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FOREWORD 

Cf:NTRAI, BOARD OP IRRIGATION, 

SIMLA. 

The Central Board of Irrigation published in December 1934 its eighth publication 

under the title "Observation and record of Pressures below Works on Permeable Founda­
tions", whichtwas edited by Rai Bahadur A.N. Khosla, I.S.E., B.A., M.Am.S.C.E., A.M. I.E. 
(India). The object of that public!J.tion was, primarily, to set "forth the factors involved in 
the design of hydraulic works on permea:ble foundations, the up-to-date knowledge on the· 
subject, and the information further required for the solution of- the problem. That 
Publication also. described the methods by which further information could be acquired, 
and recommended the introduction of observation pressure pipes on all new works o(that 
type. The Publication was given a widJ distribution and recipients were asked to provide 

the Board with any information likely to prove useful in further study of the problem. 
Very little information has been received ho~ever, chiefly owing to the fact ~hat few works 
of this nature have recently been constructed and provided with the necessary observation 
pipes. Fortunately, however, exhaustive ;nvestigations have be~ carried out by the 
Authors of this new Publication, with the result that they are now able to present a 

complete solution to the problem, which is supported b;r data from prototypes in the field, 
models in the laboratory, an~ by mathematical theory. The contents of this Publication 

are the result of an investigatio~ in the Punjab Irrigation Department over a period of 
nine years, and t_!Ie Board. is indebted to the Punjab Members of the Board, and to the 
Authors, for the opportunity of publishing this valuable treatise on one of the first problems 
which received the attention of the Board at the time of its constitution in November 1930. 

This Publication has been compiled by Rai Bahadur A. N. Khosla, who has also been 

responsible for the field research, for the engineering interpretation of the laboratory 
investigations and their ~pplication to design, The laboratory investigations at the Punjab · 
Irrigation Research Institute have been carried out by Dr. V.I. Vaidhianatban, Dr. H. L. 

Uppal and Mr. J. K. Malhotra under the direction of Dr. E. McKenzie Taylor. The theory 

of subsoil flow and the mathematics of weir design is the work of Dr. N. K. Bose. 

Datetllst September, riJ36. 
I -. ' 

---

(v)&(vl) 

I 

M. T. GIBLING, 

Secretary, 
Central Board of Irrigation. 



IN 'RODUCriON' : 

·, .· TheD.esign ~f W~irs on Permeab·l~ Foun~ations yvas ~neo_fthe f~rst .s'\bje~t~ taken;~~ 
for enquiry bytha Central Board of Irrigation in their firstl m1etii1-g in l'f~qvem?er,l,930 .. 

The flow of wat~rthro~gh the subsoil flo~.b~low Weir-s; witli its attendant hydraulic 

gradients and uplift pressures, has bee~ recognised as the c;leter~ini~g f~ctor in. de.sign,, 'ever 
since 1895 . when Col. Clibbotn carried out his classic experiments with Khanki sand at 
Roorkee. ~ntil recently, the so-called Bligh Creep 'r4e~ry- which was no.~oretha~ an.· itnJ 

perfect adaptation of Col. Clibborn's work~hel4 the field. It has b~en ~ealised, e{re~tually 
that the subject is more complex than the simple f!)rmula of Bligh ·indicated. . .. · .. 

After som~ fOnsiderable discussion at tha C~ntral.Board ~~eting ·_of. fo~ember l9lJ32 

the following resolution was adopted unanimously:- . ' . . . .· ' 
(a) .that further intensive stutly of subsoil flow b ~neath actual wor~s •. was· assentfa). 

' ' ,I 

(b) that in view qf the active part ;;tlreadytak;m by Mr. Khosla, and h.is published 
papers on the subject, the compilation of a comprehensive not~ o.n the. subject 

should be entrusted to him, 
(c) that Mr. Khosla should be supplied with all available observations on· the subject 

from india, · · . . 
(d) that in order to s~cure uniformity of observations he shou,ld. prepare a note on the 

nature of observations required and t4e form in which they should be tabulated; 

. . this note. to be conununicated to all. interes~ed, through the offlce of the :Board. 
In .compliance with item (d) of this resolution, Rai Bahadur.A. N. Khosla;I.S.E., 

presented a note on the Observations and.Record ofPress:ures belo'Y·. Wo~ks' mi. Permeabie 

Foundations, which was printed· in December, 1934, as Public~tio~ No. 8 o£ the· Centi:a:t 
Board of Irrigation, · . · · . . 

All available copies of thffi Publication were ~oon distributed and th~m; ~as dtmand for 
more. Rwas, at first, pr~posed to issue a reprint, but in view of the. considerable ·advance 
that had been made, in the meantime, on the study of the. subject, both in the field and in tlie 
laboratory, the Executive Committee or" the Central Board resblved (20th July, 1935) to have 
the Publication No. ·8 revised or to have ~:L·n·ew paper written on the subject. Sh: Bernard 
Darley in~ hls letter No. 9453, dated the 29th July, 1935, suggested that a tentative set of 
rules for guidance in design be fraxp.ed by Mr. Khosla and discussed <1t the· November: mee­
ting · of the "Board with . a view to their incorporation in the new. publication. .During the 

interval before November, the field and laboratory researches reached a stage ·when t4e 
final solution of the problem came within sight so that it was possible to lay down definite, 
and not merely tentative, rules for guidance in design. This fact along with a general review 

of the state of knowledge to date, was presented by Mr. Khosla8 at the meeting of the 

Central Board held" at Delhi .in Novembel', 1935 .. As a result of discussio1.1 of this, and. in 

view of item (b) of the Resolution No. 7 of November, 1933, requiring the writing up of a 
comprehensive ·note on the subject, it was decided that the new publication should embody 

' / 
all available information on the subject in ·addition to the essential matter already con-
tained in the Publication No. 8. The President stres,sed the necessity for the revised Publi· 
cation b~ing complete in itself and not in any way suppt~mentary to the first addition~. 

The present publication incorporates the essence of Field Research in the Punjab sin~e 
1927 and of Laboratory Research carried out at the Punjab Irrigation. Research Institute 
since 1932-the latter, under the direction of Dr. E. McKenzie Taylor. An attempt has 
been made to trace from its inception the histor;r of development of the science ~f subsoil 

hydraulics as related to· the d.esign of Weirs on Permeable Foundations. Notice has been 

taken of all contemporary literature within the Authors' knowledge, and any help derived ' 
from such literature has been duly acknowledged in the text. ' 

U) Proceedings of the Central Board of Irrigation, first meeting, November, 1030, page 8. 

(2) Minutes of the Ptoceedlngs of the 4th Annual Meeting ef tb,e Central Board of Itrlgailon held In 
Lahote, 13·11) November, 1933, page 12. 

(3). Appendix II, Central Board of Irrigation. 
(4) Publication No. ~1, page GO. 

. 
Publication No. 11, Annual Report 1934·311. 

(vii) , 
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'the publication has been divide{ into a number of self-contained Chapters. Of these 
~apter VI is more or l.ess a reproduction of the relevant, matter in Publication No. 8. The 
remaining Chapters contain. mostly new matter. · The en~ire mathematics has been collected 
in one Chapter, No. VII. .Chapter. Vlll, on exit gradients, de~ls with some fUndamental 

~principles ir:l design. . . 

. The Plates, Diagrams, Equations and Tables in .each Chapter bear the number of that 

Chapter .in addition to . their own distinctive numb~rs. . Thus Plate VII. 6 indiCates Plate 
~o. 6 pf Chapter VII. Similarly Equation No. 10. ·2 indicates Equation No.2 of Chapter X. 

Every effort has been made to make the pubiication complete in itself, so that designs: 
can l>e worked out in complete detail without much ·reference to outside literature. The in­
corporation in Chapter XI, of the essential diagrams relating to En~rgy of Flow and Stand­
ing Wave, originally prepared py Messrs. Montagu and Crump and modified to suit specia· 
':problems by Mr. Kail~ar Sahi, will consid~rably facilitate the work of the designer. , · 

While it c:m now be claimed that th~ design of Weirs on sand foundations in relation 
to flow of water through the foundation soil can be defermined with great exactness in a 
rational and scientific manner from the simple rules given in Chapter ·X, its determination in 

· relation to flow over the surface still depends mainly on eilipiricism.- This latter aspect of 
the subject is dealt with in Chapter XI and calls .for further intens~ve study in the field and 
more particularly in the Laboratory: · · · 

. A·cknowledgments 

Dr. Vaidhianathan, Head of the Physics Section, Punjab Irrigation Research Ins_titute: 

developed the t~c!Inique of the Electrical Me*od used for determination ~f uplift pressures~ 
The Authors .are indebted to him and to his Assistant, :M:r: Gurdas Ram, for the valuable 

'investigations that they have carried out in' connection with thls paper. . : · . · ' 
The· Authors are also indebted to Mr. Ha:t:ban~ ~al of the HydraUlics section for the· 

investigation he carried out on the Hy~aulic Mod.els, the results of which form an essenti~l 

part of this paper. · · 

·The Authors wish to thank Bhai Naranjan Singh, Subordinate, for l:~e careful ·observa­

-tions and record of field data at PanjU:ad and Khanki, 
The Authors are indebted to Mr. A,. Murphy, 0. B. E.;. Mr. ]. B. G. ~mith-C. l. E. and 

Sir Bernard Darley, Kt., C.I.E., whose keen interest in the subject has been of very mater~al 
nssistance, and to Messrs. Kanwar Sain, Montagu an4 Haigh, .fo.r their valuable suggestion_s 

in Chat>ters X and XI. " 



Design of Weirs on Permeable Foundations: 

CHAPTER f .. 

History or Development or the Science or Sub-soU Hydraulics in Retatlqn· to the .DesigrL 
or Weirs on Permeable Foundations 

The law of flow of water through permeable soils ~as enunCiated .forth~ first time in 1856'. 
by H. Darcy I who, as a result of experiments, found that the .velocity of flo\y. varied directly 
a! the head and inversely as the ·length· of the path of flow. This law is expressed by · the. 

_equation, .. 

where 
V=velocity 
H=Head 
L=Length of path of flow 
K=A constant called the " transmission constant'~. 

Darcy's Law is of the same form as the law for movement of water in capillaries,·enUil· 

ciated by Poiseuille in 1841-42. 

The validity of this law in relation to weir desigri was tested by Col. Clibborn in 1896 in 
connection with the proposals for repairs to the demage,· in 1895; to the Khanki Weh1 on th~ 
Chenab Riveil. This Weir which feeds the I.ower ·Chenab Canal, was completed in February 
1892. In January 1895, 100ft." orthe weir crest in Bay No 1 subsided about 2ft. This was 
the first major weir to be constructed on the alluvial bed of a Punjab river and this damage, 
occurring so soon after the construction, gave food fot thought to the engineers responsible 
for its construction and m~intenance. Sir John (then Colonel) Ottley, Inspector-General of 

Irrigation, visited Khanki on 14th February 1895 and had a discussion with Mr. (later Sir) 
Thomas Higham, Chief Engineer. In order to investigate the causes of this damage and the 
means of ensuring future safety, the Government of India ordered3, in their letter No: 851 

dated the 19th March 1895, that a series of experiments be carried out with Khanki sand at 
the Civil Engineering Colleg~. Roorkee, with a view to investigate the laws of flow of water 
through sand in relation to weir design. 

These historic experiments were carried out by Lt.- Col. Clibborn, I.S.C., Principal of the 

Thomason Civil Engineering College, during 1895-96 and 97, with a tube 120 ft. long and 2 ft. 
internal diameter filled with Khanki sand. The relationship obtained from these experiments 
between velocity, h~ad and length of path of flow, was in keeping with that of Darcy, except 

. that at very high heads slight departures were noticed, · · 

An account of these experiments and of the different points raised . by certain selected 
officers, viz., Sir John B~nton, Messrs. Beresford; Kennedy, Gordon, etc., is printed up in the 
Technical Publication No. 97s (1902). The discussions contained in it refer to the relative 

effectiveness of vertical cut-offs and horizontal length of floor, to a consideration of the stand 
ing wave and the mechanical action of falling water in determining the length of floor and 

to the necessity of vertical cut-offs at the upstream and, more especially; at the downstream 
end, to prevent washing out of sand causing dangerous subsidr:mce and eventual failure. 
Bu.t this investigation, though affording the first rati01tal basis for desig1t, embracing as it did 
the conception of failure by undermining a~d by uplift due to flow of water through the 
sub-soil of the weir, did not materially advance knowledge for purposes of. practical design. 
It gava only qualitative indications which, however, were generally in the right direction. 

(1) Rechetches Hydraullques, Paris 1806, by H. Darcy, 

(2) History of Khankl Headwotka, !,ower Chenab Canal, Pages 6-10 ancl 11. 
(3) Technical Papet No. 97, Government of India, 1902, 

1 G 



· The following extract from a Note1 by :Mr. J. S. Beresford, C. I.E., Chief Engineer, Punjab 
Irrigation, dat€d 30th January 1901, on Colonel Clibborn's experiments, will be of interest:-

,, 'J.'he experiments carried Qut by Colonel Clibbom, Principal of the Thomason College at Roorkee, is 

1896, although .not leading to the discovery of any new pri1;1ciple regarding th~ distribution of pressure in a 
tube filled with sand and operated on in the manner and under the conditions described in Colonel Clibborn' 
Note on tbe subject, have attracted attention to certain important features in the design of weirs which 
had escaped the notice of many distinguished Engineers." 

