent on cort•ect 
diagnosis--i.e. on making correct assumptions. 

The methods followed in designing models and in carrying out 
t!Xperiments are desf'ribt:>d in detail; and pitfalls to be avoided, and 
ditliculties t{) be ovf't't'ome, are explained; with suggestions as to how 
to mitigate inht:>rf'nt cliscrepaucit:>s. It must, however, be emphasised 
that no two rivers prf.sent the same problem, and success with rivel' 
model investi~ations dt>pPnds essentially on correct diagnosis, combined 
with the capacity to predict future river conditions in the light of such 
diagnosis, tal-in~ any new factors which have alisen, or are likely to 
arise, into ae~Jouut. 

Generally speaking, Research stations ar~ not consulted about 
cases until conditions have reached a serious stage. Drastic methods 
havt:> then to be adopted to avoid a catastrophe; and that too, in a short 
interval of time. A single mistake would often be fatal, so a heavy 
responsibility rests on those giving advice. Although it is easy to use 
formula-the best we know-for working out model scale ratios as a 
first approximation, thereafter the less we think in terms of thought· 
numbing formula the better. 

Experiments should only be started af.ter the model is co?sid~red. 
to be reproducing known conditions with a high degree of approXlllla?on. 
This will only be attained after the model has been ~un for some time,, 
to allow it to adjust itself by sifting the coarse pa~cles froll!- the fine 
in different parts of the model wh2re scour or accreti_on ar~ taking p~e. 
The model also requires time to correct errors made. m laymg-r~sulti~g 
from inadequate or incorrect data. Thereaf_ter, when the ~?dellS ~el!l1d 
for subsequent experiments, it should be lffi:d for the conditions e~sting 
after the model has corrected itself. This, though obvious, IS fre· 
quently overlooked. 

'" Hydrodynamlo models as an aid to engineering skill" by C. C. JngUI. Presidential Addtesl, 
, :tlnglueering Seotion of the 28th Session of the Indian Scienoe Congren, Benare., 1941, 

s 759-6& 427 • 
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' . 13.01. Tn:ES oF :MODELS • 
, . d 1 described below, quotmg examples of 

Various types of mo e s are . 
each type:- . all 'milar mod.els which give geometrically-
. ·rrype I.-Ge=~ re~J~s. . . . 

. U 'milar models which do not g~ve geome- . 
T pe U-Geometrica y-s1 l 

Y · tri.aally-similar resu ts. 

T m _Vertically-exaggerated models, 
ype . (B) . 

(A.) tidal, and nver. 
(a) Rigid. . 
(b) Semi·1igid. 
(c) Mobile. 

T I -GEO!llETRlCALLY·SmiLAR MODELS WHICH GIVE 
yp:l'l'ioxnuTELY GEO:MlllTRICALLY-BmiLAR RESULTS 

13·02. GENERAL REMARKS 

In tb.i t the models are rigid and the changes in energy relations 
b tw 8 J~~y and pressure are the chief factors affecting results, 
e .e~n ve 8~~lar Fronde number (V/.Jgd) in model.and prototype. 
~~i;r:; ~~n~rally be attained in models used to determme- · 

, (a) Coefficients of discharge of rigid structures; and 
· (b) Sta.nding wave relations; . . 

and approximately accurate results can also be obtallled where changes 
are not abrupt as regards- • 

. (c) Li11es of flow at off-takes ; and 
(d) Scour downstream of falls . 

.A. few examples of such models will be ¢ven ; but reference is 
invited to more detailed information contained in Technical Papers aud 
.A.nnual Reports. 

13.03. EXAMPLE 1 (a) (i) COEFFICIENT OF DISCHARGE 
OF S. W. FLUMES* 

· Standing wave :slumes give geometrically-similar results provided 
nbanges are not abrupt and the models are made relatively smoother 
th~tn their prototypes: but there is a limit to smoothness- which occurs 
when the surface is made so smooth that the roughnesses cease to 
project through the laminar layer. .A.t this stage, flow changes to 
smooth tu1•bulent flow. 
• In many case~, however, surface conditions lie between rough and 
smooth, and the flow is of a ~ype intermediate between smooth and 
l'ough turbulent flow. This ma.y occur whe1·e the surface is wavy, aud 
tends to exist where the bed is covered with 1i.pples-see Chapter 2. 
When the flow is fully turbulent, the coefficient of discharge for equal 
1•oughness inere.ases wi~~ the discharge; 'so. the discharge coeffic1ent 
tends to vary w1th the 0.1~eharge, as exemplified in the case of lonO'-
throated flumes and broad-crested weirs:- "' 

TABLE 13-l 
Dlnbargo. c. For111nla 

2 eusees c ='97 Q = 3·00 BD1 ·5 

10 , 0='98 Q=3·03 'RDH 
50 

" C=·99 Q = 3'06 BDt·5 

>500 " c = 1'00 Q=3'09BDH 
•So~~ Ibm 9 ott, W. E. S. A. R. ('r)lll44, p.M. 
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FIG. 13-1 

N0:5923 

( 
LW.E:.S. POONA:,-

0) , 

VARIATION OF'c' WITH DISCHARGE IN THE 

· TANOO·MASTIKHAN FALL. 
.. 

. !f · J•OO 
Q .. 

,. Ill .•. 

!!': 
. U e·SO 

zpoo QPOO 1~000 

DISCHARGE (Q) IN Cs • 

. . 
(b) 

VARIATION OF 'c' WITH DEPTH OVER 

CRE5T OF FLUME. 

u 2-\10 

furl< hi. 

;;-ao 
... a· e' to' •2' t4' 
DEPTH OVER CREST 01= FLUMt 

INCLUDING hv i..c:.•. D, + r% 

(~'IG· 137 FR01t A. R. T. 1945 OF I. w. E. STN.) 

FIG. 13-2 

NII<A LEFT SANK J.IEIID REGULATOR 
SCAL£ .. 1"::12'~ 

OR/&IHIU. DESIGN 5HDWH IN f:IJLI. liNt. 
MODIF'I£D /J£SIGII SHOWN IN DOTTED LINE, 

· LONGITUDINAL SECTION, 

!FIG· 1ss FROM A. R. T. 1945 oF L w; E. SorN.> 
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h t hen models are usl'd to determine coefli­
From t~s it followJ t :n: should be made for the greater loss in 

cients of disfcharge, ~~:gwresults to the prototype. · · · 
the model be ore app .r· . . • • 

U 
. M nnm· g's formula to expla.m this pomt: smg a . 

V _ _t~s6 R* 8t 
- N . . 

d 
. g the same roughness in the model as m the prototype, 

an assumm . V'JR4-Is 
h1 (frictional loss) Cl:. L, . 

(scalnatio )2 

Cl:. (scale ratio) 413 

;,;, (scale ratio )i 
In th words the ftictional loss is ' not r geometrically-similar 

Thus, .I~t h~ in a full-sc~le fi~e ~with depth a~ov~~~t -/0'). = '153' 
·h in 1/10 scale geometncally-s~llar model ~ll. be 153/~0 'I 033 ~t. 
T'hus D in full-scale flume (~ncludmg loss. b~ fr1ctio~) =; 10 153 and D In 
small inodel flume (including loss 

1
by ~'lhct1Don) -

1 
~3of,3.;. To fi!J-d 00 t~e coefficient of discharge in the mode , w1t ;;;;: · , :.assummg m 

prototype = 3·09, · · 
.... g, of protot~pe 

q of model- scale ratio1 ' 5 

3·09X (10'153) 1 ' 4 

""' (10)1•4 

= 3·16 cs.Jft. 
3·16""' 01 (1•033)1-6 • 

or C1 {of model)= 3'01 (against 3•09 of prototype). 

13.04. EXA.M.PLE I (a) (it') DETERMINATION OF THE VARIABLE 

COEFFICIENT OF DISCHABGE OF THE 10,595 CUSEOS TANDO 
MAsTIKHAN,FALL ON THE RoHRI CANAL, Smn* 

· 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 ·increaSP of discharge, 

rtp 111-1 and hence depth-due to impact losses at pier noses increasing with 
depth as the proportion of piers submerged increased. The discharge 
formula of the Tando Mastikhan Fall in Sind was found to be 

. Q = C1 (B-KnD) D1' 5 

where 
K = coefficient of contraction 

= 0•082 in Tando Mastikhan Fall 
n = number of piers 

= 9 in Tando Mastikhan Fall 
B = waterway, 

=100ft. 
D = D1 (Depth of water upstl•eam·over sill of flume)+ v:t50 
c = a coefficient. . 

The accuracy of the results obtained in, the ·model has been borne 
out by observations in the canal; but the canal data show much 
scatter-due to fl.~ctuating conditions. . 

• Appe11dlz m o! Item 9 o! A. B. (T) 1944. pp. 48, 49, also C.l. and a: B s A , (T) 19•n•• pp 59-60 
"liltteot ol plera on ooelllolenls." : • • • ""' .,....., • 

I 

' 
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.MODEL ,SCALE RATips AND .LlMITATIO~ 

ExALMPLE BI (a-} ~iii), COEFFICIENT OF DISCHA.RGE OF N~A. 
EFT ANK CANAL. HEAD REGULA.TOR* · 

13.05. 

.. ' 

. ~n this ease, the ~ro?Iem was to increase the dischar e of an • 
ensting regul~to~onsiSting of 7 spans of 4 ft.-by 50 per o:nt Not 
merely Wf!S this achieve~ by bell-mouthing the upstream .eutran~e and 
constructing an .expansiOn downstream· but the coefficient ('n th 

. forlll:ula Q -:·VA= AC ./~was increas~d from ·81 to 1·93 makro i~ 
pos.s1ble to mcrease the discharge 2·3 times, with the same head. g 

. Fig: 13-2 show~ the original design in full lines and the modified J'!c.ls-t 
design m dotted lines. The masonry of the sluic-es in the prototype is 
of coursed rubble (second sort). ~ the model, this. was represented by 
rough-cast cement _plaster to obtam approximately the same relative 
roughness. 

13.06; E:XAMPLE I (b) (i) PosiTioN OF STANDING WAVE WITH 
V A.RIOUS DISCHARGES, AND DIFFERENT DESIGNS OF 

SILL AT SUKXUR B.!lUU.GEt t 
The original design of the Barrage profile consisted of l in 30 'up­

stream slope, 80 ft. 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 
tnd they Wt're, as a result of model experiments, altered to 1 in 5 upstrNWl 
and 1 in 10 downstream, the length of the sill being reduced to one foot 
and the downstream pavement level lowered to increase the coefficient of 
discharge and to hold the standing wave just downstream of the Barrage. 
The undersluice poekPts had already been constructed according to the 
original design; but thP main Barrage was constructed according to the 
recommended df'Sib'll. The model showed that with the original design 
and the antieipatt>d rf'trogression, the standing wave would, under 
certain conditions, bavr forml'd downstream of the pavemPnt, causing 
it to collapst>; wherNt.~ with the modified design, it would always form 
on the glads, near the Barrage. · 

, In the undersluiee pockets, where the original design had been 
followed bt.>fore 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 pavf.>ment-resulting from unbalanced standing-wave conditions 
which would arise with larger heads. 

13.07. EXAMPLE I (c) (i) DESIGN OF OFF-TAKE AT THE ENTRANCE 
TO THE RIGHT PoCKET WHERE IT TAKES OFF FBO!t£ THE + 

APPROACH CHAIDI"EL AT SuKXURt + 

Fig. 13-3 is an index plan of t}le Indus above the Sukkur BaiTage Fig. la-s 

showin"' the new Approach· Channel, which is designed to control the 
quantity of sand entering the Right Bank Canals. These canals had 
previously dra~ an exc.essive loa~ of bed san~, but as a resul~ of model § 
experiments camed out m 1930§, 1t was predicted that accretion would 

·occur in the Right Bank Canals. 
In 1938, when. the River carri~d an exceptionally heavy ch~rge of bed 

sand, heavy accretion occurred 1n the North-Western ~nd Rtce Canals. 
The design recommended to exclude excess sand conststed of a curved 

•B b T. h • !P No 54"Noteone..,er!JIItlllls withamodeloftheBe&iiS!nlcesofthe:N!ta om ay ec mea aper • -z· ll"04} 
Lett Bank Canal " (Reproduced ill Chapter ll, para. • . • of • 4 

tB 
· b T ·hn. 1 p er No 29 "Note on esperlments'earried Qllt with varlona demiJIII p1etl In om ay eo toa ap • ,. • . 

llill in connection with the Lloyd Barrage at Snkkur. · 
:o. I. ar.d H. B.S. A. B. (T) 1937-38, PP• 26-11'1'. 

l9SS-39, pp. 4.10. 
,, rt . 

193940, PP· 12-20. 
194.041, PP• 12-26. • I 
1941-4!1, PP• 16-18. n ,, 

§ B.omba:y P. '\V.D. Technical Papers Nos. 45, ~ a!ld 59. 

" " 
" .. 
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shown in Fig. 13-3. This lnvesti­
.A. roach Channel ~,OO!l ft. l;on~-;,nd six different models (with yarious 

,,,.18-s fJon presented many difficulties d to determine the e:ffec~ o~ different 
• ~cale ratios) w~re eve,ntually useriulent a geometrically-s~mll.ar, parli­

:factors. In this particular expe modei being later used 'Wlth mcreased 
width mod~l was used,; the same. tion of 2 compared with a vertical 
depth~ to give a. vertical exigg~r~he whole river. This model showed 

. exaggerati?n of 7 in the h~d bo made 35 per cent less than sho'YJl 'by 
that the Wldth at entry s ou . e oder' demonstrating the fact that . 
the vertica~y:exaggerated nv~\:rep~duced in a single model, part of 

• . 'lar conditions of flow canno . '1 
:fch is rigid and pa:rt of which is ~obi e. 

. FJ:G. 13-3 

C·f./~ H•R•ST'N• 
PGOHA~· 

~· ~~· ' 

Pl./IN SHOWIHS IJE5/GN OF NEtt' APPROACH CHAHNEL, 

. A/.01'16 RIGHT BAHK. 'I7J EXC/.lJ~~- SA~ FROM 

RI6HY 8ANH CAHA/.SAT ".suiJ!l!!!!:.(}HDWN JJ01'TED) .. 
.,5CA£E:- 2 1/iCH£5 =I AlliE... • : 

· . 
. •. 

·. 
· .. 

•. 

(FIG. 139 FROM A. R. T. 1945 OF I. w. E. STN.) 

13.08• EXAMPLE I (o) (ii) LINES OF FLOW AT OFF-TAKES 

• In Bombay Technical Paper .No. 52*, experiments have been 
described showing various factors affecting the quantity of sand dra~ 
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. It is also vecy important to see that the model has 
.the correct degree of vertical exaggeration-a point which has been 
shown scant respect outside India. 

t 13.09. EXAMPLE I (d) (i) ScoUR DOWNSTREAM OF FLUMED FALLst 

. Scour occurs downstream of fallS due to: 
(l} exoess energy which gives rise t.o eddies and surging flow; and 

' (2) instability of ftow, due to a sudden, or too sharp, expansion. · 
' These cause' heaving' and unbalanced flow, with return flow along 
one, or both, banks. This return. ftow forms a large slowly-revolving 
vo1•tex, with a vertical atis. These vortices push the forward flow 
away ~om oil:~ .or other bank, or from both banks, thus causing 'jetting'. 
l.n .this cond1tion of fl. ow, forced vortex conditions hold, so that the 
per1p~eral velocity is relatively high, leading to heavy bank erosion, 
espec1ally near the toe; so that the angle of repose of the bank is 

U •1B1o~bar P. W. D. Tllllhnioal Papet No. sa "Factors alfeoun .. uolu.siou: of bed silt takiJJ .. off from. 
a, ll.~ a rtvera" · ~ ~ 

t Bombar P, W. D. Tlllllmioal Paper No. 44. . 
I. W.E, S. A, D. (T) 19H1 pp, 29-M, , 
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exceeded and large pieces of bank sh ff · · · 
called ' bellies' in Sind. This condi~~!? ~ cauSlng deep embayments.,... 
ing the pavement at such a level relative t:~e ~reve~ed by construct­
that a standing wave will form at th to f t e own_s eam water-level 
to ensure that this will occur. even :hou~d 0 re:~~lascl~ of ~he fall~ and, 
stream, it is desirable to construct a baflle in Su"he Slon .etiye op odwnf-

hh 'ht thtth t di . v apoSlon,an o sue ~1g ' a. e s an. ng wave 1s always held at the toe* thus "' 
destroymg a maximum amount of energy. A deflector at the down­
~eam en~ of the pavement should also be constructed to throw the 
h1gh veloc1ty bed-water towards the surface thus prod · b d 

ll 'th h · t 1 · . , ucmg a e -ro er Wl onzon a ans, which will prevent or minimise d _ • 
stream sco~. ' own 

• 
Where a fall has been constructed with too sharp an expansion it 

can usually be made to f~nctio.n satisfact?rily by building, in addition 
to a baffi:e and a d~flector, d1vergmg vanes m continuation of the piers • 
these bemg so des1gned as to fan out the flow. ' 

. T~e T~ndo M~stik.han Fall was constructed with much too sharply 
d1vergmg Sides, VIz. 1m 5 compared with 1 in 10 required; but when Ftr.l-3 
vanes .were added to fa":! out the flow, the fall worked very efficiently, 
and s~1ll does so; confirmmg all the conclusions drawn from the model 
exper1ments. 

13.10. TYPES I A~D ll IN COMBINATION IN SIPRON SPILLWAY 

Siphon spillways provide a border line case between Type I and II; 
in that though they come undt>r TyPe I as regards coefficients of dis· 
charge, they tb not !-ri,·e :.rromt•trically-similar 'priming depths'· The 
prototype also behaves diffrrently from the model when the minimum 
prt>ssure falls tD tht> equivalent of 7 feet of water above absolute zero 
pres1,mre, or say 27 feet b"'low atmospheric pressure at sea level.t t 

Professor Gihsont rarried out experiments with various sizes of t 
siphon mout>ls nnd showed that the minimum size of model which gives 
dynamically-similar results (except priming depth) is such that 
d./h > ·28, where d = diam. of siphon and his the operating head in ft. 

Experiments carried out at Khadakwasla in 1928 with a 500 cusecs 
siphon, and its 1/Sth scale model, 'showed that though the nature of 
'priming curves' and 'coefficients of discharge' were similar in the 
model and prototype, . the priming depth. i~ the ful_l·s~ale sipho!l was 
considerably less than m the model, the mmtmum pnmmg depthm ~he 
full-scale sipon being only 1'15 ft. against the equivalent of 1·80 ft. obtam· 
ed in ·the 1/Sth scale model. Relative pressures were nea.r~y the same at 
the inner shell, but pressures at the outer shell we:e ~li~ht!y !P'eater 
in the prototype. Thus w_e do.not get exact dynallllc stmllanty 1n pre· 
ssures; but only an appronmation. 

Professor Gibson in the above-mentioned Paper sh?wed that ~th 
a model in which the head was 8 ft., and a parallel section 12·125 Wide 
by 4", the discharge increased by 39 per cent when the outlet was flared, 
as shown in Fig. 13-4. · Fig.~ 

. . 
• L W. E. S A. R. (T) 1944, pp. 29-li;;. 
t C. I. and R. B. S. A. B. (T) 1939-40, PP• 21··'9. 

• II " 
" u 

1940-41, pp. 27-31. 
1941-42, pp. 26·28. 
1942-43, pp. 2!11'29. . • 

:rnst. 0;'c, E. Pape~ No. 4910 (193o-31) on "Esperimenls wilh Siphon Spilhrars" 111 Proftnor A.ll, 
EHbson. . 
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In experiments calTied out at Poona, it was found ~hat though 
flaring the outlet increased the discharge by 30·6 per cent 1n a model 
with head = 2·95 ft.; in the full~scale prototype, which was 8 times as 
large (head = 24·0') the discharge increased by only 3 ~er cent, and 

Pl;.lB-G cavitation occurred downstream of the. crest, as &hown in F1g. 13-5. 

· It was concluded from these experiments that the limiting negative 

. ' . 

pressures in a well-designed siphon is about 27 ft. at sea lev~l; andt, 
where a siphon is working near to this limiting pressure, flaring the ou .. -
let cannot increase the discharge to any appreciable extent, and IS 
undesirable-because it is likely to induce cavitation and vibration, b.ut 

· where the height of the siphon is small, flaring will increase the dis- . 
charge to a marked extent. . . 

TYPE.ll: GEOMETRICALI.Y-SIMLLAR MODELS WHICH DO NOT GIVE 
SIMlLAR RESULTS 

13'.11. EXA.MPtFJ II (i) HIGH-coEFF.rCIENr wms 
' Experiments carried out at Poona to determine coefficients of bight 

coefficient Weirs• showed that where the curvature of the weir profile 
was sharper than the path which filaments of water would follow if . 

•o, I, lllld B:. B, S. <\,B. (TJ ,1937-llS, pp. 89-44, 

II II 11189-((), PP• 41i-liO. 
II II . 19{0of.l, pp, 42-1)0, 
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F IG. 13-S 

IN ,.... Fut-L 5c.~t..E. ~\Pl-\oH 
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discharging free Iy into air, the coefficient of discharge in the formula 
q==cDI·s 

(where q == ~ischarge per foot r~u and D == upstream depth over \Veir) 
increases '\Hth scale and also With dept~ of 'Water over the weir so long 
as there is free tlow downstream. The former is due to the fact that 
as Q increases, thf> natural path of flo,, under aerated conditions 
diverges more aud more from the r~n·vature of the weir, aud hl'nee, so 
long as the wa.ter adheres to the weir profile, a reduction of pressure 
occurs ; and as 

pfw+ V2 /2g+z :::constant 

for a filament (Bernoul~i's theorem), the velocity is correspondingly 
increased and also the discharge. 

No theon•tif'almethml of estiruatin::: tht> discharge in the prototypl' 
being known, nwdPlS to c~iffrrt>nt seale~ Wt?re ~onstn1etrd, and tl~t'~l' 
results extrapolnt1·d, tu arnre at rn·essm't'~ and tbS<"harge~ to be nnt~t••· 
pated in the prut<~tYJH·. 

8759-66 

;" 
.:.Cl 

~ 
II 

H. c. W£/R P/?OFIL£ 'VJl[B 
L- ·IJ IN MODEL. Df:' VARIOUS SCALEf, 
_~: = CO£t:"FICI£NT OF QISCHA86E='f/ti""" 

= vl.s HEAD :: D,+.t:. vJ f~,o.-._ ' ,.- . 
LDCU.'r 01! 1"0/NrS 

""" <J- a.J<>. :r 

"- ... s~++-H-1 
u 

R T 1945 OF I. w. E. STN.) (FIG. 142 FBOM A. · ' 
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Fig.JS-IJ Fig. 13·6 shoWS the coefficients obtained in m?d~ls ~th Scales of 
1/4, 1/4·5, 1/6 and 1/7'5 of, .the prototype. .From th1s 1t Will be seen.that 
the larger the scale the higher the coefficient. When these coefficients 
were eKtrapolated, the conclusion arrived' at was that the ~oeffici~nt in 

• the prototype with D = 3·35 ft. and q ==. 30·3 cs. p~r foot would be .4·93, 
compared with 4·75, 4·7, 4·63, and 4·53In the vanous scale models. . 

In this particular case, as a result of constructing· a new 200 cusecs 
ehannel, we appeared to have an opportuni!Y to check the accuracy of 
the conclusions arrived at by extrapolatiOn from small models to 
full scale; but even this presented difficulties- because, whereas the 

• weir at Bhandardara ill 650 tt. long, it was only 4 ft. in the model*, so 
the effect of the side boundaries, which is negligible in the prototype, 
was considerable in the full-scale model. Allowance had to be made 
for this. . 

The method adopted, after small-scale trials, was to contract the 
S.ft.-wide channel by bellmouthing it into a 4 ft wide throat contain­
ing the model. This had the effect of regularising velocities across the 
4ft. channel. It was necessary, howevPr, to place the model sufficient­
ly far downstream of the bellmouth for the flow approaching the weir 
.to be sensibly paraUel As a result of this, slight boundary layer effect 
developed, which caused retardation of high velocity flow at the sides. 

Th.ough a sma.ll amount of expansion in the sides downstream of 
the wetr was proVI~Pd-to reduce ~he retardation effect at the sides and 
to pr?duce ~ore axial flow; yet t~1S caused slight inward flow across 
the slll, which reduced tb:e negative pressure over the crest and so 
reduced the discharge coefficient. ' 

· ~tg. wf. . Fig. 13-7 shows the co~fficients of discharge plotted arrainst depths 
· D m the,full·scale model, Ill the f?rmula q=c D1·5• "' . 

.. 

u 

... , 

• 

F:G. 13-7 

hiJ:5fiUIS(D) 
l.tv.E.IiTN.Pt1DNi4 • 

(FIG. 143 FROM .A. R. T. 1945 OF I 
•c. x. alldll. a. s.a. a. !Tl 1940-41 • W. E. STN.) 

I pp, 4JI-4ij, 
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It will be noticed th~t the coefficient in t d . . · 
maximum as in Fig.' 13-6, rises on a c::vea of nsmg to a clear-cut 
natural ma:rli:num, falls towards the rapidl; f~~· be~re reaching its Fig. 13-t. 
Dotted lines show the rising and fallin . · ng ne at· C =4:70 • 

. roeetat C=4·9 with D=3·35 ft., as compa~ed~:h 4~xtrapolated. These 
small-scale models; but, whereas by that method th 

93 
exta:apolated from 

c rose to &·OS with D =4·10, this was not attain de _manmum val~le of 
full-scale, model-due to side effect; but would b: at~~- thde part·th·wJ.d~bl, 
weir of the prototype. me ln e wu e • 

Type III. Vm·ticaT!y-exaggerate(l nl0del8 
13.12. INTRODUCTION 

Owing to the e~rlie~t models-tb.ose of O.:;borne Reynolds and 
V~rnoa-Ha~court -bem~ tidal models of PStuaries,"' aud to tidal flow 
bemg dommated _by t1dal wave conditions and hence the ~)·oude 
number-V/.1 gd-1t came to be believed that provided conditions were 
such as to. produce turbulen.t flow and the ~'roude numbPl' relation was 
the s~me m the IJ?-O~el as m the prototype, any de!!ree of vertical t:>xag-
geratlOn was perm1SS1ble. · "' · 

As will be seen later, this does not hold eveu for tidal flow except in 
ca~es where curva~ure of flow a~d reproduction of bed movt>ment are 
ummportant; and 1_n the case of rtver tlow "vertical exa"'u;t>ration 11-ol' 
~or~,correctlf "wtdth and _length rm;traction ", and "~lope t>xn.ggera.­
tion , ar~ unH]Ut>ly.de~t>rnnned. ThiS question has bPen dealt wit.h in 
Chapter a, where It lS shown that according to Lacey's formulae 
equivalent shape and slope can be arrived at as follows:-

P=2·6GQ'tt 
R=O·-l72j (Q/f)''' 

Shape for equivalent hed movemt>nt gives 
P/R=aG·j <~' 16 f1

'
1 

and S=·OOO:J-!7 X f~~. nUQ"6='000iH7 X f~3 • f:~/Q'" gives equivalent 
slope for t>qnival~?nt hf?d·mon~ment. 

Ill (A). Tidal mf)l7rls 

l:L }:l. REYNOLD'S CRITERIOY OF 'reRDrLEST FLOW IN TIDAL MODELS 

In ordt>r that the motion in a model shall be similar to that in the 
prototypl', it is necessary that the vPhoity shall be suffi!liently great to 
ensure "turhulPnt flow" and from experiments on modeL'! of. symmetri· 
cal estuaries, Reynolds came to the conclusion that in ordel' to ensure 
this, the product h'e should not be less than O·O!), 'h' being the rist> of 
tide in feet at the seaward end of the model and 'e' the vertical exag-
geration of scale.t t 

13.14. ScALE RATIOS OF TIDAL. MODELS 
• I 

Where the height of wave relative to the depth is small1 the velo· 
city of translation of a tidal wavet is given very appronmately by * 
Rayleigh's relation§ , • I 

V .. =.Jgd ... ... ... ... (1) 
where d is the mean depth of water including the hei~ht of w~ve. This 
is the wave velocity relative to the fluid; the veloCity relat1ve fi'? the 
boundary will be v .. :v. ... · C2> 
where V is the mean velocity of flow. 