"That the statement just made above is true is fully borne out by the recent history of the Narora Weir 

across the Ganges river in the North Western Provinces. I read the account of Colonel Clibborn's experi­

ments for the first time in December 1896, and in writing to Colonel Clibborn on the subject in the following 
month, January 1897, I suggested that experiments should be made by drilling a few hvles at selected points 
in the floor of the Narora Weir, and thus test the actual percolation pressure in the case of a large existing 

weir founded on sand with a head of 12 or 13 feet of water above the surface of a horizontal floor composed 

of concrete and brickwork 5 feet thick, 'For one ·reason ·or another the experiments were ·nat made until 

March 1898, when, on visiting Natora as Inspector-General of Irrigation, I ordered them to be made. On 
the 27th Match two pipes were ready and the pressures given in sketch Plate XIII,* were observed." 

"This-first experiment showed clearly that the upward pressure at the point operated on had reached 
an intensity which render ~d the stabihty of the weir very precarious, and orders were given to test the 

pressure at a few other points and then to consider the question of strengthening the work, or rather, reducing 
the percolation pressure, by the addition of the puddle apron on the upstream side of the work as put in 

above the Khanki .Weir. However, unfortunately, on the 29th of March, two days after the first experiment 

was maile, a length of about 200 feet of the weir and some 600 or 700 feet from the site of the latter floor was 
blown up. It was fortunate the failure of the floor did not take place at or very near to the site of thc 
experiment, otherwise .the uninitiated would never have believed that the failure was not due to the holes 

drilled in the masonry." 
"Had the experiment suggesteil in Jan nary 1897 been -made at the time, it is probable that measures 

would at once have been taken which would have prevented any such failure of the· work as occurred more 
than a year later. However, the failure of the Khanki Weir gave great prominence to the subject cf percola­

tion water pressure. discussed by Col011el Clibbom in his Note and the valuable practical suggestions 

contained in that Note," 

T/Je Hydraulic Gradimt TlJeory for Weir Design, apparently originated between Sir John 
Ottley and Thomas Higham and was developed as a result of experiments by Col, Clibborn 
(1895-97). 

A considerable amount of research on the flow of water through soils, with special regard 
to the Transmission Constant (K) was carried out in 1898 by Slichter and King2 of the U.S. 
Geological Survey. The main object of this investigation, however, was to determine the 
amount of water percolating through various types of soils with a view to ascertain the extent 
and behaviour of ground waters of the United States. It did not deal with the distribution 
of pressures across structures built on previous soils. 

With the publication of the results of Col. Clibborn's E-xperiments in 1902 the Hydraulic 
Gradient Theory came to b~ generally accepted in India. The following passage from 
Buckley's BookS will bear testimony to this:-

" It has been maintained that. in those cases where the chief danger to a weir is from under scour and 

not from parallel currents, the tYue measure of security of a weir in a permeable bed is the clistanct tlrrol4gh tire 

soil which a current of water would have to travel before it could rise up below the Weir, and that it is of litlle umse• 
quence whether masonry is laid lrorizontally on the W•ir bed ('f sunk vertically b1low it, so long as .;urrents passing 
through the soil below tl~t structure aYe exposed to th friction of the sallie' length of passage t. This view appears 
to be sound, but it is essential to attach to the .application of this principle, the condition that the Weir 

must be protected from horizontal scour on the face of the toe, tho1t it must have sufficient . weight to resist 

the horizontal pressure of the head it supports, and also sufficient weight to oppose the upward pressure 

In the base of the foundation which that head may ptoiluce and, further,· that the surface of it which is 

exposed to erosion should be of material sufficiently hard, and sufficiently heavy to resist that erosion." 

In 1907. Bligh, in his book on,; Practical Design of Irrigation Works'," believed, rather, 
· that the stability of a weir depended on its weigh. But in the 1910 edition of hi~ book'. he 
admitted the fallacy of his original belief and became converted to the " Hydrauhc Gradient 
Theory" of Ottley, Higham and Clibborn. Bligh's enunciation of this theory-which later 
came to be known as the " Bligh Creep Theory "-is almost fully contained in the extract 
from.Buckely's book given above .. But, in his attempt to clarify ideas, Bligh went a step 
forward. 

(1) ~echnical Paper No. 97, pages 26 and 27. 

(2) U.S. Geologfcal Survey, Annual Report for 1898, " Movement of Ground wnters "by F. H. King 
and G.S. Siichter. 

(3) "Irrigation Works in Indfa "by R. B. Buckley (1905), page 175, 
(4) '• Practical Design of Irrigation Works" by w. G. Bligh. Second Edition, Revised and Enlarged. 
• Not reproduced_in this publication 
f Italics areours, 
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He stated that the length of the path of flow had the same effectinness, . leng!h for length, 
in reducing uplift pressures whether it was along the horizontal or the ve~ical. Herein 
lies the danger of applying Bligh's otherwise simple formula. The only expenmental data 
available at the time were.those of Col. Clibborn and perhaps the only field observations, 
those at the Narora Weir. From these meagre data BHgh evolved a simple formula-which, 
however, fitted neither the Clibborn result with sheet piles nor those at the Narora Weir-­
and recommended it for general use t.o the profession. Following Buckley, he assumed the 
percolation water to"creep" along the contact of the base profile of the weir vyith the sub­
soil, losing head m route, proportional to the length of its travel. 

The length o1 travel in a weir profile as given in the sketch below would be:-

L=b1+d1+d1+b2+d2+d2+bs ~bi -x-b2-,-x-b3~ 

=b1 +2d1+bz+2d2+bs JII 121 
-1- 'J. 

If H=total head over the Weir, the loss of.head l?er u,nit lenght of creeJ,> would be:­
H 

c 
b1+2d1+b2+2~+b8 

This loss of head per unit length, or what is the same thing. as the avarage hydraulic 
gradient (C), he called the percolation co-efficient. He assigned a safe value to C .for each of 
the different classes of soils. Thus, if in a given :weir design, the value of C were less than 
the safe value assigned to it for tb,e give1.1 class of sub-s0{1~ tij,e desigu would be considered 
,safe. · -

Because of its simplicity,_ th,is theory .. found g~neral acceptance. Some works designed 
on this theory failed while others stood, depending on the extent to wl;lich they ignored or 
took note of the imJ?orta•nce of vertical cut~o{fs at the upstream and downstt~am, ends. A 
fairly com];>rel;lensive sU,lll,l7lar;r of faUuxes with. a,n, an,alysis Q~ cJ;eel? rati,os l},ag. l;>ee:u given J;>;v 
Lane1• . . 

Co~au2 carried out,.for tb,e {irst tjm.e i.t1. ~91_5,. tests with moqel_s of weirs resting on 
sand, to detemine the distribution of p~;essure under tb,e base and, tlle re~ative effect of sheet 
piling at the heel and at the toe of the weir. These experiments demonstrated the greater 
relative effectiveness, length for length, of vertical conta~ts as against. horizontal ones, but 
as the technique of experiments was crude no. real advance was l,llade. · 

Pavlovsky8 (1920) approached the problel,ll of tb,e flow of water through su~soils 
of hydraulic structures from the analogy. of flow ofetectri,.ci.ty thx:ougb, a conductor. Accord­
ing to Ohm's law:-

Potential differe,nce 1 E 
. Current C R.esistauce =;: ~ • i:' 

where 
H=Potentiat difference. 
A=Area of section of conductor. 

and L=Length of conductor. 

This is id{'l;lticat with :Oarc_y'$ e<luat~0n for flow o~ wateJ; tl;lro1!&4 ~?a~J,d, viz., 

V=K H 
. ~-

The work was pub1ised in Russi,an. :Pavlovsky achieved success in solving a number 
of problems, but as the laboratory results co.uld no.t be shown to agree with f~eld results, this 
method did not inspire confidence runqng th.e enginee~;s and rema~ued m,ore or ·less of acade· 
mic interest. ' 

In 1926-27 trouble at the syphons under the Upper Chenab Canal (Punjab) became 
acute. Cracks app~ared at the upstream and downstream ends due to undermining of the sub· 
5oil. R~pairs w~re carried out on the accepted Bligh theory but the trouble persisted. A set 
of pressure pipes with wzll' points were inserted in the floors of two of. these syphons and the 
observations disclosed that the pressures indicated by th~se pipes had absolutely-_ no relation· 
ship with those calculated from the Bligh Theory. These researc];les were carried out b9' 

(1) Paper No. 1019 American So~. of Civil Engineers, "Security from u11der SeepngP''. by E. w. :,nne, 111 • 
. Am. Soc, C. E. (1935), . 

(2) "The Action of Wnter under Dams", by J. B. T. Colman, Assoc. M. Am. Ejoc, c. ;a. Paper 131i6, 1016. 
(3) "The Theory of <=:round Waters flow under "JJyclroteclmlcal StructiiH(l'' :r.enlngrpd -U,. s. s. R.'' by 

~. N, Pqvlovsky (tn Russh1n) 192~. · C ~ 
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Khosla and are embodied in Punjab ~ngineering Congress Papers Nos. 1381 and 1422 of 1930. 
,The simple creep theory of Bligh wil.s repudiated and some. provisional and important concl­
usionss were arrived at, not.able among which were:...:. - . ~ . 

(a) The outer faces of the end sheet piles were much more effective than the inner 
ones and the horizontal length of floor. 

(b) The i11termediate piles if smaller in length than the outer ones were. ineffective 
except for local redistribution of pressures. 

·(c) Undermitiing of floors started from the tail end. If the hydraulic gradient at exit 
was more than the critical-gradient for the particular sub-soil, the soil particles 
would move with the flow of water thus causing. progressive degradation. of the 
subsoil, resulting in· ca;vities atid _ultimate. failure. 

(d) It was absolutely essential to have a reasonably deep vertical cut-off at the down-
stream end to prevent undermining. · · 

' ' 

(e) There was urgent: necessity for tesearch work . with regard to pressures under 
. ' .. exisfing 'aiid'iiew structures 'and in the. laboratory. ~he' former' could be. done by 

inserting suitably located pressure pipes in thes_e st~ructures and by maintaining 
a continuous and comprehensive record of. the' observations of pressures from 
thOSt;l pi~S,. · .. 

Another useful: paper4 ·app~ared at the same time bY. Bose dealing with the mathematics 
.of.certain aspects .Gf fl.Ow·of seep\lge water. · 

- The investtgatio.tt·t>t lipl:ift pressttres · under -dams:... was· b·eing actively · ptfrsued about 
the same time in the United States of America .. Parson~6 a~d · Julian Hinds6 presented two 
valuabl~ papefs bdqre the American Society of Chtll ~ngineers in 1928. 

. . In '~929, ·a· :t;t~tabl~ ~onti:ioution came froni · ~a'rl Te~zaghi7. (U~· S. A. and Vienna). lie 
:state~ arid proved' b:Y' labi:iratolj· 'e:ij?eririletits 'that failures occu_rred by undermining if the 
hydra\ilic gradi'e:tit'at: exihvas in: exeess of whUt·Jie· ca:ited 'the "'flotatio'n gradient". ·This 
was the same as the critical gr_adient enunciated by Khosla,' but it was more· explicit·'in so 
fl!-ftha~·it-implied a state:or fiotatio'n of the· soil mass at the toe of .the werk if the exit 
gradient there exceeded the limit of 1:1 at which the upward force due to· the flow of water 
was almost exactly counter-batancecl.by the weight·· of the soil. ::ThiS" conception of failure 
.wa&,possibly enunciated by Terzaghi in an earlie-r publi~ation8 in German. ·. 

Dr. RehbockD (1931) pioduced a photographic 'demonstratil3n oi·f·low of water through 
p0rous soifbr stieam lines .. He used a scale--model pf :weir oh san~_an~ injected aniline dyes 
.Qt certain.poillts-at' th~Jtps~eam-eud where~the. ·seeJ?.~ge .. wat..er_ ent;ered:th.e sub-soiL under 
the weir. These dyes left a coloured trace along the various lines of flow_ whkh :were co'.l,se.-
quently capable of being photographed ... _ . . . : . .· c 

Forchhehner10 &11 had i:evelcipect'a ;~o~b:ic~J: .JP.etb~·d ~f plotting stream lines and 
pressure lines as far back as 1911. This was a method of trial and error, said ~o be sufficien-
tly accurate for practical purposes. . . _ . . . . . ~- · ·· ' . 