·• Based on Baaio Note No. 70 by JIU, A. B: Thomas. _ "Tidal and Bivedlodeta'' Sapplemento 
t Professor A. H. Gibson's Vernon Hareotirl Lecture 1935 86 on . . 

to Journal No. 8
1 

1935-36 of lust. c. E. page 706. • • · • ed) s !so Cha ter 1 para.1·18. 
:1: Based on Baslo Note No. 70 by Mr. A. B. Thomas (not pnbhsb • 

88 
•11 P , ' . · 

§ Rolllle: "Fluid :Mechanics", p. 879, ve:ilied by experiments at Poona 
818

. ou. · 
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· . . t to point and w1th t1me, the V., 
·As both V,. and V vary from po~ This raises a difficulty which 

le ro~1•0 must equal the V scale ~a 2~nbly but more generally with-sea .. ~ . d metimeS JUS~.IJ.l.. , . • . t 1 
is frequentlY. ~gnore -soh the mean veloc1ty van~s appr<;>:nma. e Y 
out justitieat1on-that w ereas lie mean depth), V., depends malllly 
as .JR (the square root of the hy~rau the depth and the hydraulic mean 
on the depth. Now. in a large ~ve1\ut in a small tidal model there is 
depth differ little from one an~o~r ~0 they differ considerably· 
considerable vertical exaggera , , . . .. 

Ignorlng'tbis, for·the pres:nt, a~d a~suming 
V a: V" a: d'li' as a first appr9nmatwn, 
' /d )I~' . (3) 

Vm/VP=Vmw/Vpw=(dm D ,"' . 

where' m and p stand for model and p~ototype. 
. din (3) represents the ver~cal scale of the model 

and , ... (4) 
Sa:: d/L ... ... ·:· · 

where S represents slope and L repre~ents length; so the slope scale is 
determined by the vertical exaggeratiOn. · 

, " t , roduction of the wa'9~ profile, especially in curv~d 
. cha;n~lscofh:clo~~tudinal and latitudinal scales must be equal; so L lll 

(4) represents horizontal scale: 

. . 

Time scale is given by.:. 
T a: L/V cr. L/d'fl ... 

and discharge seal~ by : 
Q a: v.t.d. ~ L.d811 

• 

' ... . ... (5) 

.... (6) 

In order to arrange that the water surface slope agrees with. (4) it 
has been the practice to adjust the roughness of the bed and s1des of 
rigid models by trial and error, until the 1·eq11ired slope has been obtain~d. 
As the slopes must correspond in the model and prototype for a. w1de 
range pf water-levels, the degree of roughness must va~-y from -pomt t~ 
p_oint, tl.nd has to be distributed carefully between d1fferent parts of 
the sides . 

Au indication .of the degree of roughness required is given by 
liaunin~'s equation:-

R'ra S'~' 
Vet. N . 

Combining this with equations (3) and (4} 

N ~ R111 {V11 (Manning) . .. . 
Na cr. R',.FI/~'~ (Laoey) ... 

... 
; ... 

(7) 

(7a) 

The tend~noy has 'been to consider Manning's formula as more 
suitable for rigid models and the Lacey .formula as applicable to mobile 
models; but the range within which app<)ximately equivalent roughness 
is attained is narrow, and though a 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 co1•responding grade and charge of bed materials 
should be transl!orted-and it is not justifiable to assume that because 
the bed pattern m the model approximates roughly in the bed pattern in 
the estuary, after running a number of tides, that therefore the model 
has b~en l'eproducing bed-movement correctly. All it a,hows is that the 
materuu has tended to accumulate where it is least affected by tidal 
flow-a very different thing. · · . · 



. MOD~ B()ALE nA'l'IO& .&.N.D IiWITATIOW 

'fgpe III (.A) (a). Vertically~f'Alllggerateil rigid tidal model. 

13.15. UsE or lUGID TID.U. MODELs 

Rigid models have been used" to a Jar e xt b 
ways Experiment Station at Vicksbur es g ~ en. at the U. ~· Wat~r-
tidal model studies. In ma:q.y of thes!' co:.fd.:P~d.n conneo~o~ 'Wlth 
ro.aterials-~uch as Gilsonite-have be~n injected to ful1~~t s~lighte:, 
ro.e~t. of sediment i and the amount of sediment deposited in ev:f:~ 
pos1tions, markea. out on the bed. of the mod.el by white-bordered 
squares, has been measured by sucking the depos1ted mate 'al th:r h 
a 'vMuum. cleaner' type of machine, the material then bein~ 'separ 0f~, 
by a machme resembling a 'cream separator'. a e 

13.16. EXAMPLE ill (.A) (a) (.} RIGID TIDAL MODEL 

OP TBE HoOGBLi* 

A rigid tidal model of a 20 mile length of the Hooghly above 
Ca~cutta, was co~s~ruc~ed at Poona, to scales of 1/300: 1/60, with th:e 
obJect of ~eterwru~~ lines o_f flow and points where action is severe 
under vanous cond1t10ns of nver and tidal flow. This information was 
~ubsequently used in a large-seal~, mobile, short-length, model t.o 
1~vestigate bed-scour and ban~-eros10n prob.lems, using a much large1• 
discharge, and much less vertical exaggeration than in the long model 
After much patient 'trial and error' work, the model reproduced tidai 
flow conditions with a high degree of accw·acy.t 

Tupe III (A) (b) Semi-rigid, t•erUcally-exaggeratea, models 
' 

13.17. THE uSE OF SEMI-RIGID TIDAL MODELS. 

In semi-rigid modt>IE, the sides, and in some cases large.parts of the 
bed, may be held. This makes it practicable to enforce a bank-slope 
exaggeration which is far in excess of what would be possible if the 
banks 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 includes future changes of the 
river course and the secondary effects due to 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 
whoever directed the experiments. . · · 

. The scales of the Hooghly model were : . Horizo~tal scale= 1/300; 
depth scale=l/60 and e=5·0, and the manmum tidal range at the 
seaward end is 12'5 ft. for a bore tide, so the value of h3e works ~ut to 
0·045, which is considerably less than 0·09; but the model gave satisfac­
tory resalts. It must be cleady understood,. howe~er, that thou.gh 
Reynold's crite1ion may be suitable for estuanes which are very Wide 
relative to their depth, · especially if their si~es are held-so that 
reproduction of· correct shape ceases to be an rm~ortant f.actor-yet, 
:Where the depth is considerable relative t,o the Width-;-a~ 1B t~e case 

. ~ river channels-adopting correct vertical exaggeration 1S very 
lnlportant. 

• C. I, and B. B. 8. A. B. (T) l94o-41, pp.l&-19. 

T C. I: and B. R. 8. A. B. (T)l94o-41, pp. 18-19. 

C. Land B. R. 8. A. B. (T) 1941-42, pp. BS-24. 
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TB.E BERAVlOUB AND CO ., . . 

. . Ill{!) (b) (i) HooGin.Y · ~AL :tdbDEL' \ 
. 13.18. En~UN AS SEMI·BIGID xon:EL . 

• , r I 1 

· d 1 of the Hooghly had been run as 
After the long, sma~:scale, m~ e sand was laid on the bed. ~f .t~e 

a rigid mode~ to observe.li(n:s of:O~e~hat higher level) as a Seilll-ngJ.d 
:model 11;nd It .was. ~un a a and :mobile bed. T~e 'l!lodel wa~ then 
model-~.e., Wlth ng1d .,an~ ls used in tidal investigations carried ?Ut . 
~imilar In type ~b~ev~;e M~r:ey model.of Osborne- Rey!lolds, the Seme 
xn England, no a Hy t* and the Severn model of Gibsont; but the 

• t model of Vernon-diarhcour s were very :much larger in the Hooghly 
scales and the sc a!ge 
model. · · · · 1 'd t '.II 

£ d that when all parts of the model w~re a1 o a uru.s.orm 
It was oun . vement though correct In places, was not 

vertical exaggllatl~h~ fe~dency being for movement to be in excess in 
th~:~~&e:~;~J~ns and in defect in ~he dee~er parts. Thus, the depth 

~ was more uniform in the model than m the river. . . 
It was also found that even when the. ~ove~~nt of bed-~atet:ml 

't bl WI'th ·donu'nant discharge flomng, 1t was excessrve With 
wassuu e . · h · Il t · hi h discharges and in defect with low disc arges, a I!lovem~n ceasm_g 
in ;he model at .a much higher relative discharge than rn the river. This 
is true of all riv~r models. · 

Type III-(A)(c) Mobile tidal models 

· 13.19. EXAMPLE TII-(A) (cl (i) SHOBT, LARGE· SCALE, MOBILE 
TIDAL MODEL OF THE HOOGBLY 

In ~rder to reproduce correct bed-scour f1n1 accretion in the short 
model.- in which the vertical exaggeration was only 1·4 compared with 
5 in the long model- it was necessary to reproduce similarity of linee 
of flow oased on those observed in the long, small-scale model. The 
scales being 1/125: 1/90, ·it was easy to reproduce, and observe, the 
effects of various alternative treatments, a comparison which was quite 
im-possible in the long, small scale, model, in which the side slopes were far 
steeper than the angle of repose of the material, and the tlow-pattern 
was highly distorted. . 

In this model, only slight adjustments were required in order t.o 
produce similar lines of flow, and bed movement was also found to be 
satisfactory; but, owing to the rel~~rtively large scale of the model, 
a 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 depositiol).-after which the model was run for 
another p~riod, and .accretioD; again trebled by hand; a proc~::dute which 

• was oontmued unt1l accretion almost ceased. In this way, it' was 
possible to determine the relative merits of various treatments within 
a reasonable period of time -after which the most promising tr•'atments 
were investigated in greater detail. -

13.20. ~XAMPLE ill-(A) (c) (ii) PORT OF RANGOON TIDAL MODELt 

A.n excellent example of a small tidal model in which conditions 
t were correctly imposed, was the Rangoon modeU In that case the 

mod~l was bounded by a curved wall which separated the flow it was 
oons1dered a.ffeoted the problem, from flow to the east; and the right 

• Vemon·Raroourt, Proeeedinp of the Royal Society Vol. XLV 1888 •9 
tGi "C . ' ' -. • baon, onstrnollon and operation of Severn Tidal Model" H. A(. Stationery Otlioe (1933). 

by me!!'~~·;t~l~~~~~. ~;·g~~~; E~~~~~~~igation of outer Approleh Chall!lels to the Port of Rangoon 
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bank of the .River was cut away from time t . 
the experimenter, based on judgment. W 0 ~e at a rate assumed by 
tions, it was found that while'the Port waso~~n these two assump­
e:rlinction, it was evident that some limita . 0 eatened by eventual 
using the Port would be inevitable unless ~~~n ~e draught of vessels 
was carried out by artificial means-a predictio ca hth~~e approaches 
has been fulfilled. The point to be em basis d w c 'I IS ~nderstood, 
result obtained in this model was mi'iuly du' ~owth~r, IS t~at the 
.making two assumptions; and had his ass~ptio~ b experimenter 
have got wrong results.· · . een wrong, he must 

Type III-(B) River models 

13.21. GENERAL REMARKs 

The essential difference between tidal aud river, models is tb t · 
the for!Uer, tidal flow-~etermine~ by_ V/Jg~--is the major f:ot~~ 
develo~mg bed-movement, whereas m nver models, bed-movement is 
determmed ?Y the slope, or m01·e co~rectly, slope is dett>rmined by the 
~barge - which ca~not be ~~asure? d~rectly in a river, so bas to be 
mferred from the r1ver conditions, 1.e. It has to be diagnosed. 

. In practice, the chief difference "is that river mod-els give olearl 
divergent results unless the charge -which determines both the slop~ 
a~d shap~- corresponds wi.th that in the prototype, whereas tidal models 
w1th eqmvalent values of v 1./!!.R app~ar to give approximately similar 
results over a range of !-\lope and vertical E'XIlg"'eratwn · but as explained 
at the end of para. 1:n1:, this difference is t~ore apparedt than t•eal• 
because even in tidalmotlels. corresponding bed movement only occm'~ 
in ehannels of limited width if the gradP, the charge, the width and 
l;n~th At'ales and thfl slope exaggeration eOlTespond with those in the 
hdal channel. . 

Type Ill-(lJ!(a) ll:rlically-exaggerateJ rigid river models 

13.:!2. THE t:SE OF RIGID RIVER MODELS 

The usual practice at Poona has been to fix what the Lacey formnloo,· 
modified by experience, have shown to be suitable slope and vertical 
('Xaggerations for the conditions, and then to verify slopes for various 
discharges. If the observed slopes are qnly slightly in e1Tor-whi0h 
will be the case if the model scales and roughnesses have been carefully 
selected- intelligent adjustment in the light of local differ,ences will 
produce satisfactory results; but if the designed slope is incomct, 
drastic roughening - such as is frequently adopted at Research 
Stations- will at best produce only a s01-t of pseudo-correctness, and it 
will then be found that though the results may be suitable for one 
discharge, they will be consider~bly in error for other discharges • 

. 
For this type of model, a large amount of data. should be available~ 

preferably extending over a period of more tha_n ~ve years; because .the 
model beinct ri~· d cannot adJ"ust itself where 1t lS wrong. Much pat1ent 
" • l t:> I Th" • tnal and error ' work is, therefore, necessary. 18, as expenenee 
at Vicksburg shows may h!lve to be spread over a period of as ~ong as 
two years. After s~ch verification, it. i_s assum~d that &J!pronmately 
correct levels will be obtained for condit10RS outstde the yenfied range­
as for instance in a flood ef greater magnitude t~an preVIously observ~d 
or during peak floods in tributary streams--;-which may reach the ma~n 
{Jtt·ram at different times from those of preVIous racorded floods. 
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' bt dl . 've useful information as regards 
. Rigid m~els can nndou okls !here violent action ~ ~ccur under 

fiood levels, lines of fiow, · P . • ·a . they cannot g~ve mforma.tion 
speci1!.e conditions, e~; :ht ~~; ~~e due to erosion, nor can they 
regarding chan~es 0 

1Jng from heavy charges of debris entering from 
reproduce accre on 8881, changes must be inferred; and, as a consequ· 
tributary streams. uc . ls · 1:-:t d 
enee, the value of such mode JS = e · · . 

Type III-(B)(c) Verticoity-ea;aggerateii mobile river models 

13.23. THE USE OF MOBILE RIVER MODELS 

E eriments carried ou~ at Poona with injection have shown t~at. 
cbann~ become steeper, Wlder, a~d sh~llower as the charge of mate~1al 
. t ·nc're"ses· and expenence m the field confirms that a mde, m movemen 1 .. ' . • . ti 'th h h ' d shallow river is always found m combma o~ WI ~ ~avy c arge an 
stee sl~ e relative to the discharge.* If a nver split~ 1~~0 a nu,';llber. of 

• inte¥Ia.ei~g channels, this indicat~s that the str~am IS flashy ; With 
eriods during which the charge lB. verY. heavy. ~f, ?n.th~ other ha~d, 

fhe channel is deep and narrow;, Wlth high ?erms, this md10ates a high 
pro}lortion of silt in suspension, a relatively small bed-char~e, and 
a relatively constant discharge. Between these extremes, there lS every 
degree of variation. . · . . . . . 

It is thus possible for the skilled observ~r to. d1~gnose m the _light 
of his practical exJlerience what type of a nver It. IS, the appro:nmate 
relation between silt and sand loaat and the appronmate rate of r1se and 
fall of its floods. If data are available about these matters, so much 
the better, but data are.· generally inade~uate · and . ~re often 
misleading, and it is generally necessary .to diagnose conditions ~om 
dbservation on the spot. Let us consider two cases : the Gandak R1ver 
(Qmax.=300,000 cusecs) and the Tapti River (Qmax =·1,000,000 cusecs). 
The Gandak is a wide, shallow, river, having a B/D ratio of 310; whereas 
the Tapti, with three times the discharge, is a relatively narrow, deep, 
river with a 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· 5·8 ft. wide, i.e. less than half the width of the 
Gandak for the same model discharge, th.e longitudinal scale ratios of 
the two being 1/200 for the Gandak and 1/330 for the Tapti. In the 
fo1•mer case, a heavy charge of sand would have to be injected in the 
model; while in the latter case, little bed-sand would be injected, but 
a heavy chat•ge of fine material would be desh·able. . 

. The Station have. worked out relationships suitable for the materials 
used by them for discharges found most suitable; but . the final scales 
have to h.e m·rived at by trial and error, the model being run until 
conditions are approximately similar to those in the river. In this 
connecti?n, expe1ie~ce shows that it is much more important to develop 
known r1ver conditions than try to enforce scales based on assumptions 
l'egm'ding sand-load, etc. on which formuloo have been based. Itideed, 
~uch of our most successful work has been done when we have had 
little data ~xcept a.n accurate plan.. . From this, after inspection, it has 
~e~n poss1ble to Infer the behaYl~Ul' and characte1istics of a river, and 
1t lS vastly preferab~e to have a linuted quantity of reliable data, than 
a large amount of data of doubtful accuracy. . · 

When m?del experimentat!-on was first started at Poona 26 years 
a~oi m~tch time was wasted 1n trying to reproduce river results from 
nus eadmg or ~:agmentary data, from which important information, 
such .as th~ ex:r.steno~ of submerged rock, was omitted ; but as our 
expen~nce Increased, 1t was found possible to spot discrepancies and· set 
. them nght. · 

•o.L nd.ll.B. S. A.B. rl) 1941-42, ~ 10, paras. 35-38. 
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· The main difficulty to be overcome in iJ.'odu . : . : . 
behaviour in models of alluvial rivers is how to ~epr dmg b~lanty of 

. correctly. About this, quantitative data are never o ~oe e -movement 
a model is laid to suitable scales in the fii.'St insta:vallab~ it het, unless 

. charge injected, highly discrepant results aJ.•e likely~~ b~nobtai~ed~rreot 
13.24. SELECTION OF SCALE RATIOS FOR ..,....,.,TI.CALL.r ,..,. • 

'"'-"' • .......,.GGERATED 
. RIVER MODELS 

From what has g~ne before in Chapters 1, 2, 4, 5, 7 and 13.21 it is 
clear t?at correspon?ffig results can only be approximated to in ~river 
model1f all scale ratios are appropriately selected. 

The scale ratios to be selected are:-
I Length scale ratio. 

II Width 
" III Discharge , 

IV Sand 
v DPpth 

VI Slope 
vn Time 

, 
" ,, 
" 

, 
, 
" 
" , 
" 

1~.2:i. · I. LENGTH SCALE RATIO 

It has often bee1.1 fitltted t,hnt morlrl srale ratios lll'P. drtermint>d hy 
t~e floor fipar~ Hm!:':.hl·:- 'I !1n.t mny prrhnp~ hi' allowed to pass fol' 
s1mple ~rom\'tm•nlly-~nntl:ll' n;.wlmod..}s; hnt mloosr-bonndat·y modPls 
the lPng-th seale flhoultl hP dt•fmlliurd by tbr disebarrre r~quil'ed to giv~ 
satisfadory rf'sult~-to wbit>h it is rt>lnted- "' 

Lm /<i!tl 
Lp cxv' <Jp 
Although disehnrl,!'rs up to 30 eusecs have been used in river models 

at Poona, models of 6 to 10 rnsel's n.rP genE>rally the most suitable for 
ril'er investi)!ntions. Smllller models do not, as a rule, produce 
satisfaPtory results, while larger models take long-Pr to lay and run, 
require more t~taff, and are murh more expensive. Whert>, as is often 
the <'ttSe, gl'(lat detail is required regarding a limited length of the river, 
it is better to construct a second, part-length, part-width, model to a. 
large S<'ale, than to have a very large model of the whole length of the 
river under investigation. · 

13.26. ll. WIDTH SCALE RATIO 

Though loose-boundary models-the sides of which are not held­
tend to become widPr than according to the length scale, it is the almost 
universal practice.to lay the model on the assumption that 

width scale = length scale. 

Were this not done, the model would be distorted in plan; and tlwugk a 
certain amount of distortion in plan is natural, the distortion varies from 
point to point, and is not calculable, nor even closely predictable-so it 
is best to allow the model to adjust itself gradually, and naturally. 

13.27. Ill. DISC.HA.RGE SCALE RATIO 

The dominant discharge of a river in India is rarely known. Where 
the whole river is contained in a single channt>l, 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 misleading 
half-truths-such as that "meander length depends on slope"­
experience shows that the model meander-length in alluvial ch.8nnels 
approximates to 36./Qdom. 
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. . lly held to be determined by 
'!'he discharge scale IS genera • .. . (1) 

Q a:L.d . ./d ... "' · • f flow are 1'm: d material and curva~ure o por-
but where movement of be . 
tant factors, . . . (2) 

. Q a:V ... . .. 
... 

must be satisfied. · · h 1 h . del according to t ese sea es, some 
Having constructed ~ e moe until the design~d depth of flow is 

Stations then ~Iter th;!sch~dgis sometimes permissible where short­
obtained. Thi~ saves • e a it is not suitable where long-term resulta 
term r:e.sults mil B!lffi11ce' bhut e the reproduction of erosion and meanders 
are des~ted-especla y w er 
is imp01tant .. 

13.28. IV. D:El'TR SCALE :RATIO 
' . 

D this a dependent variable, so cannot be directly enforced; but 
. ep difi db altering the discharge, the slope, the charge, and 
r~/a.n bd m~ beed Jaterial. Altering the charge brings in othe~ errors, 
t e gt"& ~ 0 th de or the slope takes time-b'oth for relaymg and 
afnd altenng aimeegrtoabe set up To obtain satisfactory results the. slope 
or a new ree.. · 

has ~enera.lly to be slightly altered. . 

13.29. V. SLOPE SCALE, RATIO 

Slo e depends on the discharge and the grade and charge of 
materiaf in movement on the bed. Although it simplifies work to 
assume that 
. slope ex.aggeration = vertical exaggeration, . 

experience shows that this is rarely maintained in fully mobile models, 
though it can be produc~d if the banks are held. · 

When the v~rtical' aud siope exaggeration do not agree, the model 
is said to be 'tilted'. The depth scale is then different from the slope 
scale. This complica.tes depth measurement~ i. but other short-term 
effects due to tilting are less tbau might be anticipated. 

" ' . . . 
The relation between slopes in the prototype and model may be 

wo1·ke~ out by the La<~ey formula · 

s = ·ooo547 ri /Q! 
I 

where f is a bed sand factor covering oha.rge and grade. 
The model is then l'u,l for some time with the estimated dominant 

discharge, the model slope-and where necessary the grade and charge 
....,.bein$ adjusted until suitable bed-movement is obtained at all sections 
at don1tnant discharge. · 
·· The slope thus obtained gives the optimum slope exaggeration; 
but the g1•eater the divergence from dominant discharge, the greater the 
slope el'l'Ol'. 

A comparison of depths at val'ious cross-sections gives the m€an 
depth scale natural for conditions in the model. 

This trial and el'l'Ol' method gives· satisfactory results where the 
scales to which the model was laid were approximately correct; but 
neither this, nor any other method, can give satisfactory results if the 
scales originally chosen were wrong. Hence, the great importance of 
adopting suitable scales in the first instance; which, in turn, depends 
mainly on a correet diagnosis of movement of bed material in the river, 
combined with experience of model behaviour under variable flow 
conditions whioh can only be mastered by years of study of rivers and 
their models~ · 
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MODEL SCAL'E RATIOS AND LIMlTATIONS · 

13.30.. VI. TnrE SCALE RATIO 

W~ere silting is the important factor to be reproduced, the time 
scale Wlll have to be much longer than where scour is the im t t 
f~tor; and,, due .to bed movement not starting in the model until ~~l~:h 
~Igher relat1ve dischar~e th.an that which causes bed movement in the 
nve~, and ~o scour bemg .m excess for discharges in elcess of the 
dommant d1scharge, low discharges have got to be stepped up 1:\lld • 
for a relatively much lo~ger ?me i:?- the model, and high dischar,es ~: 
for a .much shorter relative time-I.e. the time scale varies inve1~ely as 
the discharge. 

13.31. VII. SA.ND. SCALE RATIO 

.A._s the range of diamete:.; of particles within which normal ripples 
fo1·m lS narrow-from about ·15 rom. to ·50 mm-and as the exponent 'n' 
in the Lacey formula 

d cc (q/ml)n 
is low- i- it is not possible to chan~e flow conditions to any marked 
extent by altering the sand diameter, without giving lise to other 
complications. 

Where quartz sand is used, the material on the bed should geuE'rally 
be slightly finer than that in the prototype. 

In the case of boulder riv,'rS and those where the material is cofl.l•ser 
than ·6 rom-so that rippl!>S do not form-the material used in the motlel 
must be much smaller than in the 1 iver-see Appendix 4. 

SOME OF THE li.\JOR DIFFICULTIES EXl'ERIENCED IN RIVER MODEL 
EXPERIMENTATION 

1:3.:t?. ( i) EuonER.\Ti:D YOI!Tlt"EB AND SCOUR-HOLES IN 
HRTICALLY-EXAOGERATED MODELS 

The h•ngth of a vurt 'X tends to be proportional to the vertically· 
exaggerat(•d depth Henle; wherN\S its width trnds to be proportional to 
the width seale. 

The total effert is that the vortex is much longer and Somewhat 
wider than according 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, scoUI~holes causE>d by vortices are relatively much larger 
in the model than in the river, and as the matetial scourPd from the 
scour-hole in the model is not carried down-stream to the same ext~nt 
as in the tiv~>r, it accumulates; and, as a result, the scour· hole does not 
get filled with material to the same extent as in the rivt>r when the dis­
charge falls; so tht> scour-hole has a disproportionately great effect on flow. 
A good example of the abnormal effect of a vortex was afforded by the 
area of 'return flow' downstream of Naraj Gorge-caused by the projec-

. tion of Sideswar Hill-which had a markedly distorting effect on flow Photo Sb~ 
N . w . . 1·22 over araJ etr· . . . 

13.33. ( ii) INCORRECT 'THROW-OFF' IN A VERTICALLY~ 
·EXAGGERATED MODEL 

'Throw-off' from vertically-exaggerated model structures is markedly 
different from the corresponding 'throw-off' in the. prototype -:-as shown 
by the model of the Ganges upstream of the Hard!-ng~ Br1dge*,. and by 
the model of. the Sukkur Approach Channel. t Thts difference 1s partly . 
::::..::.:::=:.:::;~~~:...__---~---"---· 

• Bombay p, W, D. T.P. 55. 
t C. I. & B. B.S. A. B (T)l941-42. 
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because th~ height of the structure is '!ertically-exa~ger~ted reJ:ttive to 
the bed-width; but chiefly because the lines of fio'Y at.e h1~hly diStorted 
b the relatively very steep side slopes.. ~nvestig~tions lll connection 

, wfth the model of the Ganges n~a~ th~ ~ar~mge Br1~ge sh?wed that in 
order to reproduce approximate s1m1Ianty of throw-off , th~ Side-slopeS' of 
Guide Banks should be about 1 to 1-?r about one-thud as steep as 
according to scale; but where f!uch. a s~ope _1s ad.opted, th.e lateral exten­
sion of the groyne or other pro~ect10n lS • d1sproportwnately ~reat. 
Thus the positioning of groynes m models IS VP<ry Important: If they 
are r~ceded too far they have little effect; whereas if they extend too 
far they cause ab~ormal scour. Each case must be dealt with individu­
ally· but generally speaking, the projection shonld be receded till the 
toe (utter scour) is only a little in front of the toe in the river. The 
best position to adopt will vary from model to model; and with different 
discharges in the same model; but it should be such that approximate 
silnilarity is produced at the discharge which matters most. For 
·other discharges, this position will not bE' c.orrect, and may have to be 
changed. 

Though altering the slopes of a projection distorts the model both 
in plan and elevation, the reproduction of cotTect 'throw~o:II' is so 
impo1'tant that distortion is essential; but its effect must not be over­
looked. 

The practice at Poona has been to construct at least two models in 
such cases: One model comprising the whole river to a vertically­
e;s:aggerated, relatively-small, scale; and the other, of a part of the 

· nver to a much larger scale, with entry conditions imposed and vertical 
exaggeration kept as low· as practicable. Entry conditions in the part­
n;todel are based. on 'lines of fl.~w observed in the model of the whole 
nver; and flow 1n the whole-river model is then modified in the light of 
throw·off and curyature produced in the part-model. If this modification 
leads to any const?~rable change ,in flow conditions in the whole-river 
model, entry cond1t10ns must agam be modified in the part-modf'l and 

·the whole process repeated until apRroximate similarity of e:ff~ct is 
reproduced. . · 

13.34. (iii) EXAGGERATED LENGTH OF STANDING WAVE DOWN- . 