In 1929, it was d~cided to extend the.Pa!ijn~d·W~irtZ (Pu~jab): Thls. afforded the oppor­
tunity of putting .in a comprehensive set ~f pressu~e pipes' a)ld o,f' cond:u:fi'ng full scale experi­
ments as suggested in Pupjab. ~ngineering <;o~gress· P~}l~r&~138 ~rid, L;i2 of 1930: .This w.as the 
first full size 'expei'imetrf irll:he \vo~fa;-a\ia· tli~ 'res1llts' obt'ame<l fr6lli 1t (1932') -paved 'the way 

. .. ::.\; . 
(ll "Hydraulic Gradients in sub-soifWater Flow in Relation to Stability of Structures Resting on Satu­

- . ·: rated Soils ."by Ajudhi~.Nath·Kl,losla, I. s. ·E .. , P,ap~r N f:J •. 138, .l'\Ulja~ Engineer!~!'~ Con11ress .(1930). 
: (~) "icg~~bility,of W~irs and canU!ll Woi-J[s. ~ft :Appii~ation' oft'he'New'Tifeory Of llydrauli.c Gradient", by 
'·· · · · Aj!idhia Nafh :kho~la, I;,-s. f;.,:Paper' Na. 1'42, Punjab Engineering Congress· (1930).·· , ... · 
.. ·{3f Centr~·l Boil.r'dof·litsgatiatt Publsca.tiolt No-.-J.l(pages~·.68..6V) . .. · :... < · ~· · ··· 

l4) Punjab Engineeing Congress Paper No. 140 by' Dr. N. K. Bose, ''Exponential Law ~f sub-soU Flow"·, 
. (5) "Hydraulic uplift in pr.evious soils," by H .• De B. Parsons, .:M· Am •. Soc. C. E. Paper No. 1713 (1929). 
·: (6) ···upward Pressures under Danis. ltxperiments by the Unite'd States Bureau·of Reclamation''by Julian 
' · · . Hinds, M. Am; Soc, C. E. Paper No. 1717 (1020j. · · '-· ': · 

, (7), "Effect of Minot'Geological details on the safet-y of .Dams" by Charles Terzaghi. Technical Publica-
.tion of..the.Institute of Mining and Metallurgical Engineers,, No. 215; Febru';\.l'Y 1929, · 

- (8) "Erd bau mechaulc" bY. Von B;arl Tetzaghi, M •. Am. ,Soc .. C. E. , Vienna, ~925. , 
... (9) Punjal;l Enginee!'lng C'?ngres's Paper No. 1.62 of l9~3 ... Pigures ~:and 3. "Pressure plpe observations at 

.Panjnad Weir'' by A. N, Khosla, M. Am. Soc. C. E . 
.. ~ (10) .<•Hydraulik'.' by P. Forchheimer, 2nd Edition,, B~rl)n, 1924. , 

(11) "Percolation under aprons of Irtigation Works" by s. Leliavsky, Cairo-Egypt, 1929. 
(12) ·"Pressure pipe Observations at Panjl).ad Weir" by Ajudhia· Nath Kllosla, I.S.E • M, Am. Soc. C. E• 

Pu:1jab Engineering 'Congress Paper No. 162. 
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to the final solution 9f the problem. The m11in conclusions o~ 1928-29_deriv<!d from researches_ 
at "the Uppe"r cti~nab Siphons were confirmed and the following facts 'Yere established:- ... 

- '·(a) The flow of water through the:sub:soil is in stream lines and therefore . susceptible. 
of mathematical treatment. 

(b) The ratio·(+) of uplift pressure (P), at any point along the base of a particular wdr 
founded 0n permeable f1oil to the total head (H) .is constant and independent 

of:-
. (i) Head (H), . - .. . . 
· (ii) ·Class of sub~soil'so long-as if is'iiomogeneous, 
.. (iii) Upstre~ and downsti:eam .. ~ater levels, ... 
(iv) Temperature, ·provided it is uniform throughout the sub-soil, 

·but it varies with ·:- · 
(i) Silt deposits or scour . upstre~m, or downstre,am of the impervi0us. floor . 

. : (ii) T~~:p.p~r~~t:e, which:v@.rie~ from. point to poin~ in the sub-soil and in different 
seasons of the year. 

From the above conclusions it is obvious that the problem of seepage flow under weirs 
sh~uld oe well a.a~ptea "fof mod~l work, ~ubj~ct to . the limitations imposed by the varying 

silt, scour and temperature. 
About the time wh~n full size exp~riments were under way at the Panjnad Weir, 

Professor Warren Weave.r,·l H~ad of the n~i>3.rtm~nt of mathematics at the University· of 
Wisconsin and at the time working with the Rockefeller Foundation, developed his mathe­
m-atical treatm~nt"of the flow ofwa:ter through the permeable sub-soil under dams. Weaver's 
work; as will b ~ se~t'i later, p :ovided th ~ inspiration for the complete solution of the problE;m. 
contained in Chapter VII. · · 
.: :: With the i_ndicatious from observations at Panjnad that the problem was well adapted 
far model work, "it was decided to determine whether a small scale model was capable of 
giving consistent results".~ A scale mod.el of the Rasul Weir (Punjab) was set up at the 
i>unjab.Irrigation:Research Instjtute, La:hore, by Harbans Lal Uppal and Gunn, and experi­
ments were carried out to determine uplift ptessures. · The results are published in Research-
Publication, Vol. II,2 No. 2, January 1933.. . . .· 
' The results though not conclusive w~re sufficiently encouraging. The investigation was 
the?- extended to a ~tudy o'f stream lines under simple'typ~s of weir floors. A description of 
the deta.i,ls ofdevei'oril;lg the stream lines will be found in Chapter IV. An occount of these 
studies is cotai'ned in Research PubliCations, Vol. II, Nos. 3s and 4' (1934). These 
researches were carried out by Dr. E. McKenzie 'l'aylor, Director of the Institute, and 
H:i.roans~ tal .. :. Uppal.· .Th..:! pressures: under. these simple fonris were inv<!stigated6 at the 
same·nme.: .. .: \ . • . ' 

;.:_ . At t'h.e ·February ·1933 Se~sio_n of the Pun}ab Engineering Congress, Mr. (now Sir) R. P. 
tiaao~, Chief Engine-er, Punjab InigaHo~, during-the dis~ussion of Paper ~o. 162, by Khosla, 
q~~stio~ed.'as· to· v.:heth~r de.dtlctions ritade from the Panjnad experiments would hold 
good· on other ~rks _~ith 'different arrangement of floor and sheet piles and if they were 
enough and suitable to'foirli the basis of future designs. He suggested that the field results 
be testedo.it a.scale:model'in the Lahore Research Laboratory. · 

It was not till late in 1934 that a model of the Panjnad Weir was set up. This iuvesti­
.gation was.carried.out by Harban.s Lal Uppal and the results were presented at .the .. Puniah ... 
;Engineering ~ongress in February 1935 (Pap~r No. ~85).& 

.. (1) ''Uplift pressure on Dams" by Warren Weaver, Journal of Mathematics and Physics, Massacbus~tts 
Inslitute of Technology Press,_ Vol. XI, No. 2, June 1932. . . 

(2) "Study on Sub-soil Hydraulics. Investigation of Observational methods for models". b~Hatbans Lnl 
Uppal; M.Sc., and J · P • Gunn, .M:. A., B. Sc. Research Publication, Vol. II, ":No.·2.Jatluaty, _1933; · 

(3) "A study of the Flow of Water under Works on sand Foundation by MeausofModels/'by E. ·:Mckenzie 

.Taylor, lLB.E.,· Ph.D., D.Sc., F.I.C. and Hatbans La! Uppal, JII·. Sc, Research Publtcntlon, Vol. lt, 
· ...... No, 3 (1934) .. 

(_~) "A stud! of the Flow of Water nnde~ Works on Sand F'oundations by means of Models, Part n: by S . 
... ·.:. . .--McKenz~c: Taylo.r, M.:B.E., Ph.D.; D.Sc., F.I.C., Director, and Harbans La! Upptll, M.Sc., Research 

Publica~ion, Vol. II. No.4 {1934). 

{5) "An Invest,iga,ion of the Pressures on .Works on Sand.Foundations" by E. McKenzie Taylor, M. :B.E. 
Ph.D., D,')c., F.I.C., Direct!'r, and Harbans I.al Uppal, M,Sc. Research Publication, Vol. II, 5 {193~) . 

. (6) "Pressure und_er model of. the .. l'anjnad Welr·and 11n<ler t4e Prqtotype" by Harbans tal Uppal, P11per 
~o. 185, Pnnjab nnglneerlng Congrt>ss, 193ij. 
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_Field observations continued t.o be made at the Panj~ad Weir and fresh observations 
were started at the Khanki Weir where a series of pressure pipes had been inst~lled during 
its reconstruction t (1934-35). 

The years 1932 to 1935 were marked by special activity in respect of the st~dy of sub· 
soil hydraulics in relation to weir design, both in India, the United States of America 
Europe and elsewhere. • 

In Septemb~r 1932, Lane2 analysed over 200 dams, all over the world, and evolved his 
Weighted Creep T/Jeory, which in effect might be called the Bligh Creep Theory corrected for 
vertical cut-offs and sloping faces. Lane proposed a weight •>f three for vertical creep and 
one for horizontal creep. While this theory was an improvement ·on the original Bligh 

. theory, it was empirical aud lacked the background for a rational basis for design. His 
memorandum on the subj~ct app~ared later, as Paper No. 19193, in the 1935 Transactions of 
the American Society of Civil Engineers. This p:~per is valuable for the w~alth· of informa­
tion about the ~umerous weir~ it deals with. 

. A number of us~ful papers on the subject w~re presented at the International Commis­
sion on Dams4 in July 1933. 

In May 1934, Heber.t5 carried ou~ experiment~ for various wei~s on the· electric model. 
He tried the Panjnad Model but failed to secure results in agreement with those given in 
Paper No. 1626 (Punjab Engineering Congress, 1933). Re ascribed this lack of agreement t<> 
non-homog.eneity of the sub-soil at the Panjn;1d Weir. and decided tb,at the app-lication of 
electric models to problems of practical designs must be made with care as th.e results appear-
ed to be of a qualitative rather than of a quantitative nature. . . . 

In the same year Haigh7 and Harza8 . i,ndependently produced· two very useful papers 
on almost similar lines. Fundamentals were once again introduced and a definite at~mpt 
~as made to break away from empiricism and to lay a rational basis for design. They took . 

. note of the exit gradients as a controlling factor in stabiJity· and discu.sseclthe distribution of 
pr~ssures which could be considered as safe, 

\ . 
Harza got agreement b~tween theoretical valu~s of uplift pressures and those obtained 

·from the electric models for some of the simple cases dealt with by Weaver9 in his mathe­
matical solutions. But as will be seen from the criticism on his Paper, the engineers were 
frankly sceptical and remained unconvinced as no agretm~nt was shown to e~t between the 
model and fi"!ld results. 

In his experiments on the Panjnad model, carried out at the Lahore Research Institute, 
Harbans La!. succeeded in getting almost exact reproduction of the f;eld results by suitable 
superimposition of silt and temperature .. The profession would not accEp~ theory, nor the 
results of models so long as botb could not be conclusively shown to conform exactly. to those 
obtain~d in the field. The resu.lts obtained on the Panjnad m.odel in' conjunction with the 
researches of Dr. Vaidhianathan on the electric models {mentioned later) have sh.own 
conclusively, for th.; jitst time i11 tlze lnstory of research OIJ this Sl,bject that:-

(a) The distribution of pressures under works on sand foundations c.an b.e exactly 
reproduced on. Hydraulic or Electric models. 

(I} "Re.-onstruction of the Khanki Weir" by R. B. A. ~.Khosla, ~[.Am. Soc. C. E., Paper No. 195 of 
Punjab Engineering Congisss (1936). • . 

(2) TechnicallllemoranduW: No. 303, of the United States Bureau of Reclam,.tion. "Security of llasonry 
Dams ott earth Foundations from under Seepage or Piping" by E. W, Lane, )1. Am. Soc. C. B. 

(3) :Paper No, l919 America~ Soc .. of Civil Engineers, "Security [ro'm nnder Seepag""• by E. W. Lane, 
. M. Am. Soc, C. E. (1936). 

(i) Commission tnteruationale.Des Grands Barrages, Stockholm, 1933, o Volumes. 

(6) U.S. A, Bureau of Reclamation Technicall\Iemorandum No. 384, ''Hydrostatic Uplitt Pt'essures nndeJ 
Dams on Pervious_eart.h Foundations'' by D. J. Hebert, Junior Engineer. 

(6) '•Pressure Pipe Observations at Panjnad Weir". by Ajudhi11 N11th K.hosl>~, I. S. E •• )1. Am. Soc. C. B.,&, 
Punjab Engine~ring Congress, Pdper No. 162. 

: (7) "Design of Weirs on sand Foundations" by F. F. Haigh, l\1, I. C. E. (London) Punjab Bngiueeriu 
Congress Paper· No. 182, 1936, 

(8) "Uplift and Seepage under Dams on sand" by L. F. Harza, M. Am. Soc. C. :E., Paper No. 1920. Ame­
rican Society of Ci\'il Engineers, 1935. 

(9) "Uplift Pressure on Dams" by Warren Weaver, Journal ot Jlfathematics alld Pb,-sics, )la~SilcbiiSetts 
Institute of Tecpnology Pres~, Yo!. J;:l 1 No, 2, June ]93!!. 
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(b) All seasonal and other variations from the normal conditions can be reproduced on 
Hydraut'ic Models by superimposition of silt, temperature, or both, and by simu­
lating the stratification. 

(c) The problem is susceptible of mathematical treatment. 

This conclusiv.! proof about the reliability of modd and mathematical results in application 
to field conditions marks a great 'ad~ance and a definite landmark in the development of this 

branch of engineering and one that has led to a final solution of the problem of desig11 of weirs 
on permeable foundations. 

A review of the advance in knowledgt: of ,sub-soil hydraulics would be in~omplete without 
mention of the valuable work done by Dr. V.I. Vaidhianathan, Head of the Physics Section 

. at the Punjab lrrigation Research Institute. The high class tef:hniquet with the elec.tric 
model developed by him in experimental work is described in Chapter IV .. The exp:'!ri.ments 

·carried out ·by him on a series of standard forms, specially plannf'd for the purpose by 
Khosla, are dealt with at length in Chapter IX. The results obtained from them have helped 

to bridge th'e gap between theory and practice and have enabled a more complete pres­
entation of the subject, than would have been possible otherwise. 

(1) "The Electric lHethod of in\'estigating the Uplift Pressures under Dams and Weirs" by Dr. V.I. 