STREAM. OF NABAJ WEIR IN THE MAHANADI MODEL 

, 111 .A.nlifiintde~·esting example of the necessitv of distorting a model was 
exemp e 1n the Mahanadi-Katjuri modef {Cuttack-Orissa). * 

Pholo Sheol In that model, the Mahanadi is the main river and th K t · · 
F~:\~1Q &h~esWff.fro~ it~ Right Bank at a sharp angle, to flo~ over Na~aj WJ*I 

pa::nel e£; {~ ;~i: :io&g~he Right Bank of the Mahail.adi and is roughly 

dowJs~f;~d:;~!a~ow:~l~8ositioned st~ndin~ wave on the glacis 
oally-similltl• • but i.j that das · model Weir should have been geometri­
in plan,· and ~ater would hav: fi~w~d~!ahyafre extthendWed .far downstream 
wrong angle. . om . e e1r at a markedly 

In such oases the best oompromis h. t 
Weir somewhat broader (i e Ion ere. as 0• be adopted-making the 
plan i but much shorter th~ if it ;.erelll the litrin.e o

11
£ flo~) .than correct in 

· geome ca y-sumlar. 
The best treatment differed in this d 1. . 

according to the particular dischar mo. e 1n different experiments­
under investigation at the time. ge bemg run, and the exact point 

• t W. ~· B. A. R. (T) 1943, p. 47. 
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13.35. (iv) NECESSITY OF HAVING DIFFERENT VERTIC!" . ~oo~ 
RATIOS FOR RIGID AND NON-RIGID PORTIONS OF liiODELS 

In a. verti~ally-exa~gerated·model of a river, the sill level de nd 
on the 1n~ns1ty .o~ discharge per. ft. run; and, the dischal' e =l~vs 
and :V ex: ../ d (appr~xlmately) i. so dis.oharge scale is approxi~atel ro~ 
portional to L.d . ./ d , where as ~n the nver portion of a model the dis b p 
scale cr. Ls; hence,. for equality, c arge 

L 2 = LXdX J!f 
d=Lf 

In practice, two cases arise:­
s 

(a) vz = L.d11 (approximately) 

(b) 1 2 > L.dl . 

Case (a):-1 2 = L.dl holds approximately in a straight mobile 
channeL , • 

FIG. 13-8 

• 

(FIG. 14.3 FROM A. R. T. 1945 OF I. w. E. STN.) 

Case (b) :-where part of a model is mobile and part rigid, 

L1 > L.di 
because the vertical scales differ in the rigid and mobile portions, 
and if made the same would give inconect rasulta. This difference 
can be reduced to a small 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 has different effects with different 
discharges and different drowning ratio-thus an increased glacis 
slope lead/3 to an increase of coefficient with free flow; but a. reduo· 
tion of coefficient with drowned flow. It follows, therefore, that 
distortion of the rigid pol'tion does not neutralise the scale effect. 
This can be overcome for B! particular discharge by adopting diffe­
rent depth scales for the river portion and the Banage 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 
snd the divergence increases with other discharges, and flow over 
.the weir would continue after it had ceased in the prototype .. 

(Note.-Tbe water level must be taken as the datum ~Ol' the local 
depth scale o£ the rigid portion.) · 
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In the Lower Sind Barrage ~odel-~ w¥ich ~~w is almost axia_l­
satisfactory results were, however, ~bta1ned,m ~ smgle ~odel by: making 
the depth scales for the river and the Barrage dtfferent · ' · 

Longitudinal scale =-1/(250)~ 
Q scale . = 1/62,500 
River depth scale = 1/50 _ . • H 

• Barrage depth scale= 1/40 (from 1/6~,500 -1/2<>0Xd ) 

• 
t 

' 
·13.36 .. (v) LONGITUDINAL DISTORTION, . 

Vertical exaggeration is essentially~ ~dth reduction and ~n many 
cases it is best to visualise it as such. S1mil_arly, slop~ e:x:aggera~on f!lay 
be looked on as a foreshortening, or relative re~uotioll; o~ longit~dmal 
scale; but depth remains the same whether VIewed In.Its relatiOn to 

. width or length; hence depth should be _looked on as basiC, and_ length 
and width as related to depth; so that wi?th and !ength reduc~on are 
more precise terms than the usual expresswn-vertical e:x:aggeratwn. 

In a very small model, a high slope e~aggeration may le~ to h;Yper­
critiQal velocities; but more. generally It merely leads to. diStortiOn­
due to the length in which changes have to take place bemg foreshor­
tened. As a result, the length in which new lines of flow and eddy­
:n,atterns (resulting .from changes of secti9n, or roughness) have to 
become. established in the model, is often inadequate to establish the 
change before a further alteration in the angle of flow, or roughness, 
occurs 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 Delhi.t 

In the former case, the ·gorge was foreshortened 7i 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 closer together relative to depth than in ~he river. 

13.37. (vi) NECESSllY OF TILTING NARAJ WEIR IN THE 
MAHANADI MODEL 

PholoSheal The t()p of Naraj Weir, over which water flows from the Malianadi 
Fl~~2\_10 into the Katjuri, is horizontal from bank to bank, If the disoharge · 

. . per foot r~n at all points of the Weir We"e relatively the same in the 
model as 1n the prototype, the Weir would be horizontal in the model 

· also i but 8.;8 explained in 13.35, t_he vertical scale of the Weir portion 
h~s to be d~:ffere,nt fr?m the vertxcal scale of the river portion in order to 
gxv_e corres~onding dtscharges, so the sill of the Weir had to be loYrered. 
This lowet'lng was not uniform from the right ban~ to the left bank, 
because the greater the depth of water over the sill, the more the Weir 
ha~ to be .lowered to pass the correct dischat·ge. In other words, the 
wei! had. to be ~tied as well liB lowered, and the level should have 
varted With the discharge. 

d This question was still further complicated due to the lines- of flow 
d~ edd~ pattern of the water as it issued from Naraj Gorge being 
I erent 1n the model from those i;n the tiver-as explained in 13.36. 

13.38. (vii). DIFFERENT TIME SCALES FOR SCOUR AND ACCRETION 

In~ ri~er, bhy far ~h~ greater part of the materlal in motion is in 
suspens10n, w ereas In most models, silt in suspension forms a 

•0.1. and li. B. S. A, B. (Tll989-40. 
tlbld. 
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ralatively small pa:t of the total weighted char~re • and experience shows 
that th~ reprod"!lction ~f full natural silting in° a ~odel is impracticable. · 
I~ the ti~e. dunng which ~ model is run is increased to permit more 
s~lt. depo~1tion, sc?ur-w~ch o~curs relatively·much m<lre quickly than 

. silting-IS exce~Slve; which, 1n ~~ leads to a disproportionately 
great accumulatiOn of coarser particles. 

· Thi~ t'lTor ~s. acce?tuated ~here the model is laid ~coording to 1 cold. 
":"eather conditions. 1n the nver; ~ecause, as already explained, scour 
p1ts 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 produc<>s 
unnatural sand-banks in the model, which are not removed by sub­
sequent scour. This excess sand, unless removed, will produce quite 
wrong results. 

Accretion on top of shoals is, on the oth<>r hand, relatively small in 
the model, with the result that a relatively greater discharge paBSt'S 
ov,tr the shoals. Consequt'ntly, reproduction of year to yPar changes in 
a river becomes more and more incorrect as the p~>riod of flow increases. 
These difficulties were prominent in the 1/500 scale model of the Oaugt"S 
above the Hardinge Bridge.* • 

13.39. CONCLUSIONS REG.\RDING HYDRODYNAMIC MODEL EXPERIMENTATION 

Though some typt"s of problem can be solved with a high dt"gt•ee of 
accuracy with the aid of mod~>ls; othE>r typE~s, especially problPms con­
nected with rivers flowing in alluvium, prrsent t>xtraordinary diffioultiPs;· 
so, if anyone has hoped to learn E.'nough from this Chapter to enable 
him to carry out river modt'l E.'XpPriments s~coessfully, he will be 
disappointed. 

l\[odt>ls ar£', howeVt'r, always helpful, in that they make it easier­
(i) to visualiHI' the pt~oblf'm; 
(ii) to wrify data, to S~>~> · whethE.'r it is correct and adequate, 

or wlwtlwr important drtails-sucb as rock exposed in the bed, 
outt•rops of lim~> kankar, <·tc.-bave beE.'n omitted; 

(iii) to !.'Valuate the relative effects of different treatments-
making allowancE.' for model limitations; · 

but it must be clearly understood that success depends primarily on a 
cotTect diatmosis, and evaluation of all the factors causing change. 

In gE.'neral, the tendt~ncy is to place too great reliance on thought­
numbina formulm. ThE.'y should be used only as a guide for initial 
layin~r. "'Thl'reafter, observation and comparison of model behaviour 
with ~ivE.'r conditions should be the basis for further modifications. 

· A common mistake. is to relay models for subsequent experiments 
according to the original scales. This is wroJ?-g:· The scale. ratios should 
be modified in the light of results, and the ongmal scales discarded. 

Factors involved in reproducing river conditions in a model 
include:-

(i) natural slope exaggeration ; 
(ii) natural width reduction; · 
(iii) a very much quicker ~e seale in th~ m?del than in the 

river, but the same rate of maturing and consolidation; 
(iv) much steeper side-slopes in the mo.del-th?ugh the material 

has practically the same angle of repose as 1n the n ver; . 
(v) :fluctuating discharges an? charges, t~e latter ?l~t beu~g 

capable of measurement in the nver; but havmg to be lDJected 1n 
the model; · 

• C. I, and B. R. S. A. R. (T) 1938-39, PP· 22-23. 
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.. t d ffects in the model due to rigid portions such 
(VI) e~ggeka ~ clay barrages, groynes, etc. . ~ese cause 

8B rook, limrli a d distdrted lines of flow and 'bellies ; 
elonga~ed vo ces, an . t-offs are iffected by the relative co- · 

(vu) mdeande1rs, pillspos~~f the material in the river and mode~-
herence an ang e o re . . . dis harge-• 
the relation varying with vanations lD c. ' . . 
. (viii) differences in flood cycles from year t.o year-w.hlch haye 
to be aBSumed and imposed in the model to predict future ch~g~s.~ 

(ix) difference in vertical scale and length scale effects m ng1d 
and non-rigid portions of a model . . 
No formula can be devised to take all these varymg ~actors ~to 

consideration; all that can be done is to carry out exp~nments W:th 
mobile models to evaluate diverg:ences from natural conditions resulting 
from various disturbing factors, m order to see how far these effects can 
be minimised. 

Such investigations have been in ~ro~es~ at Poona for. a gre~t 
man;r years. These have given a clear md1cation of why certain modi­
fications which we have been carrying out have b~en 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 
according to the latest survey, instead of allowing the model to carry 
on from year to year. The reason given for this is that the flood differed 
from what was assumed; but the real.reason is that only rough quali­
tative similarity has been achieved, and errors are cumulative. ·our 
object is to predict what will happen hereafter-not for a year or two­
but for several years ahead-and if a correct solution of such a problem 
depended on the· model having to predict correct river conditions year 
by year for several yel).rs ahead, the model would give a wrong answer­
not mer.ely because models, like sausage machines, cannot give back 
more than is put into them; but still more because the effect of many 
factors• differs, and the time-scales for accretion and scour are widely 
different. 

For our purpose, it is necessary to study the data of alluvial rivers 
for as many years as available. This data should include flood hydro­
graphs, annual.surveys, data about bed material, and silt charge, etc.­
bu~ the most lmportan? investigation is with regard to river changes 
which have taken place 1n the past and are in pro !!Tess. These must be 

. studied in the field. Only thus can the most p~obable and the most 
extreme, variations in river conditions be predicted. ' · 

· T~ough alluyia~ river models have mauy clear-cut limitations; yet 
they g:~ye essenti~lmformation to those who can interpret them. They 
should no~ be .expected to show what will happen over a long period of 
yeat·s i the1r chief value being as an aid to engineering skill which they 
9111\ never replace. 

452 



APPENDIX 1 

List of Bombay Public Work3 .Department ~clmical .Pa 
.Annual Reports of the {ntlian Water100118 &pe,·im:~ attl 

Bombay 
T.P. No. 

Station, Poona 

13. Soil a11fi Sub-Soil Survtys in the Deccan Canal areas b c c 
Inglis and V. K. Gokhale. ' Y • • 

14. A Sh?rt Note on the Improvemtmt of .Damaged Lanrk in the C<mal 
lmgate.d Tract.s of the Bombay Deecan, by C. c. Inglis. 

15. Notes on Standing Wave Flmnes and Flume Mete~· lila"~ by c c 
Inglis. Hv' • • 

16. Note on Irrigation on the Block System iu the Deccan Canal 
Tracts by C. C. Inglis. 

17. Note on the. Effluent Farm near Poona (1918-19 to 1925-26) by 
C. 0. Inglis. 

19. Note on the .De..~ign of Distt'ibutaN'es atld their Outlet.~ in the Bom· 
bay Deccan, by C. C. In"'liS. 

<:> • 

20. Note, dated November 19:2i on Model expt>riments to ascel'tain 
the effect of Partial Linit1g.of tl~ .1lalt>gao11 Ct1t in miles 38 
and 39 of thl' Nira Lt'ft Bank Canal by C. C. Inglis and 
D. V. Joglekar. · 

21. Note on the Outturn awl Pro.fit from Stt,tfal't'alle C't'OJ>s grown in 
the Deccan Canal Traets, by C. C. Inglis and V. K. Hokhale. 

22. Not~> on ExpPrilwuts enrl'it'd out at the llrdrnulio Tt>sting 
Station at Distl'ihutat·y No.;), ~lutha Hight Bank Canal, uem• 
Pooua, with a Limllt'!l T.1111t Standing Wa''" Plume by C. C. 
Inglis with aHsiHtnnN• of D. V. JoglPkm·. 

23. A. note on Sla11ding War'l' Pipe 011tlrt.~. by C. C. Inglis. 
24. Report on La111l/"~raina.ql' Expr>riments at Bat·amati, by C. C. 

IugliH, with V. K. Ookhalt> and staff of .BR.ramo.ti Develop· 
ruent Suh-Dhision 

25. Modulinq opaalions on DixtJ·ibutary No. R, Nira LPft Bank Canal 
and al\plicatiou of till' HrRults to other DiHtributa~·ies, by 
C. C. nglis, with D. V. Jol{lrkar. 

26. Report on Tests madt> on a .Mrodel of the Group of Regutatm·s at 
Odr1·olalat milt> 169 apprro-:tmatf'!y of the Rohri Main Canal, 
Sind, by C. G. Hawes and C. C. Inglis. 

27. R~>port on Experiments on Jl!odel Cult,erts made with Bnme 
Pipes, by c. G. Hawes and H. S. Kahai, with appendix. con· 
taining a Note on the use of Hume Pipes for irr1gation pur· 
poses, based on Notes by C. C. Inglis. 

28. Note on Resea1·ch work done by the Special l1'1'igati<m .Division 
since its formation in June 1916, by C. C. Inglis. 

29. Note on Experiments cal'l'ied out with various desigtlS of piers 
and sills in connection with the Lloyd Barrage at Sukkur, by 
C. c. !~lis and c. G. Hawes, with J. 8. Reid, D. v. Joglekar 
and H. v. Katakkar. 

30. A. note on a Critical Study of Run-off and Floods of Catcltmenta 
of the Bombay Presidency with a sh.ort .Note on losses from 
lakes by evaporation, by C. C. Inglis Wlth .A. J, DeSouza. 

31. Report on Experiments carried out at the Karachi :Model 
Testing Station on a Model of a Flumed lleg_ulator by 
C. G. Hawes, and H. 8. Kahai,with a note by C. C. Inglis. 

42. Notes on {1} Flttmed .A.gueduct.s, 

s 75&-70 

{2} Remodelling an existing Canal or Distributary; to 
pass an increased di8Cl1arge, . · 

(3) .Affluq; caused by heading up water at regt!lators ot 
a eanal and the extent of backwater and, 

(4j .DistM"lmtion of velooities in chann_els, by C. O. Inglis. 
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44. The J)issipation of Energy below Falls; by C. C. Inglis ~nd D. v. 
Joglekar. · ·" 

4 Note of May 1931 on Silt Eulusion fron;t Canals .Still PoruJ" 
5' verSUB "Open Flow" part I, by C. C. Inglis. 

46. Note on Silt Eulusion frhom fCllanals,,dtPhartmoiidelFoirfst tieposrtkkon 
·experiments with t e u . W1 · • r~e .u ur 
Barrage at Khadakwasla Wlth Appendices on t~e design of 
dynamically-similar models in accordance Wlth Lacey's 
formulas, by C. c. Inglis and D. V. J oglekar. 

·49. :Development of Irrigation in the Deccan Canal Areas, by C. C. 
Inglis and v. K. Gokhale. · . 

51. Note on experiments 11arried out with a ~kort-crested weir model, 
by C. C. Inglis and D. V. J oglekar. . · 

52. :!Factors affecting eulusion of bed ·silt from Oana"ts taking off from 
~ alluvial rivers, by C. C. Inglis and D. V. J oglekar. 

54. Note on 1experiments with a model !>f the Head sluices of the 
Nira Left Bank Oana1, by C. C. Inglis and D. V. J oglekar. 

55. Report on experiments carried out with Models in connection 
with the protection o·f the Bardinge Bridge, on the Eastern 
Bengal Railway, by C. C. Inglis and D. V. Joglekar. 

56. Land .Drainage in the Deccan Canal Area b'y W. A. Evershed .. 
57. Note on disposal of Poona Sewage Effluent, by C. C. Inglis and 

D. V. J oglekar . 
. 58. Report of work done at Lake Fife Hydrodynamic Researt;h Station 

during the year 1936-37, by C. C. l:nglis and D. V. Joglekar. 
59. Silt Control at Beads of Canals and Distributaries, by C. C. Inglis 

and D. v. J oglekar .. 
' lle!o$roh 

Publication 
Numbar. 

• 

1. Annual RPport of wo1•k done during 1937-38 by .c. C. Inglis, 
.A. . .R. Thomas, D. V. J oglekar and staff at Khadakwasla. 

2. Ann~al Report of work done during 1938-39 by same authors 
as m 1. 

3. NotE> on thE> theory, design and construction of Gibb Modules 
which, without moving parts,' give a constant discharge within 
working limits irr(>Sp~ctive of variations in upstream and 
doWllStream wate1· levels by C. C. Inglis and D. V. J oglekar. 

4. Annual Report of work done durin~ 1939-40 by C.. c. Inglis, 
.A.. R. Thomas, D. V. Joglekar ana staff at Khadakwasla. 

·5. Annual Report (Technical) of work done durin()' the year 
W!0-41 and index for 1937-41 by C. C. Inglis,· .A.. :R. Thomas, 
D. V. Joglekal' and staff at Khadakwasla. 

6. · Annuat Report (Tech!rlcal) of ~ork done during · the year 
1941·42 by C. C. ln~lis,, J. S. Reid, D. v. J oglekar and staff 
at Khadakwasla, With mdex for 1937-42. 

7· .A.~~~~3~P0rtc<T1ech~cal) of ~ork done during the year 
at Kh d Yk · 

1
· n~lis,, J. S. Reid, D. V. J oglekar and staff 

a a was a, W1th Index for 1938-4:2. 
8. .A.~~~:l ~R'el(r~ (Tech~cal) of wal'k done during the year 

Wasla Wl
y 'th' ,, d. Infglis,

9
D. V. Joglekar and staff at Khadak.:- · 

. , lU ex or l 39-43. 
9· ·A~~4,:1 b~ebor~,(ie~\nicaB of work done during the year 

W:Sf:!la, vpth indexnforsiw~Y.' Joglekar and staff at Khadak-

10. Annual RE>port ·(Techn' 1) f k . · 1945 by ;o v J 1 k lea o wor done durmg the year 
for 1937-45 • og e ar and staff at Khadakwasla, with index: . . ' 

\ . . . . -. 
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BED RIPPLES AND BED DUNES 

Sheet A2-l 

Photo 2:289. Photo lookm-; ups:ream io sand cha nne l ex periments, 
showing typical npple formation m white V sand (uoacreened), 
0·.?4 ru m .. \\"ith Q = 1·5 cusecs w1thout sand i11j ectioo. 

PHOTO FR011 I. w. E. STK. A. R. T. 19-!3. 

s 759-71 457 
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TROL OF RIYERS .-\XD C.-\N:\.LS 
THE BEHAVIOUR AND CO~ 

Photo 3067 L ooking upst ream sh<• \Y in,r;-
appearance of beddunes attl.te npst n·am 
end and intermediate condit ion lwh H·• 11 

large ripples and .small d~nws at .t~·_' 
lower end in expenment \YJth Q = lJ· 1 ·> 
cusecs and X = 0·2 per thousand h.\· •1rr 
weiobt of V sand (0·35 mrn.) in L. J :. b 

flume. 

:Photo 2510. L oo' ing upstream ~b owing 
the bed condition with Theur sand 
(m = 0·23 rnm.) after ripples bad been 
~Ye.sh ed. awa:·, except near th~ sides, by 
tncreasmg the Yelocity frC'rn l ·OS'fsec. 
to 2·08'/sec ., by reducing depth with 
same q (= l·OS cs. jft.) to about half. 

PHoTos FRo:u I. W. E. STx. A. H . T. 18-13. 
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APPENDIX 2 . 

BED RIPPLES AND BED DUNES 

A2.00. !NTBonu&r.roN 

The formation of ripples on the bed of an alluvial channel has been 
studied in detail at Poona. In 19:1:0, experiments were carried out 
under the supervision of Mr. A. R. Thomas,-Deputy Director-in a 
2·5 ft. wide channel, in which a predetermined discharge was l'UU the 
water level being lowered until bed movement commenced. The ~ater 
level then being gradually lowered 0·05 ft. and maintained constant 
until bed movement had practically ceased. The mean height of bed 
ripples (top of crest to bottom of trough) and length (crest to crest) we1•e 
found from the average of several ripples. 

The experiments showed that 

(i) ripple height varied with different materials; 
(ii) when the water level was lowered rapidly, keeping the 

charge constant, vigorous scour occurred and the ripples which 
formed were higher, the final depth of water grt'ater, and the 
velocity lower than where water was lowered gradually-that is to 
say, increased charge led to an incrt'ase of ripple height, an increase 
of depth, and a reduction of velocity; 

(iii} thou~h ripples formed when flow was initiated in a channel 
with a bed of Khadakwasla saud, they gradually disappeared, due 
to the material (ru=O·:!O mm.) being partially cohesive; 

(il') hell ripplt•s did not form on a bed of coarse sand; 
and 

(!') the PIH'r~y slopP iMreased with coarseness of material 
as wt>ll as with relative roughness (hr/d). 

Furtht>r PXperinH•nts were catTied out in 1943 by :Mr. S. C. Desai to 
ascertain the fa<>tors affecting the formation of bed ripples and sand 
dunes on the beds of alluvial channels. 

Bed-ripples are small undulations which appear in a distinct pattern Photo Shoot 
on the bed of a channel-see Photo 2289. .Ul, 

Ripples appear and develop wherever bed movement occurs, even 
though it is very small; and their shape and dimensio_ns d~pen~ on. th_e 
discharge of water, the sand charge, grade of matenal, 1ts Size·d1stri· 
bution, and specific gravity . 

.!2.01. :MOVElrENT OF SAND PABTICLES 

When the water level in a flume flowing ·with constant discharge 
with incoherent white V sand on the bed (m=0'21 mm.) was·:gradually 
lowered it was found thal. a stage was reached when very light 
particle~ of the mixture expos~d on th.e bed ~egan ~o be thrown into 
suspension (see Fig. A2·1), while hea.Vler particles did not move. On 111, .U.li 

• 

s 759-711 

FIG. A2·1 

w.L. _____ ..... --&.IGitT PMTICLES $.1:1' UP 
•• .su•Pt:I<SIOI(, 

(FIG. 49 FROM A. R. T., 19~3 OF I. w. E. STN.) 
. ' . 
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. · I city' by lowering the water level, it was 
further incrh11; 1}g th;arlicies U:. the mixture began to move on the bed· 
observe1 t a. ar~e water level still further, the medium and fin~ 
and ~n ower:tng The reason for large particles moving before the 
part1cles n~tfied. p rticles is due to the larger particles protruding a 
me:Jdiat:nce n:bo~e the general b~d level, so that they are acted on by · 
smlativel high velocities at some dts~ance above the bed, wherea~ the 
r1ie Yt. lea whi'ch fill the interstices between the larger particles, • 

ner par IC I 'ti * · 
,j, are acted on by relatively low ve oc1 es. · 

,!2.02. :MEcHANISM OF llJl>PLE FORMATION 

FIG . .A2-2 

. W.[.. 

M~ 4994 ·b. 
I•W• &· -~ IIOO'tl • _________ ...... ___ _ 

OH !!.ED 

(FIG. 50 FROM A. R. T. 1943 OF I. w. E. STN.) 

.AJ!J the sand grains in a given mixture vary in size and shape; and 
in turbulent :flow, any random collection of particles will occur on the 

lltg. A2·2; 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 
scoured from the trough and the scoured material will deposit at a 
point further downstream to form another ripple crest which, in turn, 
will lead to the formation of another eddy; and the process thus 
becomes continuous downstream. until a series of ripple crests and 
troughs is formed. 

I ~~ 

FI<l. A2-3 

Ni 4!194:. C: 
hW•QAt,tf.t;':l~ 

(FIG. 51 FROM A. R T. 1943 OF I. w. E. STN.) 

Due to eddi.~s formed in the tr h · · · 
~al;ld are shot up in all direct" o~g of sand ripples, par~cles of 

. llelllg shot up higher than les~o~ from ~hf trough, 'Very fine particles 
· Fta.Ai·a. suspension-see Fig. A2-a. e par c es, to be carried away in 

•Poper No. 17, U. S, Wate.~w.,Ya Experiment StatioD, Vicksburg, ltlssissippi, 1935, 
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Some of the medium particles ~re als h t . 
but these are not carried in suspension b 

0
t s 0 up from the tl•ough; 

slope of the ripple, though some of the~ fallmostg fall on the upstream 
th~ next ripple. The particles which impinge~ . \~syeam Slop~ of 
lymg on the upstream slope set some of the e.~ns ti~ argerparticles 
action is feeble. . ' . m m mo on, though this 

FIG. A24 

, M"A99S· 
l>lcwt WA'ItiZWA'CS tJo'"" ....... 

0 
•001 ' I I •10 • 

- GQ""" foiSt '" NIIU.IIIIE ... tVc, C.e,.t, C:I.AMII'ICA110II, 

(Flli. 5~ lHO'l A. R. T. 194:3 OF I. w. ]!J. STN.) 

The rest of the particles are rolled up the ripple surface towards the 
crest tmd then slide down the lee face, to form a leeward slope with an 
angle of rt>pose which is steeper than the normal angle of repose. This 
is due to the upward current of the bed roller in the trough; 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. A'H· which depicts the mechanical analysis of white V Fig. AH. · 
sand: collect-:d from the upstream and downstream slopes of a . 
sand ripple. 

.A.'2·03 CLASSIFlC.A.'llON OF Bil'PLEB AND DUNES 

There are four distinct stages of bed roughness. Ripples; a con· 
dition intermediate between ripples and dunes; and shet>t movement. 
Kramer* based his ripple classification on the ratio of height of a ripple • 
to the depth of water which formed it and classified as excessive ripples if 
h were greater than 8 per cent of the depth of flow, medium ripples if 
r ~-• -b ao;lb hr were~3 to 5 per cent~ of depth of flow, and weak ripples if hr were 

less than 3 per cent of depth of flow. .A.t the Waterways Station at 
Poona we have found, however, that all incoherent sands with mean 
diameters up to o·43 mm. form ripples greatly in . excess of S per cent, 
especially where depths of water are low; and that the ratio· of bJd 

decreasest;n_th increase· of disch!lrge per foo.t run. Hence such a 
classification is unsuitable for defining types of npples. 

• Hans Kramer: "Saud mixtures and sand movement In Flnvial Models "• Paper No. l9il9,. American 
Society of Civil Engineers, 1934. 
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- n be better classified from their patte~n on the 
1'holo sbeel :J;tipples and dunes ca S067-Photo Sheet A2-2-and Fig . .A2-5 • 
. A'M._,rfA bed of a channel; see photh . 8 the crest of a dune stretches across 

11'11.!2 · Ripples form hT~~lar~Ythw bedea In the case of a ripple there are no 
a considerab.le W1 th 0 thee u;stream slope, whereas small secondary 
secondary npplest. on the upstream slopes of dunes. 
ripples appear at 1mes on 

• ,A2.0!. TRANSITION FROM RIPPLES TO DUNES 

· b d vement conditions gradually change from 
· Withbindtea~e 1i tsfro~orippletsto, small, medium, and large ripples; 

asmooth e . ot;tPP e 11 medium and large dunes, and eventually 
and from large npp;es i~ !~\iso found that after the bed of the channel 
to shee~ mdvem~llb ·um if the velocity were suddenly greatly increase.d 
~as a:alb~d)eq~e c~st ~f the ripples was washed awa~, and an almost 

Photo Sheet s:~oth~bed r~sulted-as shown in Photo 2510-Photo heet .A2-2. 
A2·2. 