Vaidhianathan and Gurdas Ram. Research Publicat:on, Vol. V. 'No.4, Irrigation Research Institute, 
I.ahore 



CHAP'tltR II 

· ·Theory of Seellage Flow 

.. Darcy's·Law aftd 'its Extension 

In the vast plains,o(Irtdia the sub-soil consists of .alluvium who~e particle size variesfr~m 
that of very fine colloidal clay to very coarse sand. The movement of water th~ough a· soil 
ob~ys the la"\'s governing,the movem;nt_of a fluid in capillaries. Movement of water in capil­
··larl.e~ was first investigated by ~oiseuille1 in 18-U-42. He found that the time of efflux of a 
given voliiine of water varied directly as ~he length of thehbe, in~ersely-as the difference-of 

·pressure at th'e two ends and inversely as the ·fourth powe·r of the diameter: This-has also been 
worked-out from theoretical considerations by G. G. Stokes.' .lf ·2a is the diameter -of the 

_tube, l its length, P the difference of pressure at itp ~nds, and/ the discharge. in' cc., per 
second, 

·' 
'll'a• . p !=- ._ ...... 

. 8t" • l 

·' 

·. (2-1} 

·where . .,. is the co-efficient of vicosity of water, :As the vHrcosity 'of water cliartges with tem­
peratur-e the amount of flow will vary with the temperature. The viscosity of water has been 
give~ by Helmholtz as follows: -

·01778 
(2.2) I+ .0337 B + ·000221 92 ' 

so that as the temperature 6 rises, ~ falls and from equation (2.1) we get a higher discharge, 
Thus in summer the movement of water in capillaries is faster than in winter. 

Theory and experiments tend to shew that the equation (2·1) will hold only for very small 
pressure differences. Poiseuille's. experiments give indications that as the pressure is 
increased, the flow increases more rapidly than is given by equation (2.1). These experi­
ments were repeated by Meyers in 1873 with air arid he also found that at high heads there 
was a departure from equation (2.1). Later experiments have shewn that the equation 
holds good for Reynold's Number R<60C, 

where R= afl 

" 
2a = diameter of capillaries, 

v =velocity of flow through the capillaries, and 
" =Kinematic viscosity, t"!P 

As the dimensions of the pore spaces in the alluvial soil resemble very closely those of 
capillaries, the movement of water in that medium ~ould naturally be ~xpected to follow 
some law similar to equation (2.1). In 1856 Darcy• carried out some experiments with soil . 
and found that the velocity of water flowing through a bed of sand was directly proportio­
nal to the thickness of the bed (l), measured in the direction of flow, which may be represen-
ted by the (quation :- ' 

h 
v = K. l' (2.3) 

where the proportionality factor K represents the permeability of the sand medium and is 
known as the co-efficient of permeability or the· Transmission Constant. This relation (2.3) 
is very similar to relation (2.1) of Poiseuille and has similar limitations at high heads. In 
1884 Welitschkowsky5 published the results of a series of experiments on the movement of 
water in a sand medium and stated:-

. ••It is to be observed, 111 the fitst place, that the column ofsand 25 cm.long, gives a fiow uuder each of 
the ten different pressures increasing faster then the pressure by amounts ranging from 3.9 per cent. under a 
pressure of 45 em. of water to 11.3 per cent. when the pressute becomes 125 em. When the column hss its 

(1) Poiseuille 

(2) G, G. Slvkes 

(3) 0. E. M•yer • 
(4) H. Darcy 
(5) W eliltchkowsky 

• "Recherches surle mouvement des liquids dans les tubes de tres petits diametres." 
_ Acad. Sciences Savants estrangers, 1842, Vol. IX. P• 433. · 
• "On the Theotles of the Internal friction of fiuid in motion and of the equilibrium 

and motion of lUastic Solids." Trans. of the Camb. Phil. Society, 8, 287, 1845, 
• !'Uber die lnnere Rlebung der Gas e." Pogg. Annalen. 1866, Vol. CXXVII. 
• Recherches Hydraullques, Patis, 1856. 

Archlv fur Hygiene, Vol. II, 1884. 
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length doublerl or made 50 em. high, there Is under the lowest pressure, 70 and 80 em., a .nearly complete 
agreement with the law; but as the pressure Is increased the flow becomes faster than IS .required until, 
undet a pressure of 1/iO em., it exceeds the computed amount by 3 per cent. Then when this column was 
given a length of 7/i em. there tbecame practically an almost complete agreement of observation witll 
theory, the percentage dapartute in no case reaching as much as 0.6 of 1 per cent." 

In 1928, G. Von. Heidiken conducted some experiments. in the Royal Technical Uni~ 
versity, Stockholm, on the movement of water in a medium consisting of lead shots of 
uniform size. Lindquist analysing these data comes to the conclusion, "that Darcy's Law 
v=Kj is not valid as soon as the Reynold's Number computed on the mean velocity in the 
filter bed, the size of the grains and the Kinematic Viscosity (=Viscosity /Density) is 
greater than 4.* For instance, with water at 8°C it means that the product of the mean 
velocity in the filter bed (cm.fsec.) and the size of the grain (mm.) must be smaller than 
0·50 when Darcy's law is applied. The summing up of many years of expeliments is that 
Darcy's law only applies up to a Hmit of velocity which at 15°C apparently varies from 
0~3 to 0·004 meter per second." · 

The experim~ntal evidence about tbe range of validity of Darcy's Law tends to set an 
upper limit to the velocity at 0·01 to 0·015 ft./sec., and to the maximum grain size of the 
medium between 1 '5 to 2·0 mm. For tbe alluvial soil tl:.at is generally met with in the beds 
of Indian rivers these Hmits are seldom exceeded excepting perhaps at the tail end of the 
works where the pressure gradient may be locally high or where shingle beds are met with. 

C. S. Schlichter1 in his theoretical treatment of the problems of sub-soil flow started 
with the assumption that the movement of water in the pore space of the soil follows 
Poiseuille's Law of Capillary Flow. In his analysis he states "It is true, of course, that 
few water washed sands actually approach the condition of uniformity of size and spheri­
city of forms that it will be necessary to hypoth,ecate for the ideal soil which is to be made 
the subject of investigation. Nevertheless in.taking account of the important elements of 
structure in a medium which is made up of a mass of spheres, we are probably considering 
in their due proportion the different factors that control the water movements in a well 
sorted sand, and notwithstanding the great variety in the sizes and arrangements of cOii.ti~ 
guous grains in a natural sand, !here probably exists a t~ndency in every such soil towards 
a certain average size and mean arrangement of grains which the theories of probabilities 
would justify us in setting up as an ideal soil to replace a given soil in the investigation of 
its hydraulic properties". 

Having made this assumption about the uniformity and sphericity of the sand parti­
cles SchHchter proceeds to find the area of the section of the pore space of such a hypo­
thetical medium. He obtains:-

• .(2'4) 

where d is the diameter of the sphere and 9 the face angle of a rhombohedron that is formed 
by Hnes joining the centres of eight contiguous grains that may be separated from the mass 
of the soil. If the grains of the soil are arranged in the most compact manner possible. 
each grain will touch surrounding grains at twelve points and the element of volume will 
be a rhombohedron having face angles €qual to 60° and 120°. If the grains are not arranged 
in the most compact manner the rhombohedron will have its face angles greater than 60" 
and each sphere will touch other spheres in but six points, but will nearly touch in six 
other points. The most open arrangement of the soil grains which is possible with tlie 
grains in contact is whe~ the rhombohedron is a cube. 

~he pores th~ough such a.n ideal soil are capillary tubes of approximately triangular 
sectlou of area g•ven by equahon (2·4). The length of those capillary tubes is evidently 
greater than the length of the column of soil. Thus for a length of soil column h is given 
by:-

h (1 +cos 6) 
sin 9 "1/, 1 + 2 cos 9 • • • (2.5) 

The pote enlarges slightly in area as it follows the surfaces of the spherical grains and 
then dimin,ishes again to its former value given by equation (2.4). 

Having obtained the length and area of cross-section of these pores Schlichter.·proceeded 
to find the flux through such pores with the help of a theorem of Greenhill who had shewn 
that the EXpression for the velocity of a viscous fluid at any point in the 'cross-section call 

*This number Is co.nsld~r11bly smaller than the one for movement In ~aplllarlee, 
(I) C, S, Schlitht~r • , ll)fovement of Grol\nqwatert ~8P9, ·-
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he found if the motion of a frictionless liquid relating to the boundary is known for a rota. 
ting prismat~c cylindrical vessd of the same form of section. The flux per second 

pAz 
!= 20V'.3 ~ t 

where A is the area of cross-section and l the length 
mean velocity is v .= 0.02887 pA.f~l. For a circular 

v = o·03979 PAf~l 

of the triangular cylinder. 
tube the mean velocity is 

(2·6) 

The 

Substituting in this the values of A and t as given by equations (2"4) and (2·5) Schlich­
ter obtains :..,.-

....: '/!.!!_( sin (J y-1+2 cos (J (sinO- 'lr/4)) 
v- I611'~h 1+ cos (J (2,7). 

If s be the section of the cylinder containing the soil and substituting. the value of ~ 
the viscosity ~10=0·01315 for 1o•c, be obtains for the flux across the section 

. q=1·1846~Jd~ 5 
cubic feet per minute 

where K is a function of (J which determines the porosity of the soil. So that 
d2 p 'p 

v = ~ =( 1·18i6-)'- = K-s K h h 
which is of the same form as Darcy's Law given by equation (2·3). 

Having thus derived a relationship similar to Darcy's Law, Schlichter p~oceeded to 
generalise it by writing equation (2·3) in the form :-

u=K§p (2·8) 
. ~s 

where vi$ the velocity.vector,,P the pressure in the fluid driving the water pa.rticles in the 
length 11. The poree of the soU 11ie arrll,nged in such a haphazard ma11uer that we can 
assttn~.!'l that at any point the fluid can move in .any direction. 

Writing the above vector equation (2·8) in the cartesian form he obtained the followiny 
relation:-

u = [(~ 
BX 

·v = 1\.t;p 
BY 

w=KM! 
8Z 

(2·9) 

Schlichler then procee'ds to ~ake the assumption that "The flow of a fluid in a soil, is not 
diJJer~nt from the flow of a hypothetical fluid which we may suppose to replace both the 
fluid in the soil and the soil itse.lf". With this assumption the equation of continuity 

8U + 8V + .B!!' = 0 • • (2.10) sx BY sz 
I 

will hold good. This equation is simply the mathematical statement that a given mass of 
the liq11id doe;~ not change its volume during the glven motion. Substituting (2'9) in (2·10) 
he obtain's :...;.. 

t;2p t;2p t;2p (2 II) 
ax2+~z+,#= 0 . 

Uquation;~ simiiar to (2·9) and (2•ll) were obtained by Bose1 in 1929, who assuming, that 
.the motion in the sub-~oil was extremely slow, replaced "the conditions of flow in a porolls 
medium by those of flow of a fictitious :fluid of suitable density and viscosity so as to re­
produce the whole motion hydrodynamically. This motion is supposed to be laminar and 

' the :flhid o~eys aU the laws of hydrodynamic~ and the whole motion is executed under gra­
vity only". 

This equation (2·11) is the well-known L(ilplace's equation which occurs in nearly all 
p,ran!:hes of applied !llathematics. The presstJre function p which satisfies this differ~ntial 
~quation is calle.d tl,t.e ''Potential Function". T4is functioiJ will be clealt with f~J.It!ler in 
~he next chapter. 

(1) N, K. Bose :Memoir, Vol. II, No. I, Punjab Irrigation Resenr~h Institute, Lahore (India) 1929, 
II 2 
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It is well-known that the same equation of Laplace governs the steady flow of heat, and 
electricity through a conductor and of a perfect fluid. It is thus. clear that the problem of 
f1 w of water through the sub-soil is analogous to that of the 'flow of a viscous tluid or that 

0
: electricity through a conductor, This analogy has been used ia Chapter III for the 

solution of the various problems connected with seepage flow. 
The potential function p, determined from this partial differential equation, wilt be sulJ.; · 

ject to the boundary conditions present in each particular problem. This function is finite, 
continuous, and single valued at all points of the hypothetical medium and the general 
methods of solution usual in potential theory will apply. This will be elaborated in the 

next chapter. . 
It must be rem~mbered that as the Potential Law (2·11) has been derived from Darcy s 

Law (2·3) it will be subject to'au the limitation of the latter law. ·These are:-

1. The velocities in the medium. should not exceed 0·015 ft./sec., and tht! maximum 
grain size should not be more than 2 mm., in diameter. 

2. The soil medium in which the flow takes place must be completely saturated with 
water, In this medium gravity is the only force acting on the fluid, and the 
transmission of pressure follows the equation (2•1!) 

Unsaturated Flow 

When the medium is not fully saturated "the laws of mov.:~nent of water in such an un­
saturated zone are altogether d;fferent from those given by (2•3) or (2·11). Movements in such 
cases are not governed by gravity but mostly by the force of capillarity, and they take place 
in direction leading away from the pore spaces which are wholly or partly filled with water 
and toward those which are entirely empty or are less filled than those from which they 
move, Pressure exerted on such a medium is transmitted almost fully through this medium 
and not gradually lost in transit as in the case of saturated flow, so that, if there be an un­
saturated zo~e above the spring level of a country.side and there be some extensive rainfall 
on the area it will close all the pore spaces on the natural surface, and almost the full pres­
sure equivalent to the depth of rainfall will be transmitted to the water-table, which will ·be 
manifested immediately by a riss in wells and observation pipes. If however, there be a 
canal running through an unsaturated zone and there be no saturated connection between the 
bed of the canal and the spring level, then whether a canal is in closure or not will not affect 
the water-table to any great extent, as only a fraction of the pressure transmitted through 
the bed of the canal to the unsaturated zone will be carried to the water-table ; most of it 
will be relieved through the pore spaces of the natural surface surrounding the canal. 