FIG . .A2-6 

! 

Flat ~/• slope 

Mt.:-. 5000 .. A 
•. w.r..-... w 

C " C.'REST IS. 

T •TROUGII 

(FIG, 54 FROM~- R. T. 1943 OF I. w. E. STN.) 

The upstr~am slope of a ripple results from a balance of .forces-if 
it is too flat, material will deposit at the crest. and the slope Wlll become 
steeper. If it becomes too steep, the crest will be scoured, some ?f the 

Fig. AH. scoured material depositing in the trough, (see Fig. A2-6) and some on . 
the next upstream slope, till the upstream slope is reduced to the not~ 
mal slope. 

For a given length of ripple, the height is a maxiiD:um whel!- the 
• upstream and downstream slopes are steepest. Bagnold* has pomted 

out that 
"the length of the characteristic path of particles increases 

with increase in velocity." · 
He was writing about air-transported sand, but the same holds for 

water-t1·ansported sand ; and as a result the length of the ripple a~so 
increases with velocity, while the upstream slope flattens and depositiOn 
takes place at the crest; so that the height increases. This is limited 
by the' velocity at the crest; and increase in height relative to th.e 
increase in length decreases as the velocity at the crest increases, unt1l 
1./hr exceeds that for normal ripples, and dunes develop. Due to this 
fiatte~ing of the upst~eam slope of ~he sand dune, convergence of be.d · 
flow IS reduced and 1S less than m the case of normal ripples and lS 
iusuffi.cient 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.A2·7 (al slopes of the bed-see Fig. A2·7 (a) and (b)-each ripple having a roller 
and(b). with horizontal axis formed in its lee, as could be seen through a glass 

window in the side of the flume. 1 

Due to different grades of material in 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 up~tre~m slo:{le of the next ripple. Thereafter, they move 
by bed-creep, mingling Wlth the secondary small ripples which have 

Fig. AS·T (b) formed on the slope-see Fig. A2-7 (b). 
• "The Pb;Jalaa of BloWD. Sand and Desen Dunes" b1 Brigadier B. A. Bagno{d, F. B. s. 
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BED RIPPLES AND BED DUNES 

Fig . .A2-7 (a) and {b) 

(a) 

T T 
Small WGW • 

/VD ~ipp/es D/1 fbt Ufi • Df lhe WOIII!I, 

(h) 

T Setotlt:h".!J l"ipp/a t~~dltt up .sltlfll T ol'o 
. /m;ye twrre • 

• 'iQ/Iauon or /Q'!fC J'QI"Iit:le. 

Rrtj!­
C•CIVA 
T • THIHI.Jit• 

{FIG. 55 FROM A. R. T. 1943 OF I. w. E. STN.) • 
I 

.A2•05 FACTORS AFFECTING THE SHAPE AND DIMENSIONS OF lUl'PLEB 

Experimt>nts have been canied 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"6;) mm., Nala gTavel1·4 mm., and 4"94 mm.; in open channels; 
and with materials of 4·22 mm., 8'7 mm., and 19'4 mm., in flume experi· 
mt>nts. These showed that ripples do not form where the bed material 
consists ot gravel but that sands up to about 0·5 mm. mean diameter 
produce ripples. 

•Rubey concluded that particles having a mean diameter of less than • 
0·10 mm. follow Stoke's law, i.e. the formula for viscous resistance 
(V, a; m~ while those with :m>0·5 mm. follow the formula for move· 
ment by impact of watt>r (V. oc ml}t For intermediate grades the move­
ment of particles is controlled both by 'Viscous resistance and impact of 
the fluid. 

A table based on Zahm's extension of Stoke's equationt indicates t 
a .much shorter transition range than assume~ by ~ubey and an inte~· 
mediate range betweenm=0·2 and m=0·5 m which V, a: m (appro.n· 
mately), with short transition regions each end. . 

• Experiments with N ala sand (0·65 mm.) show~d that ripples do not 
form in Nala sand > ·65 :inm., and such small npplets as formed at 
higher stages of flow were due to an admixture of particles finer than 
0·50 ;mm. Hence, the presence or absence of ripples is .closely linked 
with the yvay in which t~e particles move, which in turn depends upon 
the grade of material. ,. 

-
• "Settllng velocities of gravel, sand and em padioles" by WUUam W. Bnlley PP• B2JI.B3'3 

'Vol. XXV, American Jonrnal of Soienoe, April 1933. . ' . 
t Punjab biigation Besearoh Institute Report for year ending Ap:rill93T, P• 46 and Table 16, 
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THE BEHAVIOUR . .A.ND cONTROL OF 'Rl'V'El\$: AND. OANALS 

E
FFECT OF SIZE DlsrtUBtiTION: OF -J:iiaTICLES ON TBE RIPPLES 

.!2.06. 
The h rlght..of.ripples in. unscreened ·white V sand-m =0'24 mm . ..:.. 

. t · · g'5 per cent of cop.rse material above 0'6 mm. was only about 
~o~f at~~ of ripples in screened V sand of 0·21 mm. This differsnce 
'W~ largely due~ the coarse particles of unscreened sand accumulating 
in the troughs. 

i ; .A2:0f EFFOO'L.O~ .ORARGE 'OF BED SAND 

Sand Ioad'experiments were carried out in the 2.'25' and 4'51 vertical­
sided flumes with white V'Sand=o-35 mm· The discharge and charae 
were the same 'in the two' channels, being 4 cusecs a;nd 0·2 per cent by 
dry weieht respectively. Equilibrium was reached With large dunes in 
the 2·25' flume and with small dunes in the 4·5' flume. In experiment 3 
of that series, the ..charge was reduced to 1/4th, i.e. X=0·05 per cent 
by dry weight, and it was. observed that with reduction. in charge the 
bed condition in l!oth the flumes gradually changed, the large dunes 
being replaced by small dunes in the 2'25' flume, and the small elunes 
by ripples. in the 4·5' flume. 

These experiments showed. that ripples or dunes increase with 
increase in charge when discharge is kept constant . 

.A.2.08. EFFECT OF DISCHARGE 

In sand bed experiments carried out in the 4·5' flume with white 
. V sand (0·36 mm.), it was found that with the same charge ro·2 prr 1 000 

by dry weight) but with various dischar<>es (3·6 cusecs, 5·0 cusecs 'and 
?·75 cusecs) .sm~ll dune~ fo!med on the be~; and the height of dunes 
mcreased With 1ncrease m d1scharge, but ratios of height of ripples to 
depth of flow were nearly similar . 

.A.2.09. PHENOMENON AT :'HE DUNE c~EST (Observed through the 
glass s1de of the flume) . 

· t~s in tfe casedof ripples! large particles move by bed-creep on tbe 
upft r~am s ope of unes, while some of the medium particles move by 
sa ation, the fine particl~s being in suspension. 

I 
Fig. A2·8 

(FIG. 56 FROM .A. R. T. 1943 OF I w E s 
• • • TN.) . 

Movement of material on th 
Due.to the sharp curvatu1•e of flowe wave crest is shown in Fig. k2·8. 
particle~ were swept up by the turb~\;~e ;ave crest, some of the fine 
suspenslOn. Th~ course of medium ti lw and were carried away in 
struck the upstream slope of the next lar c es. curved downw~rds and 
suspe~sion, saltation or bed-:ereep Thlne, s~tting particles in motion­
?f g1•ams :was very considerable 'rt s jction of a descending cloud 
ll'regulhJ.• eddies in the trough~ th was a so observed that due to small 
troughs was intehuittent. ' e movement of particles from the 
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BED BIPP!.ES AND B~ DUNES 

Fig . .!2-9 

PE:C:UllAI< SALTATION 
REMOVE:D. 

\ 

..,.v.:::.ol""-~"·::..• ----
- -------------------~ 

(FIG. 57 FRO!![ A. R. T. 19:13 OF' I. w. E. STN.) 

A2.10. SCOUR OF TilE UJ>STRt.ur SLOPE OF DUNE CRESTS 

At times it wa~ obsm-.~'~ that heavy saltation devPloped from a 
dune crest, the particles strikm~ the upstream face of t.ht> next dune. 
J!eav~. scou~ then. occ.l~rrllcl an~.~lmost ~11 pm:tielt's movE:'d by saltation. 
[see .hg.- A.-9, (t), (u I and (w)]. This act10n was so sev~>re that ,.he Fig. AU. 
upstream s~ope of the ~l~nE:' cr~st bt-came wry stt>t>p, which kd to the 
upper podwn- from (t.u) to (11·)-slippin"' off. Durin" this motion it 
was obs<:>rved that the rate of travt-1 of the 'dune (ll'f'St w"as less thau the 
rate of nlilVf'ffiPnt oconrring at the upstream end of the dune, dne to 
scour, n111l hrnre the lt>n1-<th of the dunE' der.rPnst>d, until, in some cnses, 
the wholP .of the dt~n~> was destroyed. The m~>an length of the path of 
the saltahn~ parhelt•s ft·nm the seom·l'd portion was nearly equal to 
the l··n~th of a Hntall dune. Whl'n thr lt>ngth of a dune bPcame about 
10 PN' rent j.,'Tentt'r than nnrmal, RlllRil seeondary ripples developed on 
tlw npstrram Hl(1pe of the dune. Th.ese results were for equilibrium 
condition!-\ with a tlillrharge of 2·22 cusrcR per ft. run and X=0·2 per 
cent. Uwl~r thrRe conditions, the slope was found to be 0'63 per cent, 
d=I·3:l', V=Hii';'sec. and V'/d=2·08. · 

.!2.11. SuMMARY OF THE NoTE 

1. Bed ripples and .dunes are undulations which appear as a dis­
tinct pattern on the bed. 

2. The origin of ripple formation lies in the uneven movement of 
material caused by the flow of water. 

3. Random collections of particles occur on the bed. These ct•eate 
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 seriE>s. 

4. Ripples develop wherever bed movement occurs, even though it 
is very small; and their shape and dimensions depend on the discharge 
of water, the sand charge, grade of mattrial, its size-distribution, and 
specific gravity. · 

5. With inorease 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, sheet movement occurs. 

6. With increase in bed velocity the characteristic path of saltating 
particlPS increases and the ripple length increases, with a corresponding 
small increase in height. · 

7.. '£he upstream slope of a ripple which has formed on a dune is 
dependent on the balance of forces between the r~te of be~ movement 
and the erest velocity. The downstream slope. IS determt!led by the 
angle of repose as controlled by the upw~rd cnrr~nt of flow 1n the roller 
eddy (with horizontal axis) which forms m the trough. 
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FACTORS AFFECTiNG EXCLUSION OF BED SAND 

APPENDIX 3 

I'hoto tnl. E scape at the nose of tho Divide 
'Val! - fac!ng towards tho canals­
looking upstream. 

Ph c• to -180. E scape at the nose of the Divide 
Wall--facing away from the canals­
looking upstream. 

Q R :::: -±•06 CS. j Qcs = 2•5 CS.; Q (CSCILI>O) := 1•56 CS. 

Pao1'os FROM B oMBAY T. P. No. 52. 
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TnE DEHA VIOUR 
AND CONTROL OF RIVERS AND CANALS 

Photo 530. Sccur at a \'crtica l-nosed Di,·id( ' 
Wall ending opposik the npstr<':1lll cn!l 
of Eastern N ara Canal after }.) hours 
flow. 

Sheet A.3-2 

Qn = 8·32 CS. ; Qn = 5·8:2 c. ·. ; (lc = ~ · .) <· u:-;('('~; 

Photo t305 Loncr n· ·a "l . • 

1 ·a · o t v1 e Nall ••nth l)itcbio .,. at round nos ft l:. o 
residual ·t h~ a ~r scour, sbowmg the 
inverted bPI ct mg tn the form of an oa . 

Paoros FROM BoMBAY '1' IJ N .~ .J . . .[ o. () ..... . 
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FACTORS AFFECTING EXCLUSION OF :BED SAND 
- ... ~ ~ 

APPENDIX 3 

FACTORS'AFFECTING EXCLUSION OF·BED SAND FROM 
,CANALS TAKING OFF FROM ALLUVI.AL RIVERS 

. ' . 

SuMMARISED FROM BoMBAY P. w. D •. T. P. 51. 

Model experiments carried out at Poona *in connection with the • 
design of Sukkur Barrage showed tl,lat the proportion of bed water to 
slU'face water drawn from a 9 ft. wide, lined flume into a 3 ft. wide o~ 
take with its bed at the same level, the discharge being one-third that in 
the parent channel- so that VS/d was the same - was 1'1!8 with 3 'cuseos 
in the parent channel, whereas with 6 cusecs, the ratio increased to 2·13 
showing that doubling the velocity 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 1·89 or by ll p,er cent; 
and adding piers reduced the ratio to 1·80 or by a further 5 per cent. 

~~= 4 ca. I, 
13.11.: ll•O --·· 'Va=o·eavf,, 5 
v = C1•1&7 f[,. I A. ' 

'• ' ..... ,...owroe WAL~ ! I 

~ 

: a 1, : .. ... 
1.1 . . . 

4 ....... .... .. . l}l . 
9 
tJ 

SIL\. A• HIG~ D: \' 

(FIG. 9 FROM BoMBAY T. P. No. 52) 

• 

When a divide wall was added (Fig. A3-1), making a.po~ket = 4/9tha Fig. AB·l 
the width of the parent channel, with ''still pond" ~nmngunpoa~d, the 
ratio was reduced from 1'80 to 0·62; but when the d1scharge o~ts1de the 
divide wall was reduced from 4 to 3·42. cs. and the ~erslmees. w~re 
opened to pass 0·52 cu~ec, the pocket ratio was appro~ately nmty • 

·.. :p W.D m ·P:No •2 "Factoualfeetiug E:coluaion'of l!edSiltfromCaua!ll lakiDgofllrom .- Bombay • • • ... • • • . · . · . • 
. ·;.Allnvi~~ Rivers." · · · • ·.~ • -

s 759-75 . 
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. NTROL OF RIVERS AND CANALS 
THE BEHAVIOUR AND CO . . . 

TA.BLB A3-I. . 