CHAPTER tit 

.Potenttat Law and its Appllca!ions to the Problems or Wefi• Destgb 

In the previous c~apter it has been shewn that a problem in the steady motion of ground 
water is mathematically analogous to a problem in the steady motion of a perfect fluid 
(irrotational movement), and to those of the steady flow of heat and electricity. In all these 
problems the unknown function Pis determined by a solution _of the differential equation 
(2·11) of Chapter II, viz., 

32p 32P 32P 
3xz+ 3yz+ 3Z~=O (2•11) 

that will satisfy the boundary conditions present in each particular problem. In a deter­
minate problem, the value of the function (P) must be known over a closed .boundary or along 
a given axis in space, from which it will be possible to derive the value of the function p at 
any point x, y, z, of the region. After P has been dete~mined by an appropriate solution 
of equation (2·11~ for a given problem, the relation 

P=constant 
will give, for different values of the constant, a series of surfaces upon each one of which the 
function p will have the constant assigned value. These are the equipotential surfaces and 
in the case of sttb·soil flow, the equi-pressure surfaces. Orthogonal to these series of surfaces 
there will be a series of lines in space along which the particles of liquid actually move. 
These li~es are the lines· of flow or stream lines. 

Before proceeding to find the solutions of the equation (2'11) for the problems. of see. 
page flow under weirs it will be interesting to mention the various other fields of· mathemati­
cal physics. whe~e this differential equation of Laplace's finds application. 

Laplace's Equation-

B2P 32P 32P 
3X2+ 3Y2+ 3z2=0 

was ori5inally introduced by Lap1ace1 in a memoir on Saturn's rings, 

Some of the fields of mathematical physics, to which this equation applies,. are men-
tioned below :-

1. The Gravitational Field-potential in regions not occupied by attracting matter ; 
2. The Electrostatic Field-potential in uniform_dielectric. 
3. l'he Magnetic Field-potential in free aether in the theory of magnetostatics. 

4. The Temperature Distribution in the theory of thermal equilibrium in solids. 
G. The velocity distribution at points of a homogenous liquid moving irrotationally in 

hydrodynamical problems ; · 
6. The pressure and flow lines for extremely slow movement in a viscous medium like 

glycerine, treacle, etc. ; 
'1. l'he Electric Fields (potential and flow lines) in the theory of the steady flow of 

electric currents in conductors. 

1'o these might now be added :-
8. The pressure distribution at points in a saturated porous medium such as a soil 

through which the liquid is moving. 

Of these, case (5) forms the basis of the hydraulics of surface flow where turbulence is 
absent so that Bernoulli1s equation applies. The applications of cases 6, 7 and 8 will be 
discussed in Chapter IV. 

Though the physical theories involved in the above cases are different from one another 
the mathematical investigations are much the same for all; thus in the problem of sub-soli 
flow the determination of the equi-pi:essure surfaces is identical with that of the equi-poten· 
tial surfaces in the problems of the steady flow of electric currents through conductors-the 
boundaries being equi-pressure lines and stream lines in one case, and equi-potential lines 
and lines of flow in the other case. This analogy has been utilised in the electrical method 
developed in the next chapter for the determination of the pressure dist!iibution in the 

exi>erim~nt. 

(l) I.aplace 0 • Mem. de I.~Acad. desScieDces 1787. 
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Applicat;otl of the Potmti2l Law to Problems of Weir Design 

Equation (2·11) deals with three dimensional flow. In weirs the flow will be ~ainly 
two dimensional as the width of a rtiver is considerable so that flow at any cross-sectlon of 
the w~ir is not appreciably influenced by any cross flow from the sides. At the flanks of a 
weir and at syphons, or other narrow structures, the influence from the sides will be consi­
derable, and the flow will approximate to three dimensional. 

For two dimensional flow, equation (2·11) reduces to ~~+ ~~ =0 

for which the boundaries, in the case of weirs·, are given by :-

0 

Figure 3·1 
X 

(3.1) 

(a) The foundation profile B E D C E 1 D1 C1 E 2 D2 C2 A forms the inner boundary and 
represents the stream line immediately along the profile so that the seepage 
discharge between this stream line and the foundation. profile is equal to zero. 
Between this stream line and the one next below if we assume a seepage dis­
eharge of q cusecs to flow, then the space between the two stream lines will 
form a stream tube carrying a discharge q. lf u defines the stream line func­
tion, the stream line along the foundation profile will be given by u=o and the 
one next below by u=q. 

(b) For a total discharge of Q.cusecs passing under the structure, the extreme boundary 
will be defined by the stream line 

U=Q 
The other two boundaries will be defined by :-

(c) at the upstream end, the sand surface Ax' along which pressure V=H 
representing the total head (H). 

(d) at the downstream end, the sand surface Bx along which pressure v=o. 
The first solution of a problem of two dimensional motion, in which the motion is 

bounded partly by fixed plain walls, was given by Helmholz. A solution of equation (3·1) 
for any boundary conditions has been made possible by the method of conformal transforma­
tiones devised by Schwarz and ChristoffeP in 1869. This method consists of transforming an 
area in the Z-plane bounded by any rectilinear polygon to the lower half of '-plane bounded 
by a straight line, so that if we know the solu~ion of the Laplace's Equation (3·1) for the 
t-plane with the real axis (~-axis) as the boundary, this transformation Z=f ( ') will 
give the solution of the Laplace's equation for the rectilinear polygon in the Z-plane as 
a boundary . . 

So that if Z=x+iy and '=~+i'l, theti any polygon bounded by straight lines in the 
Z- plane can be transformed into the axis of~ in the '-plane by the following transfor­
mation:-

(3•2) 

wh:!re A111', A2-rt, Aa"~~'· • • • • are the external angles of the polygon in the Z-plane and 
~ 1 ~~ ~a . . are the points in the '-axis that corresponds to the angular points of the 
polygon of the Z-plane. 

This method has been used in Chapter VII to solve the general cases of subsoil flow 
occurring in weir design. 

(1) Schwarz aud Christoffet. Uber einlge Abbildungs aufg11ben. Crelle 70, p, 106, 1869. 



el!AP'rER tV 

£xperlmental Verification or the Potential Law by means ot Models 

In the previous chapters it has been stated that the movement of water through per­
meable subsoils is analogous to the movement of water through capillaries, to the ex­
tremely slow movement of a viscous fluid, and to the flow of electricity through a con­
ductor, and that all such 111ov~ments are governed by the Potential Law. But these state­
ments, the engineering profession will not accept for practical application to designs, unless 
their validity can be experimentally established. This chapter provides the necessary ex­
perimental verification. In Chapte.c VI it will be shown that what applies to models, applies 
equally well to actual full-sized field structures~ Once it is established that the theoretical 
deductions from the Petential Law apply in full to the flow of water through permeable 
homogeneous subsoils under actual weirs, the problem of designing of these weirs in relation 
to seepage flow will have been solved. 

The various methods employed to establish the validity of the above analogies and of 
the Potential Law are described below:-

1 .-MATHEMATICAl, 

The mathematical solutions have been worked out in complete detail, fqr the various 
determinate forms of weir profiles, in Chapter VII. The results so obtained will, as shown 
later, be found to agree.almost exactly with those obtained by the other methods, the. differ­
ence, if any, being due to experimental error. 

II.-TRIAI, AND ERROR OR GRAPHICAl, ~THOD 

This method is approximate but in many cases gives results which are sufficiently ac­
curate for practical purposes. This approximate solution has been derived from the Poten· 
tial Law, mentioned in Chapter III, by Prof. Forchheimer1• A brief description of this 
method is reproducedl below:-

"Suppose that the lines AB and CD shown on the Figure 4·1, are two stream lines and let 
AC, ac, aic11 azc1 •• • • • • • • represent a series of lines of constant head. The latter are sup­
posed to be drawn in such a m.anner that the head lost in between each pair of consecutive 

c 
Figure 4.1 

lines is always the same. Thus, for instance, if h represents the head for the line AC and L)h, 
represents the head lost in oetween the lines AC and ac, then the head for the Hue ac will be 
h-~h, the head for the line a1c1 will be h-2~h, the head for the line a2c1 will be h-3~h. 
and so on. 

Further let it be supposed that in drawing the lines AB and CD. the distance m :bas 
been chosen approximately equal to the distance n, so that the figure A a c C represents 
approximately a "curvilinear square". 

·Forchheimer shows that in this case for any other two lines of constant head, for ins­
tance for the lines b d and b1 d1, the distance m2 will be nearly equal to n2, that is to say, we 
obtain then a diag~am consisting of a series of "curvilinear squares". 

An approximate proof of this can be given in au elementary manner. 
Let q represent thl! discharge in between the lines AB and CD. As explained earlier, 

this discharge remains constant over all the length of the two stream lines, therefore, the 

(1) "Hydraulik" by P. Forchheimer. 
(2) "Percolation 1Ulder aprons of irrigation works" by S. I.eliavesky. Page 33. 

14 



SXPSRSMSN'tAI. VSRI!!ICA'tiON OJ! 'tHS POTSNTIAI, I,AW BY MSANS 01' MODSI,S 15 

velocity will be inversely proportional to the distance between these lines. Thus the ave­
. rage velocity over the reach m1 is about:-

ul= _L 
nu 

whereas the average velocity in the reach Ills is• 

Uz= ~ n2s 

The average slope over the length m1 is about ~~ and as the slope is proportional to 

the velocity 
~h . q 
~=Ku =K--

ml 
1 

11111 

.t:;h= Kq 
8 

Now, the average slope over the reach Ills is about .6n!: so that 

_Ah=KUz= K-q-
ma nu 

or, as 6 h = K q 
8 

II 
and 111a = .6 h K q n2: 

ma-n . 
that is to say, the figure bb1 dd1 'will representapproximately a curvilinear square, which it 
was required to prove. 

Forchheimer explains his method on a diagram which is reproduced on Figure 4'2. The 
diagram shows a section of a weir built over a pervious foundation. In the particular case 
illustrated on the diagram it was known that an imp~rvious stratum existed at a certain . 
depth below the bed of the channel. -------------r-

Figure 4.2. 
The graphical process followed by Forchheimer in drawing out the stream lines can be . 

described as a "method of trial and error". The first line of flow is drawn out free hand 
following approximately the outline of the section of the apron. All the sharp angles are, 
however, rounded out and the general shape of the flow line is more smooth than that of the 
apron. 

The space in betwe~n the flow line and the apron is then divided in sections in such a 
way that the width of each section is approximately equal to its height, that is to say, each 
of the sections thus obtained will be a curvilinear square. ' 

Under each of these . S.:juares a new square is drawn out. The outer sides of these new 
squares will form th ~second line of flow. 

In th ~ sam~ way all th '! other flow lines can be drawn one after the other. 
~he las~ flow line must coincide with the line representing the limit of the previous 

~atenal. Thts serves to check the assumed alignment of the first flow line. In the majo­
nty of cases the first trial will not be found satisfactory and it will, therefore, be required 
to re-arrange the diagram. 

The method can be directly applied when the depth of the permeable layer is limited 
by a bed of imp~rv~ow; material, as is shown, for instance, on the Figure 4.2. 

In the case of unlimited depth it will be necessary to take into accou~t that the flow 
lines at greater depth from the apron tend gradually to change into semicircles, 

Therefore, to check the diagram in this case it may be assumed that at a sufficient 
depth below the apron the last flow line must be nearly a semicircle. 

* Iu the direction perpendicular to the plane ol th;:e:;d::ra::w;;;i::;ng:-:;th;:-:e:-:::w-;-:id;;t~lt-o7r ~th'e'l:-n-y-er-af;--p-or_a_u_s -m-ut,...e-rinl 
i> >~suw~•l to b~ unity. 'fhe lcttcxs r.crresents the porosity, 
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III.-VISCOUS FLUID MP:THOD 

A neat stream line apparatus has been d~vised for the purpose by Harbans Lal Uppal 
and Mushtaq Ahmed (Punjab Research Institute) which consists of a 4" x ~" tank with para· 
llel sides of glass plate spaced 1 mm. apart, which is connected by ~mall holes to two small 
chambers, one containing water and the other a solution of potassium penuanganate. A 
small ebonite model of the weir is inserted between the glass plates and the flow started. The 
model which is a good fit between the plates is greased on the sides to ensure water tightness. 
The water a!Hl the permanganate solution flow in definite and distinct stream lines, as shown 
in Photo 4·1. 

PHOTO 4·1 
Stream lines can be obtained by thts method in a few minutes and the pressure lines can 

b e computcJ from these. Direct determination of pressures by this method has not so far 

been tried anJ it is doubtful wh ether it will be possible, with any pretence to accuracy. 

This apparatus is similar to the one u sed by Hele Shaw1 iu 1807 and described2 in connt-c• 
tion with th~ determination of stream lines and pressure lines in spill-way siphons at 
H au.wer. 

The flow of water through this apparatus is similar to that of viscous liquids flowing at 

a rate b elow the critica l velocity. 
Stream lines have similarly been obtained by passing glycerine under the weir model 

between glass plates spaced 1 mm. apart. Red stained glycerine is introduced at points, and 
flows along with the pl ain glycerine in well defined stream lines which can be photographed. 

Photo .J,-2, reproduced below, is taken from the work done by Ionides of the Irrigation 

Directorate, Baghdad (Mesopotamia), in 1032. 

'' PHOTO 4·2. 

(I) Hele Shaw :-"Engineering" July 16. 1897 and April 8, 1898. 

(2) "JI,·•hau!ic r,ahoratory Prnc ticc' ' by J ohn R. T'rcemnn· (1929), Pngc 008. 
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The equi-pressure lines can be plotted from these stream lines by the graphical method 
of Forchheimer. , 

The application of this method is obviously very limited. It is, however, useful in giving 
a quick picture of the stream lines under any work. 