Seriea 9 without Seriea IO·D with ' 
a divide wall and a divide wa 11. under-sluices cl;sed. 

... 6•0 6•0 
· · . Q11 (ousecs) ... . . . 

4'0 4'0 . ' .... 
Q8 (cusecs) ... ... 

.2·0 2•0 ... 
. Q~ (cuseos) , ... ... 

... o·67 . 0•67 
Ya. (f/s} .. '. ... 

0•67. o·so . 
Va (f/s). .. . ... ... 
Vo (f/s) 

... o·67 0•67 ... ... I 

Surface divide (ft.) ... 2•5 3'25 .. . . ... 
' 4'5 2'0 Bed divide (ft.)· ... ... ... 

R ti of bed w~ . drawn into Canal 
a 0 surface water . 

1'80 0'62 

. Though these experiment~ ·v:ere. done With a. rigid bed they give 
a clear-cut qualitative result 1ndicatmg the relatively sm~!l ~ffect o~ 
a raised sill on excluding bed sand and the. greater effect of .still pond 
running: The benefit of 's~il~ pond' run~ng decreases rapidly as the 
pocket silts; so that even this IS not a solution. 
· The optimum length of divide waU was investigated at Poona in 
connection with sand exclusion at Sukkur, and the conclusions arrived 
at were that 

{il .A. divide wall should not normally extend beyo11d the upstream 
end of th.e upper canal . ' 

(iii A shorter divide wall is almost equally effective for exelud­
ing b9d-sand, and makes it possible to scour the bed of the pocket 
more quidkly and effectively, and gives better control. 
Other conclusions arrived at were that 

(iii) In general, it may be said that the higher the velocity' 
thro~gh the under-sluices the greater the proportion of bed-sand 
drawn by the · Canals. The reason for this is twofold - due to the 
higher velocity 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, m01·e top-water flows through 
the under·slui~es, and hence a large proportion of bed-water enters 
the Canals. · . 

(iv) Where the1•e p.re several canals, the bed water tends to 
llow into the upper l).nd larger canals. . - ' 

. • (v) '\Yhe~e ther~ is a pavement, sand exclusion will not merely 
be quant1tahvely d1fferent from that which occurs IVhere there is 
no pavement and a free. scouring bed, but the result may even hP. 
reversed. 

It follo~s 'from this, that under some cil:cumsta~ces a p~ved 
ftoor is desirable while in others the reverse is true. . . 

(vO Where there i~ a curvature of :flow; the top, high V'elocity 
water t~nds to flow outwards, and the relatively slow-moving bed· 
water IS defteoted ·towards the convex bank. In other words, 
curvature of flow tends t(o deflect bed sand from the concave bank; . ' 
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FACTORS AFFECTING EXCLUSI0N OF BED SAND 

• As an offtake from a. straight channel causes curvature of ftow 
towards the offtake, the offtake draws bed-water. If this curvature 
is reversed by constructing a pocket in front ofthe canals and run­
ning it" still pond" the curvatureisrevereedand bed-sand excluded. 
When the " velocity : 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· occur without a divide wall, and does not 
matter, beeause at such times the movement of bed-sand is negli­
gible. . . · 

(vU) In order to II draw" sand away from a canal, water must 
be "drawn towards" mid-stream' of the parent channel, to obtain 
the correct "surface outwards " rotation. 

(vi) and (vi~) are illustrated in Figs. .A.3-2, .A.3-3, and .!3-4 Figa. AS.S, 
(showing lines of flow and Table A3-II). us, AH. 

TABLE A3-II Table AS•U, 

Series 35· Lined bed. Sanded Bed. Sulea 36· Sanded bed. 
Divides Total 
width=9 ft. I Escape. I Esoape. Canal. I Eaoape. Canal. Canal. 

. 
Surface water 6·5 2·5 3•2 5·8 6•25· 2'75 

di vid~ (ft.). 

:Mid-depth divide , 6'0 3·0 3·8 5·2 4·5 4·S 
(ft.). I 

. 

Bed-water divide 4•5 4·5 9·0 0·0 2·5 6·5 
(ft.). 

. . 
I Bt'd watPr. I 

Q·(j9 1·80 2·81 o·o 0•40 2•36 I 

Surface watt>r. I 
Photo 479 (l-lhPet .A.3·1) and }'i~s. .A.:J-5. (Sf'ries 35X), Photo 4~9 Photo Shoo 

(Sh('t't .!3-1) and Fig . .A.:J-6 (S;-ri.es 3~) showmg bed contours, explatn Fl~s~\8.6 why the rrversed escape of Ser1es o6 was so much more successful As-o. 
than the SeriP.s 35X lay out. ·. 

1='\IC..II. '3- S ( CS.t:12\'i::S aE, X) S\40WlNG SAND C:.ONiOU12S • 

k~i~~ \'2. HCU~'$ OF FlOW 

~~ ..i 
·~ :z: 

"' .. .... 
' ""i 

(FiG. 21 FROM BoMEAY T. P. No. 52) 

I 4:75 
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THE ;BEHAVIOUR _uiD CONTROL OF _RIVERS AND CANALS 
' . .. ... 

rte.. ,._3:~ G (s~sm:):> 3'6 ) SHOWING s.~~p. ~OH1'0Ut!s. · 
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~ (Fr<i. 23 ;FROM BoMBAY T. P. No. 52) 

,;. 

~ 

D 
~ .. 
0 
.I 
u 

· (vii~? .AI3 sand exclusion is governed by curvature of flow, which 
in its turn is governed by the ratio of critical velocity ratios inside 
and outside the divide wall, it follows that diverging divide walls 
are-within limits-better for sand exclusion than those constructed 
parallel to the face of the canal regulators. 
• (ia:) 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 berl, it 
progressed like a live thing-such as a fish or water insect (Fig . .A.3-7 
and Table A3-III). 
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FAOTORS AFFEoTlNG EXCLUSION OP BED SAND ... 
> TABLE Aa-m . 

Time in Appros. 
Time In Velooit~ seoonds ttom C • • See~n~ds 

Seeds, ttomC. S. 85' to homc.s. Approximate 'Ptloulty from.C. s. u• to 
Bli'to c. s. 47' 47'to c. s. 52' (f/s). c . ..s. 47'. (f/a) • c.s. 52'. , . 

. 
-- . 

B 18 0'90 15 Q-33 f/s and flowed towards 
' Barrage. 

D 13 0·90 9 0·56 'f/s and ftowed towards . 
Barrage. 

. 7 0'70 f/s and ftowed towards 
Barrage. 

F 10 1·2 . 5 l·O f/s and ftowed towards 
Barrage. 

(x) Large radius (R=20') concave vanes built upstream of the 
pocket were more effective in excluding bed saud than vanes of 
smaller radius (Photo 530, Sheet .A.3·2) Photo Shee• 

.6.8•3, 

(xi) Vanes with tops sloping longitudinally upwards or down· 
wards caused disturbed tlow downst1•eam, and bed saud was thrown 
into suspension. 

The bt>st results were obtained with a horizontal vane of hei~ht 
= 1(3rd the drpth of water with a gap between vane 'and diVIde Fl11• As-a 
wall (Ji'ig. A3-8 and .!3-9). an4 A8·8 • 

.. 
... . . 

f"IG.A "5-8(5£/?!£5 !5.3}VAN£ WITH HOPIZONTAL TOP AND 

HC!G'HT = 'f3,.J !JCPTHOF·WAT£1< AND SLOPING 

M£D!UM LF.:NGTH DIVIDE:. WA.U.· 'fa/ <Jr:s= 2·BS.· 
RJiF.- SUR."'ACI!. WIITER-­

MID•OI!Pt'H --- -----

' . 

s 759-76 

(FIG. 31 FROM Bo:MBA.Y T. P. No. 52) 
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ll'lg. AB·lO, 

.. ' ~ ; ' " : l ! 

, 

,. 
. . 

·' ·I ~ • , t 'u 

(FIG. 32 FROM BoMBAY T. P. No. 52) 

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. 

. . . ( ") w·t'"h" d' 'd u b t bed water d b th , :\xu 1 . a. lVl e wa u no vane, top water rawn y e 
,c~nalswas 0·11 and 0·38 when qu/qcs=2·88 and 1·56 respectively and 
all the bed water .that entered the pocket was drawn by the first 
canal, i.e. the Eastern Nara (Fig . .A3-10). 

I 

. fis:A· '! ... fo ( SER/E'S.-4-8) SJ.IOPT DIVIDE WALL iVITH N05t:. 

• 

S/.OP/l'IG AT liN31INDBOfl/ZONTAL VANF;. 

liiR • 5•.1!5 ·c;s. 
ills = :!· ~5 cs. 
~es"' 3•6 o:s: . 

.. •.· 

. , .. 

!it:IRFAt:tr WIITER . 

'MI'!-DiiPTN~ ---·----..sm .............................. , 

(FIG: 38 FROM BOMBAY T. p. No. 52) 

. ''· 

(xiii) When the divide U ' 
l,ga. AS·ll, grea.tt'st depth of soo wa. wdas unprotected by pitching, the 

AHS. .A.3·12). · u:r ocourre at the ·nose·. (Figs . .A3-ll and 
, 
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' 

(FIG, 4'3 & 44 FROM 
BOMBAY T, P. \'\!! 5&) 
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.-··:··. 
... . FACTORS AFFECTING EXCLUSION OF BED SAND 

' ... 
. . 

· ·. Scour was consi?erably le~s when the nose of the divide wall 
was ~onstr11<;~ted'slopmgatl v~rtica.l: 3 horizontal (=::1:18 at Sukkur}; 
but a .fiat slope was not cons1dered to be desirable at Sukkur as it 
woul~ have endangered boats; also sand exclusion was much less 
effective. · 

· (xiv) When loose stune pitching was laid round the nose it was 
gradually scoured away and redeposited, sloping outwards ~om the 
divide wall (Photo 605, Sheet .A.3-2; Figs . .A.3-13 and .A.3-14). · Pho•o Shett 

AS-I. 
(xv) The-further the scour was removed from the nose by Figus-111. · 

pitchilig, "the lees its intensity. Hence it is desirable to provide AS·l•. 

very strong bed protection at the nose of a divide wall. . 
(xv~) .A. aividewall should not extend beyond the upstream end . 

of the upper canal, and a shorter divide wall is almost equally 
effective for sand exclusion and enables the pocket to be scoured 
out more quickly and effectively and gives better control. Taking 
everything into account, it appears that in general a divide wall 
extending for 2/3rds the distance of the canal or· canals from the 
BatTage gives the best results. . 

(:n•il) This Paper deals primarily ;nth channels taking off from 
a straight channel. The general principles are applicable to all 
cases; 'but it is unwise to assume that details of design are univer­
sally applieable. Actually they are not, because in curved channels 
the curvature of the channel is generally t~e dom~nnnt factor. 
Hence it is advisablE' to carry out model exper1ments 1n every cnse 
and to take all probable changes of conditions into account. 

~H3 • · 



· APPENDIX4 

EQUfY ALENT SIZE AND SPECIFIC GRAVITY OF STONES 
AND BLOCKS IN A MODEL . . 

• 

Experiments wer~ ·caiTied out ~ connection with the Sarda model * • 
These we.re more ~aSlC than spr~ific in ~haracter, in t.bat the object w~s 

. to develop a techmq~e to determme ~qmvalent size and specific g1•avity 
of bloc~s and ~t?nes m models. Var1ous g1•ades of sand were tested to 
ascertam conditions. . · . · 

T~e m~thod followed consisted of laying a fiat layer of loose stones 
and obsemng the depth of water with different discharges when- 1 

{i) bed movement just commenced; and 
(m general Jl?.ovement occurred. 

In one s~ries, the stone was laid in a sin~le layer on a hM·d smooth 
bed. In another, a 2" layPr of loose stones was laid in tb.e observation 
length, with similar stones upstream and downstream (but fixed to the 
bed). In the case of blocks, a sinO'le line of isolat('d blocks was laid 
across the channel in one series, an~ a closely-packed layer in anothe1·. 

Fig. A4-1 shows results in two of the series. Fla . .t,.•.t 
The following conclusions were drawn:-

(1) When (a) V1 /gd in river= V1/gd in model, and 
(b) specific gravity of blocks OJ' stones in pl'ototype 

and model al'e equal, 
stones above 1'' grade in a channel less than 1ft. deep behaved similtwly 
under conditions of equal V/ .. /gd with diameter rJ: depth; but pebbles 
less than •" grade tended to depart from this relationship,· The same 
was true of cubical blocks of various sizPs ranging from ~ ' to 211 cube. 
In other words, with t'qual Fr (= V1/gd) in model and river, blocks and 
stones behave similarly when . 

median diameter of stone 
depthof1low 

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 Fronde number of model, and 
(b) the specific gravity of blocks or atones in river 

and model are equal. 
Experiments showed that 

median diame.ter of stone «: {t;) 1 '
3 

approximately for commencement of movement. Thus if the ratio of r111• A4-1 
Fronde numbers (model: river) is 1·2, the grade of stone in the model 
should be increased in the ratio 

(1·2)1-a. s =2·04: 
above that given by the depth scale. The index here (1·3) is, however, 
dependent on the velocity dishibution upstream and on the similarity in 
shaRe of stones. With similar velocity distribution and shape of stone, 
the mde:x: would be 1·0. This also holds in the case of blocks [see (3) · 
below]. · 

(3) In the case of isolated concrete blocks . 

2a.meter_ «: (Fronde No.)' 81 
depth of :flow 

• Reproduced from C.I. -~nd :s:. B. S. A. R. ('t) 1939-40, pp. 50-51. A.Jao SC!& PP· 22·28. 
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T.HE llER!VlOUR AND CONTROL OF RIVERS AND CA.NA.LS 

(4) When (a) .Froude·No. of prototype is not equal to Froude 
No. of model, · 

(b) specific gravity of modef and prototype blocks are 
· also dilferent. . . · • 

dia. ex: (.Frx -!-)·o~ 
·d 11'-p 

Where d=depth of flow 
. P=density of water 

. cr=density of blocks. 
As an example, supposing it is desired to reproduce concrete blocks in 
a vertically-exaggerated model to a smaller scale than the depth scale 
then the density of material to be used is given by · ' 

01'. 

<T-p ex; V2.dO·lO 
p (dia.)i-1 

crm=p =rom/V)2x(d~au )lol 'd /d)O•lo 
<Tp-p " , dlam ~ m p 

where the suffixes m andp refer to model and prototype respectively. 
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