IV.-THE HvDRAur.rc SCALE MoDEL 

The scale model was first tried by Colman\ in 1915. As remarked in Chapter I, Colman' 
experiments failed to produce any results due to faulty technique. 

The technique of hydraulic scale models has been perfected in the Punjab Irrigation 
Research Institute by Harbans Lal Uppal who has succeeded in obtaining on the models an 
almost exact reproduction of the field results of the Panjnad Weir, including the seasonal 
variations. This is described! below :- · . 

ExPERIMENTAL TANK 

The experiments were carried out in a series of tanks which were 3 ft. 10 in. in length, 
2 ft. 6 in. in depth and 2 inches wide. Figure 4·3 shows the arrangement. Photograph 4·3 
shows the bigger tank, 8ft. X 3 ft. X 5 in. wide inside, for the Panjnad Model to a scale of 
1 in 50. 

THE EXPERIMENrAL 'cl'ANK 

SPILLWAY PIPB FOR 
D. 8. L. 

SPILLWAY PIPE II'OR 
U. B. L. 

-- -------------------------r 
OUTLET PIPB FOR 

DRAINING OFF 
POTASSlilllli CHROIU TB 

MASONRY PILLAR 
.OUTLET FOR SAND 

FRONT ELEVATION' 

... ""' 

- MASONRY PILLAR 

PILLAR 

i" GLASS PLATE 

PLAN 

Figure 4·3 

. 
3 

( 

~·~~~~~--~----------~-----
(1) "The action of water under Dams" by J. n. '1'. Colman, A.M.Am.Soc.C.Tl'., 

rican Society of Civil Engineers. 
.., Paper _1366, (1016) Ame-

(2) "A study of the flow of water uud~r works ou saud founuatlons by means of models" by J;;, McKende 
Taylor, Dlrecter, and Harbans La! Uppal, .A~sistant Research Officer. Research Publication Vol I1 
N"o, 3, (11134). • ' ' 
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.-I - -- - -

Showing glass side of the tank with Panjnad Weir ·Model in posit.ion 
PHOTO 4:3 

Cfhe frame of the tank was made of teak. The tan" itself consisted, on one side, of a 
glass plate ~ inch in thickness, and, on the other side, of a steel plate i inch thick and similar 
in size to the glass plate, the ends of the tank being formed by the framework. The frame 
w.1s grooved near both edges for the insertion of the glass and the steel plates. The tank was 
mounted on planks of wood placed at right angles to the bottom of the tank to give it 
:-;tability. 

One difficulty e:xp~Dienced was in connection with the making of watertight joints bet­
ween the glass and steel plates and the frame. After a number of trials the following proce­
dure was adopted to secure watertight joints. One side of the frame was mounted on the 
base. Two right-angled steel plates were screwed to the base and the end frame to hold the 
frame together. The grooves in these two members were then filled with a hot mixture of 
paraffin wax, bitumen and rosin, and the edges of the plates inserted in the grooves. The 
grooves in the other end of the frame were then filled with the wax, -bitumen-rosin mix­
ture and the frame placed in position on the base and slowly forced against the ends of the 
glass and steel plates by an iron cramp. As a result, the excess of the cementing mixture 
was squeezed out of the grooves. The glass and the steel plates were also forced by the press 
against the grooves in the base. By this method watertight joints were secured. As a 
precautionary measure a further quantity of the cementing mixture was applied to joints 
inside the tank after assembly. 

In the bottom of the tank, at the end which wa,s to be the upstream of the model, a hole 
one inch in diameter was bored to provide an outlet for the removal of the sand at the con· 
clu~ion of the cxp :!rim'2nt. Towards the bottom of the end frame piece which was to be the 
downstream of the model a glass tub.~ fitted with a strainer was provided for draining off the 
liquid contents of the tank. To the steel back of this tank, the necessary apparatus was 
attached for pressure observations. Phr>tog raphs 4.4 and 4.5 show the general arrangement. 

Showing hack of tank with rubber tubing conuections tQ glass pipes. 
PHO'l'O 4•4 
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Showing observation glass pipes . 
PH01.'0 4·5 

Holes were drilled in the steel plate at the back of the tank at points under the model 

corresponding to the places at which pressure observations were to be made. Nipples made 
from brass tubing i' in diameter were screwed into the holes in the steel plate so that they 
projected into the tank for a distance of two inches. The nipples were provided with strainers 
of copper gauze of 100 mesh. The nipples were connected outside the tank to a series of glass 
tubes by means of robber pressure ttlbing. All joints were made watertight. 

The pressures were to be observed in the gtass tubes. These were made from specially 

selected ba"rometer tubes of approximately 7 mm., diameter and caliorated for a ser;es of heads 
before the model was constructed in the. tank. The calibration was done with reference to 
two standard pipes each of two inches uniform diameter. The second pipe was used as a 
check on the first. The standard pipes and the observation pipes were all filled with water 
and any air bubbles sticking to these or the rubber connections were removed by sucking 
through the observation pipes. Observations were taken along the vertical at an interval 
of 1 em. The difference between the standard pipe and the observation pipe gave the correc­
tion for the pipe at that point. The calibration curve for each pipe was plotted and refe­
ence was made to these corrections when the actual pressures·were computed. All observa­
tions were ma:de with a cathetometer and are accurate to± ·005 ems. 

Two cement pillars 5' X 2' X 2'. and ten feet apart were erected, one on either back corner 
of the tank. Three angle iron pieces 11" X 2" X~" were fixed on to the pillars, two at the top 
.a1td the third 18 inches below. The two top pieces were at the same level, one on the inner 
and the other at the outer edge of the pillar. This arrangement was made {or holding obser­
vation pipes for their lighting arrangement. The observation pipes were divided into five 
sets each of twenty-five pipes fitted into a brass frame. Each br~ss frame holding a set of 
twenty-five pieces could be raised or lowered independently on to th~ angle iron piece&. The 

advantage of thi~ arrangement was that no difficulty was experienced in recording pressure 
of down-stream pipes at low lev~ls. 

i 

Two straight ·edges were fixed on to the top of the tank, one ou either side. A 
"spitzenteste.t" scale, mounted on, a car!ier, could move along the tank on the st~aight edges. 
By means of this arrangement ~e position of any pressure observation point or the R. L's of 
the model could be ~ead accurately, · . 

The meniscus of the water in the observation pipes was illuminated by means of uiffused 
light from _bebipd. A seri.es of tu~u~ar bulbs fixed on to a fqune, such that they could be 
raised br 19wered~ w~re P,lace~ behind e'ach set of obser~ation pipes. An opaque glass pl~te 
wlie·tptaceit1b~we~ir.th1 ~i~e~' an'd fb1

e b.\11bs to obtain diffused light. · · 
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The distribution curves for the sand which was used in these experiments i;; given in 
Figure 4·4 
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Figure 4·4 

~he sand was placed in the tank and the model was thea constructed. 

CONSTRUCTION OF TH.I: MODli:I, 

The method of construction of the model is described below: -
First of all a line representing the profile of the model was drawn on the glass plate such 

that the model was centrally located along the length of the tank. The position of the sheet 
piles, and all other important points were marked .. The sand was then introduced into the 
tank using water instead of potassium chromate solution, which was employed in the earlier 
experiments. When the sand level in ,the tank was slightly lower than the low~st point of 
the model, the sheet piles were constructed at their proper position. The method of· 
construction of sheet piles has been improved considerably. These are made of j'teak board. 
with a brass plate l inch on each side. These plates project half' an inclt beyond the woor 
and form grooves in which rubber pressure tubes are inserted. The brass plates arel'narrower 
than .·the ·tank and the overall dimension of the pile is raised tod "more than the width of 
the tank by the rubber tubes. When the pile is inserted, the rubber tubes form a watertight 
seal with the front and back of the tank. The piles are tested for watertightness by filling 
in sand to about three inches above the bottom of the pile and. applying a· head of water. 
The ·model is constructed by filling the tank with sand to about two inches above the final 
sand level and is allowed to settle for 4 hours. After this time the top of the sand is formed 
according to the required shape and cement poured in before the sand has had time to dry. 
With this improved technique the time taken for the construction of the model has been . 
much reduced and the accuracy of the observations has been considerably increased. It may 
be mentioned that_the actual time taken for the construction of the model in the improved 
technique was less than 4 hours. The rapid hardening cement took three hours to set. So in 
a period of 7 to 8 hours any complicated model could be made ready for experimentation. 

A constant head of water was maintained upstream aud a constant level downstream 
for a period of two hours before starting the pressure .observations. Another precaution of 
great importance was taken. The water for feeding the upstream was passed through a series 
of glass wool filters before it was led into a reservoir. By this mean'!, all silt and suspended 
matter in the water was completely removed. The observation points were labelled carefully 
on the glass plate and the corresponding numbers were marked on the observation pipes. 

PRttSSUR~ 0BS~RVATIONS AND STR~AM LIN~S 

A number of pressure observations, at different heads of water, were tak-:-n for each modd 
and entered in a register for recording observatione. 

After completing the pressure observations the stream lines were traced. The basis for 
txacing the course of the stream lines was the reaction 'between potassium chromate and 
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silver nitrate. When solutions of thes~ two substances arc brought into t·ontact, a red 

precipitate of silver chromate is obtained according to the following equation:-
2Ag N03 +K2Cr04 =Ag2 Cr0-1 +2K NOs 

(Colourless) (Yellow) (Red) · (Colourless). 

The solutions of potassium chromate and silver nitrate used in these exp:!riments were of 

I per cent. strength. 

The solution of potassium chromate was contained in an aspirator and placed in such a 
position that the potassium chromate could be introduced into the top of the tank and 
maintained at a constant level at the up.streaui end of the model. The !evd of the potassium 
chromate solution in the ·aspirator was also kept constant. Before starting any exp~riment, 

the solution of potassium chr.omate was run through the sand to ensure that the modd was 
watertight, the sand saturated with the solution, and the flow uniform. 

The solution of silver nitrate was contaiued in a :;eries of vertical glass tubes pro. 
vided with stop-cocks. The lower ends of these tubes were u.'rawu out into fine jets. The top 

ends of the tubes were fused at regular intervals on to a horizontal tube which was 
connected to the reservoir containing silver nitrate solution. The level of silver nitrate in 
the reservoir was maintained constant by means of a spill-way pipe. The capillary points 
were introduced into the sand on the upstream side half au ineh below the surface and close 
up to the glass side of the tank. 

The head of silver nitrate in the tube was slightly greater than the head of the main 
bulk of potassium chromate solution to ensure that a stream of silver nitrate was Jeliverc:d. 
'l'his aduitional head was dissipated soon after it left the point of tlle capillary. The 
experiment was commenced by opening the stop-cock of tlle tub ~ at a known time. The silver 
nitrate reacted with the solution of the potassium chromate and gave. precipitate along the 

lines of flow. The photographs of the development of the stream lines were taken at intervals, 
suitable illumination being provided. It was found necessary to take a series of photographs 
at intervals as points of interest oc.curred during th~ e:xp~ rim~nt which were likely to be 

obscured by later developments. Photo 4·6 shows the stream lines, so obtained, on the 
Panjnad w~ir model. Oth~r photographs of stream linc·s arc given in Chapter IX. 

Showing stream lines under the Panjnad weir model . 
• 

PHOTO 4·6 

A description of the exp~riments 011 the hydraulic model to determine the etfl'Ct of :-;ilt 
and tempeiature will be found in Chapter VI. 

A comparison of the p ressures as obtained on this and th~ electric models with those 
derived mathematically will be given later in this chapter. 

v.-Er.EcTRrc ANAI.oov METnoo 

This method was first tri~d by Professor N. N. 
'the technique as d ~v.Jop:!.d in the Punjab 

Pavlovsky 1 in Russia 111 1920. 
Irrigation Research Institute 

(1) 11 Mqtion of water under Dams" by Prof. N. N. Pavluvsky, Paper No, 36, [utematioual Cowruissiuu of 
Dame. (1933.) · 
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by Dr. V.I. Vaiuhianalhan, 1 .t 2 and as described in the Ptoceedings of the Iudiau Acade: my 
of Scieuccs, is rlproduccd below:-

A 

7' 

C8-Fixed condenser 
V- 'l'riode Valve 
T 2-Transformer 
A-Filament Battery 
B-Plate Battery 
C-Grid Battery 

PHOTO 4; 7 

}{ 

s 

A .C. 

Figure 4·5 

c 
D 

R, 

G J : 1 P 

HT 

T, 

H 

N-Neon Billb 
R 1-High Resistance 
R1-Rheostat 
C1 - Variable Condenser 
C2-Fixed Condenser 
'1\- -'l'ransformer. 

(l) ••Potential Distribution in infinate Conductors and Uplift Pressure on Dams" by Gurdas Ram,l\I. Sc. 
Dr. v. I. Vaidhianathan, D . Sc., I-'. Inst. P . and Dr. E. lHckeuzie Taylor, Ph. D., D. Sc., F . I. C., Proceed 
lngs of the Indian Academy of Sciences, Vol. II, No." I, July 1935. 

(2) "On the E lectrical Method of investing the· Uplift Pressures under Dams and Weirs" by Dr. V. I, 

Voidhinnothan, M.A., D . Sc., F. Inst. P. Physicist aud Gurdas Ram, M. Sc., Research Assistant, 'Research 
Publication, Vol. V. No. 4, April,l935. 
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The tank is 4ft. long and 3 inches deep. (Figure 4·5 and photo 4>7 .) AB and CD are two 
thick conducting p~ates of. copper each 1·5 feet long representing the surfaces of the porous 
strata on the upstream and downstream of the dam. B C is an ebonite plate 1 foot long and 
flush with the conductors representing the non-porous masonry of the dam. 

In the first set of experiments the tank was rectangular, being about 4'X3'X3". It 
was thought that the potential distribution round B C would not be affected by the outer 
boundary, but it was found that this introduced an error of about 5 per cent. The outer boun­
dary A K D of the tank was then made elliptical in shape with B and C at foci. The elliptical 
shape of the boundary confonns to the theor_etical condition, that the boundary is at an 
infinite distance away. The tankS is filled with a dilute solution of ammonium chloride. Pis 
a probe made by fusing a platinum wire into a glass tube, the end of the wire alone being 
exposed. P1 is a jockey moving on a ten-metre potentiometer wire W W1 • Tis a headphone 
connected as shown in the figure. · 

The potentiometer wire serves as a potential divider. The ends of the potentiometer 
are connected in parallel with the A C source and with the conducting plates as is shown in 
the diagram (Figure 4·5). The wire wa; accurately calibrated. 

'!'he A C source (Figure 4·5) is obta;ned from a Neon oscillator with an amplifier. This 
arr-angement which is shown completely in Figure 4·5, is a very convenient source of oscillat­
ing current, giving a sharp null point in the phone. 'A high accuracy in determining the null 
point is required in this experiment, because it can be seen .from the arrangement that the 

total fall of potential between the ends of B C is equal to the fait" at the ends of the ten­
metres potentiometer and the problem is to determine very accurately the potential of the 
various points along B C. The present arrangement for determining the potential was found 
so good that the null points in the phone could be determined with absolute certainty. The 
success of the experiment was mainly due to this part of the technique. 'l'he method may be 
employed with advantage for measurement of resistances where.A C is to be used. 

In the preliminary experiments where buzzers were used, no definite results were 
obtained. 

The details of the arrangement can be understood· from the diagrammatic· sketch in 
Figure 4·5. 

III~THOD OF 0BSERV ATION 

In carrying out the experim~nts, the moving contact P 1 in the potentiometer (Figure 4·5) 
is placed at l/20th of the potential and ~y probing with the help of P,the seri~s of null points 

corresponding to this potential are marked in the tank. P1 is then moved to 2/20th of the 
potential and the observations are then repeated. A complete set of equipotential lines for 
decrements of 5 percent of the total potential drop, are thus traced on the bottom of .the 
tank. 'fo facilitate the direct marking of the points, the bottom of the tank was made of 
ground glass. Tracings of the points are then made and reduced to a convenient size for 
comparison. 

COMPARISON OF R.EsULTS-MODJtLS AND THEORY 

Pressure observations were done in the hydraulic and electric models, on the standard 
forms given in Chapter IX. 'l'he agreement in all cases was very satisfactory between the 
euslts obtained from models and those derived mathematically. 
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Figure 4·6, shmvs the pressure contours under a plain horizontal floor as derived from 
theory and the hydraulic and electric models, 

FLl'SH FLOOR 
ELECTRICAL_ 
l'HEORETICAL __ 
HYDRAULIC--

Figure 4·6 • 
Figure 4•7 shows the uplift-pressure lines under a plain floor and under a plain floor 

with a pile line at one end for various ratios of base length to pile-depth. The agreement in 
all cases is as good as could be desired. 

IOO 

90 

20 

10 

EXPERIME:NT ____ 0 

THEORY-- - _ - X 

0·3 0·7 0·8 

FRACTIONAL. DIS TANG£ ALONG FLOOR 
Figure 4•7 

·1. 

1·0 

Table IV-I shows the comparison of pressures along a pile line with no aprons but 
with equal or unequal fill on the upstream and downstream sides. In this case the depths 
at which 5 per cent., 10 per_ cent ., 20 per cent., etc., pressure occur have been determined 

F 
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mathematic~lly (Chapter VII, 'case 2) and on the electric model with a 5 inch depth of pile. 
The agreement could be no better. 

Experiment were also carried out with au upstream apron and pile line at the down­
stream end, ·with different depths o{ fill downstream of the pile line. 'l'he results are given in 
Plate IV-1, and can be easily checked against th-eoretical val~es from tables in Chapter VII. 

Similar experiments were carried out with a stepped floor having a pile line at the step. 
This is the general Gase of Chaper VII. The experimental values as obtained from the electric 
model and those derived from Chapter VII are given in Table IV-2. See also table for General 
Case in Chapter IX .. 

TABU ·IV-I 

! 
.\ 
' 

• < 

'dl=5 di=5 dt=5 dl=5 

d1 =1 d2 =2 d2 =3 d2=4 

----~----------- -----·~-----l-----------1----~--'----.-------------

__ cll __ __lj __ v_T_...,l!.._y __ E_+·,..-y_T ___ II:--y-E--!·-"Ii-· T __ ;f-· Y E Y ~ I Y E Y T I Y E v T I v E 
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15 
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25 

30 

35 
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45 

50 

55 

60 

65 

70 

80 

85 

90 

05 

00 

5·00 

5·00 

4•05 

4·90 

4·80 

4·65 

4•50 

4'10 

3·85 

2·80 

1·00 

0•50 

0 00 

li 

0 

5•00 _,. 4·24 

5·00 4•-kl 

5·00 

u·OO 

4·911 

4•79 

4•65 

4·02 

3·72 

3•44 

3·08 

1•90 

1•46 

1·00 

o·oo 

5 

0'5 

; 

4•60 

4·80 

4•92 

5·oo 

5•00 

4·96 

4•88 

4-68 

4·48 

4•16 

3·80 

3•40 

2•40 

1·80 

1·24 

0-64 

o·oo 

5 

\--:-

4•12 

4•40 

4•47 

4'76 

4·88 

4188 

4·98 

4·96 

4•88 

4·76 . 
4·20 

3•83 

3•40 

2·02 

2'36 

1•84 

1·24 

0•68 

o·oo 

3•30 

3•72 

3·30 

3•69 

2·54 2·44 1·68 1·68 o·8o o·7s 

3·04 2•99 2•31 2•25 1•55 1•50 ·. 

4·05 4•08 I 3•50 3•48 2•00 2•90 2•25 2·22. 

4•38 

4.62 

4·80 

4.08 

4•94 

4•36 

4·60 

4•76 

4•88 

5•00 

5•00 

4.80 4•86 

4.65 

4'38 

3•60 

3•12 

2•58 

1'96 

1•32 

0•69 

o·oo 

4•66 

4•41 

4•04 

3•65 

1•40 

o·oo 

3·06 3·88 3·48 3·45 2·95 i 

4•34 4•29 3•98 3·98 3'56 

4•64 4•60 4•38 4•36 4·05 

4•86 4•81 4•70 4•60 4'45 

5•00 5·00 4·92 4•90 4·75 

2·91 

3•51. 

3•99 

4·80 

5•06 5•00 5•00 5·00 4'95 ,5·00 

5·00 5•00 5·00 5•00 o·OO o·OO 

4•86 4•81 4•05 4•61 4·05 50 

4.60 4•60 4-72 4•74. 4'75 4·80 

4'26 4·28 4·40 4·40 4·45 4·GO 

3• 84 3•83 3•98 4·00 4•05 

3·34 s· 32 3·48 3 ·5o I 3"51 

2•76 2 •76 2•88 2·02 2·95 2'01 

2'10 2•14' 2•20 2•25 2·25 2·22 

1·50 

o·74 o·8o 0·78 o ·70 0·80 o· 78 
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lz.o 1·5 2·0 3·0 3·5 4·0 4'5 50 

~~~\ 20·3 34·3 38·2 50·0 

p 
ell =H X100=Percentage Pressure. 

Y =Depth along pile at which a .certain percentage pressure 

Y =Depth derived from"theory 
T - • • 

VE =Depth deri~ed fron. electric model, experimcntRlly. 

cil =Percentage pressure at D. 
D 

occurs. 

0 
Figure 4;·8 
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·rABLE IV-2 

CI>E CI>D 

I 

Exp. T4eor, Exp. I Theor. 

77•0 76·3 43 4 43·8 

77'1 765 44·0 44•3 

77•4 76·9 45·6 45·6 
• 

78·2 77·1 47•1 47·3 ' 

78·6 78·1 48·9 49•2 

79'3 78·8 50·5 51·2 

79•9 79·5 53·3 53•1-
-

80·7 80·0 55·4 54·8 

81·7 80 8 56·5 56·4 

56·7 56·8 53·7 53•9 

60·2 59·8 51·4 - 51·7 

63 2 63•2 50·6. 50•9 

66·9 66·6 50·3 50·4 

69·7 69 6 ·49·8 50·0 

72·6 72·! 49·5 49·8 

d, 

l 
Cl>c 

Exp. Theor. 

O·O O·O 

6•8 6•9 

12•4 13•7 

18•7 19·4 

21·2 24•6 

27•9 28·9 

31•9 32•7 

37•5 36•0 

39·4 38•9 

53•7 53•9 

45•6 46•6 

40·4 4I·6 
... 

36·2 37•2 

32·3 33•4 

I 29•2 30·0 

Similarly, cases of depressed-floor have been tried and the following table gives a 
parison of the results obtained mathematically and from the electric model : -

com-

d 
-b 

,rY :Riecttic 

tpD' Theoretical 

A b----tB 
---11 ,----

D~-----~~---------------~01 

1 I 
24 12 

- 0·042 0.083 . 
10•0 13•2 

9•8 13•1 

Figure 4.!1 

TABI,E IV-3 

2 3 
12 12 

0·167 0·25 

17'4, r 
20·0 I 

17'4 I 20•1 
I 

4 5 6 
i2 12 12 

0•333 0·42 0•50 

22•7 24•3 25•3 

I 22·~ 23·7 25•0 

12 5 
12 2-5 

I·OO 2·00 

30•0 34·6 

30•0 34·6 

See also Table VII-5 of Chapter VII and Appendix to Chapter VII, page 88. 
Most of the other standard forms have been similarly tried and the results agree in all 

cases. The comparative values given above are enough to show that:­
the results obtained mathematically, 
the results obtained from the hydraulic model, and 
the results obtained from the electric m6del. 

airee between themselves. 

It inay, therefore, be. taken as proved that the jlou1 of water tlzro11gll perme.1ble soNs below 
weirs. is analogo11s to the flow of electricity tllrottgh a condftc/or, and to the flow of a visco11s 
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jl11id a11d that the potential law applies in all cases. So that, in cases where the equations are 
determinate, a complete solution is possible mathematically. ., 

Tliat 'the resufts from models ·agree with those on their prototype field structures, will be 
proved in Chapter VI. 

Monnr. CHARAC'tnRxsTxcs IN Sun-sorr. WoRK 

1-Hydraulic Model 

(a) Effect of porosity; grain size, packing et~., of sub-soil.-Experiments were carried out . 
with sands of different particle diameter, different porosity and different packing under the ' 
sa111e model but homogeneity was maintained in each set of e~periments. The distribution · 
of pressures anu the stream lines remained unaltered. ' 

Hence the· configuration of equi-pressure and stream lines-generally known as the flow : 
net- is ·independent of the class and structure of sub-soil so long as the latter is homogeneous. · 

(b) Effect of Scale,-Experiments wer,e carded out for the case of a depressed floor and · 
floor with sheet pi~e.at·&ne end by changing the floor ·length but by keeping constant the 
ratio offloor lengtb..to depression in the case ofthe depressed floor and to depth of pile.in the 
oth~r case. The flow nets were identical in all cases. 

Hence the, flo~ net is independent of the scale of the model. 
(c) Effect of Temperature.-Experiments were carded out at different temperatures with 

the same model-the temperature remaini1tg uniform throughout the sub-so'il. Thelflow nets were 
identical in all cases. 

Hence th~ fl~w net is independent of temperature so long as the latte~ is uniform • 
throughout the' medium. ' l 

(d) Effect oj Head.-Experlments .were carried out by varying the head through a fairly 
,, ' ·' ' ' ' p 

wide range. The stream lines remained unchanged. The potential function cl) =H , 
where \ . . · · : 

P=indicated residual head at any point, and 
~=total head, 

.remained unchanged. In other words if H was doubled, P at any point was doubled; if H was 
halved, P was halved. . 

- Hence the flow net is independent of head. 
(e) Effect of Upstream and Dowttstream Levels.-Experiments were carried out by vary­

ing the UJ.>Stream andfor_ d9wnstream levels. The pressure lines remained unaltered and so also · 
the stream lines. · · 

Hence the flow net is independent of upstream and downstream levels. 

H.-Electric Model . 
• 

The above five sets of experiments were repeated on the electric model with similar 
results. 

(a} T~e variations in class and structure of sub-soil were reproduced by changing the 
concentration of the salt solution forming the electrolyte. 

(b) The scale of th.e mqdel __ was c4anged so that the. ratio .of.floor length to depth of. 
depression or sheet pile remained unaltered. · ' 

(c) Experiments were carried out at various temperatures which remained uniform 
·, throughout the. medium during any one experiment. 
(d) Different potentials were e,mployed. 
These experiments pr-ov_e .. that the flow net. of _equi,pressure and str.eam Jin~s, ior any 

particular weir profile, is:. in!lepe;ndent of:-
(a) Class and structure of subsoil so long as it is homogeneous. 
(b) Scale or size of ·structure. · 
(c) Temperature so long as it is uniformthr~ughout the medium;' 
(d) Applied head . 

. (e). Ups.tream.and .downstream water levels.~--- · ·· ~ · ·- ----- ·· 
, Conclusions (c), (d) and (e) were arrived at by Khosla1 in 1932 from a study of the pres· 

sur.e observations at the Panjuad Weir: 

(1) ''Pressure Pipe Observations at Panjna<l Weir" by A. N, Khosla, I 1 s. lh M. Am. &oc. C.E., PWljab 
Engineering Congress, Paper No. 162 (1933), 
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Sin~~ the models ~ho~ that the flow net is independent of the class and structure of the 
subsoil and of scale, it can at on~:e be inferred that the flow net obtained on a model should 
conform exactly to that under the prototype fieldstructures provided that the subso~l of the 
latter is homog~neous. '£his conclusion is perfectly valid without further proof but actual 
~omparisons of the model and field results have been given in Chapter VI, so as to place the 

~alidity of this conclusion beyon4 question. 
S'tRA TIFICA 'tiON 

It has been proved above that the flow net remains unchanged in a homogeneous sub-soil 
irrespective of the class of soil, the head, the temperatul!e, etc. This flow net under a given 
weir profile will change if the subsoil beconies · non-homogeneous or stratified. Some work 
h•IS been done on this aspect in the Punjab Research Institute in connection with uplift 
pressures below the clay substratum under Bay 4 of the Khanki W eir1 and the investigation 

· of effect of silt upstream of the Panjua:d Weir2 floor, mentioned in Chapter VI. SchaffernakB 
has done a good deal of work on stratification and his conclusions 'are reproduced below:­

"Investigation of the laws of the flow of water through dams or through the subsoil, ·can 
be carried out by means of experiments with appropriate models. 

Experiments with models require the tatio between the co-efficients of permeability of the 
individual layers used in the model to be in strict conformity with that of the corresponding 

strata in nature. 
For some spzcial cases, however, the solution of the problem can also be found by theory. 
There is no need to establish special rules for carrying out the laborat01y work, because 

the experimental investigation concerning the flow of water. through non-homogeneous 
materials can be carried out in the same manner ~the. model-tests concerning the flow 0 £ 
water through homogeneous materials." 

Haigh' has also dealt with some aspects of stratification. 

RiLATIV~ M~RITS OF 'tHlt HYDRAULiC AND ELitC'tRIC MOD~LS 
From the above it will be seen that either model is suitable .for the determination of the 

essential factors governing weir designs. The difference in the two is one of degree. This 

will be considered under:- · 
· (a) Speed. 

(b) Accuracy. 
(c) Scope. _ 

(a) speea.-The electric model is much the quicker of the two. The equipment is brief 
and simple to set up. The readings c~n be taken very quickly. 

(b) Accttracy.-While both methods can be equally accurate, there are a greater number 
of sources of error in the hydraulic model. The scale and shape of the model · 
and the relative size of pressure points are among the major sources. Jn the 
electric model the probe is a fine point which can locate the position of any 
pressure point with great precision. In all the comparisons so far made, the 
error from the theoretical has rarely exceeded 1 per cent. and in an extreme case 
it has been slightly above 2 per cent. 

The electric method is, therefore, more accurate. 

(c) Scope.-So far as our present knowledge goes, the hydraulic model scores in this 
respect. It can reproduce effect of stratification and temperature variation. If 
set up in a suitable flwne, it can reproduce tail erosion and can effectively sh w 

• the b.e~aviour of the standing w_ave and the damage likely to occur from vario:s 
c?nd1t1ons of_surface flow .. It ~er~its of an investigation of the limiting gra­
dlents at ex1t and the true s1gmf1cance of such gradients. It is capabl f 

d · 1' e o repro ucmg stream mes, 

On the ele:tric model, stratification has been studied by Pavlovsky5 and Hazr'a5. The• 
effect of varymg :emperature can be studied by putting in. the same electrolyte with differ­
ent temperatures 1ll compa:tments separated by copper strips. The temperature variation ca!l 

(!) Research Publlcat'on, V?l· II, No 10, By A. N. Khosla, etc. (1035). 
(~J Paper ISS, Punjab Engineering Congress (1935). B,r Harbans Lal Uppal. 
<3> Paper No. 31 b,r De. Friedrich Schaffernak of Vienna. International Com~issiou on Dams (l!l33). 
(4) ·:~ealgn of Wier on Send Foundations;" By F. F. Haigh, Paper 182, Punjab F,ugineerlng ~ongrcss •. 
(/i) Upllft and Seepage nuder Darus on Saud," By L. F. Hu~ra1 l\'I,Al\!,Soc.,C.E., Paper No. 1020 (1936). 
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either be in steps or graded. With a rise in temp~rature of the inflowingwater the pressures 
increase. With a rise in temperature of the electrolyte, the latter falls in conductivity and 
pressures drop. .Apparently the results are ;;ontrary in the two cases but, reat:y speaking, 
they are in agreement. A rise in temperature of inflowing water is the same thing as a drop 
in temperature of the soil medium with the temperature of the inflowing water remaining 
constant. Thus a drop in te1uperature of the subsoil medium results in a rise in pressu1es. 
Similarly• a drop in the temperature of an electrolyte results in a rise in pressures. 

Scour at either the upstream or the downstream end of a work can be equally well repro-
. duced on the electric models. The super-imposition of silt of a grade different from that 
forming the subsoil, is equivalent to stratification which can be reproduced on this class of 
model by aMing at the upstream end a suitable length of electrolyte of different conducti­

vity. 
It is in the investigation of problems of surface flow that the hydraulic model is distinctly 

superior to the electric model. The latter method appears, however, to possess vast potenti­
alities and a sustained effort to explore these will be amply repaid by the extraordinarily 
opid and accurate r-:sults that it will yield. 



CHAi>'l'Eit 'v 

The Location and Erection of pressure Pipes and Standard MethOds ot Observation and · 
Record 

This chapter is essentially a reproduction of the first part of Publication No. 8
1 

of the 

Central Board of Irrigation, of which the second part is contained in Chapter VI. 

Pressure pipes were first of all put in the Narora Weir in March 1898. The observations 
on these sllowed that the uplift pressure under the floor as indicated by the level of water in 
he pip~s was iniexcess of the weight of the latter, suggesting possibility·of failure. Two days 
ater, part of the weir actually failed. Since then pressure pipes have been installed' on· a 
number of weirs and dams in India and abroad, with two objects in view :-

firstly, to watch the stability of wor~s, and 
secondly, to investigate if the actual pressures at various points on the structure 

were in conformity with those assumed for purposes of design. 

Observations of uplift pressure have been made at these works from time to time and 
a record of these exists in published papers2 to 5 and official records. Lane6 gives a 
comprehensive list of such documents. 

In the Punjab, pressure pip~s were inserted in the Khanki W eir_7 and the Rasul Weir 
about 1917 and in the Sulemanki4 Welr in 1925. Between J 926 and 1928, s-eries of pressure 
pipes were put in the various siphons~ under the Upp~r Chenab Canal. The results obtained 
from these showed a wide departure from those given by the Bligh Creep Theory. In 1929, it . 
was decided to extend the Panjnad Weir. This afforded an opportunity to pJlt in a compre. 
hen:;ive set of pressure pipes on scientific lines to enable a thorough investigation of the uplift 
pressures under an actual field structure to be made. This was the first experiment of its 
kind in the world and one that has been instrumental in furnishing the final solution to the 
problem of Weir Design on Sand Foundations. The results of this investigation are contained 
in Paper No, 1625 (1933) by Khosla. Early in 1932, a fresh set of pressure pip~s were instal­
led at the Khanki Weir. The observations on these showed little drop in pressure (due to 
flow through sand) below the weir crest in some of ·the bays, indicating unstable conditions of 
the weir floor (see Plate V. 1). Serious damage occurred during the following monsoon that 
sam~ year; the floor was undermined at several places and huge cavities were discovered (see 
Photo 1 of Chapter VIII). The history of damage, repairs and reconstruction of the Khanki 
Weir are described by Khosla in Paper No. 1958 (1936). 

A comprehensive set of pressure pipes on the lines of Panjnad were erected at the 
Khanki Weir during reconstruction. These are discussed in the next chapter. 

Like the Sulemanki Weir, the Khanki Weir has a substratum of clay, in some of the 
·bays. Bay 4 is a typical case. The location of pressure pip~s, the interpretation of results 

. (l) ': 1'he I,ocation and Srection ot Pressure ·Plpes and Sta~dard :Methods of Observations and Record." 
lly R. B. A. N. Khosla, I. S. E., lit Am. Soc, C. E. 

• (IIJ "Up<t~r.l Pressures und~r Dams. Experiments by the United States Bttreau of Reclamation.'" Bt 
Julian Hinds, M. Am. Soc. C. E., Pnpet No. 1717 (1920). American Society of Civil Engineers. 

(3) ''Hydraulic Gradients ill sub-soil \Vater flow in relation to Stability of Structures Resting on Saturn• 
ted Soils." By A,N. Khosla, I.S.a., A.l.£.I,JS. (ludia), Paper No. 138, Punjab Engineering Congress (l9SO). 

(i) "Stability of W~irs and Canal Works, An apphcation of the new theory of Hy<\rnnlic Gradients.'' 
By A. N. Khosla, I. S. E., Paper No. 142, Punjab Engineering Congress (1930). 

(5) "Pressure Pipe Ob3ervations at Panjnad Weir.'' By A,N.Khosla, I.S.E., M. Am. Soc. C.E., Ptiuj 
:Engineering Congress, Paper No, 16!1. n; 

(6) Paper No, 1919, American Soc. of Civil Enghteets, 111'\ecufi ty from under seepage". Dy E. W. Lane, 
:W. Am. Soc. C. E. (l935). . 

(7) "Design of Irrigation Works.'' Third edition, By w.:o. Dligh. Page 197~ Publishers, Constable. 
& Co., I,ondon. 

(8) "Reconstruction of the Khanki Weir." By R. D, A. N. Khosla, I, S. ll., Paper No. lg5 of Pnuj14b 
l!;ngineerlng Congress (1036), 
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obtained from them and the fundamental principles involved in design in such cases will be 

dealt with in the next chapter and in Chapters X and XI. 

From the cases of Narora and Khanki Weirs, it is obvious that th·e pressure pipes acted 
as "tell-tales". They made it possible to predict undesirable developments under the weir 

floor in the neighbourhood of the pipes. Their usefulness for scientific research has been 
establ~shed by the Panjnad results. The pressure pipes recently fixed at the M:erala Weir . 

have helped to indicate the extent to which reconstrl!ction is necessary. , 

The erection of pressure pipes may, therefo~e, be considered as an essential part of any 

newly constructed hydraulic structure and a us·eful addition to an old one. A systematic 
record of their observations-apart from its scientific value-will be as necess'ary for the 

maintenance of such structures as a record of tlie usual soundings and probings. 

GEor.oGrCAI. FoRMATION oli' Sunsorr. 

For a correct interpretation of the results of observation, it is necessary to know the .. 
geological formatiqn of the subsoil. If the ~ubsoil is homogeneous, the results, under nor. 
mal conditions, will be identical with those obtained from ll).Odels . (see Chapter VI). Any 
considerable difference between the two sets of results must be due either to some local fault . 
or to non-homogeneity in the subsoil. The exact location of pressure pipes will be determin­

ed by the nature and extent of such non-homogeneity. If a weir is Under-laid with a . conti­

nuous bed of impervious clay (Khanki Weir Bay 4 and Sulemanki' Weir, see Plate V. 3) the 
pressure inithe permeable stratu_m below the clay bed will have ab~olutely no relation with the 

·pressure above that bed .. It is the latter pressure which will act against the weir floor. But 

a puncture in the impervious bed may materially alter the uplift pressures by affording, to 

the underlying high pressure water, access to the subsoil immediately under the weir floor, 
thus subjecting the latter to pressures much in excess of the designed. Local clay bands or. 
lenticles will not interfere with the g"eneral distribution of pressures, but may cause local · 
abnormalities which must be considered in design. The existence . of very porous beds of 
shingle and their position relative to the weir floor may call for substantial modifications in 
the normal design. In certain positions they might add to, safety and, _in others, detract 
from it. 

The formation of the subsoil can be found by making bore holes at suitable points at 

the site of work and by keeping a careful record of the class of soil met with at various 
depths in each bore hole. 

In homogeneous soils and in soils with small lenticles of impervious. or very porous 

material, borings can be made anywhere with safety. Where there is a continu~us subs.tra~ 

tum of clay below the permeable soil underlying the weir floor (Khanki Weir Bay .4) great care 
must be exercised in locating the position and depth of bores. It will be dangerous to puncture 

the clay 'as that will provide access for the high pressure water unde~ it to the underside of 
the weir floor. Bitt punctures must be made to investigate soil formation. Such punctures, 
if made, should be carefully sealed, Where the sealing is likely to be doubtful, the bore pipe 
should be left in position and plugged. Similarly, where extremely pervious substrata 
underlie the subsoil below the weir floor, the positipn of punctures must be carefully consi. 
dered, They might lead to dangerous springs if done at the tail end of the work. Such 
formations, with proper manipulation, can just as well afford good drainage and thus cause 
reduction in uplift pressures, with consequent economy in floor thickness. 

But it must be remembered that while the borings will furni~h a general idea of the 

nature of the subsoil, they cannot possibly indicate all the minor geological details. In most 

cases an intelligent guess will be possible. Due consideration must, therefore, be given in 
designs for this element of uncertainty by allowing a suitable factor of safety. 

(1) "Stability of Weirs and Canal Works.'' by A. N. Khosla, l?upcr No. 142, Puujab Englneeriui. 
Cougrcss,l030, :Plate V. 



DW!IGN OF WEIRS 0!'1' PERMEABI.E FOUNDA'l'IONS 

LOCA'l'ION Olf PRESSURE POINTS 

~,A comprehensi\fe arrangement of pressure points under weirs on homogene~tt! (or nearly 
~6) subsoils and those ~n homogeneous subsoils underlaid with a continuous impervious sub­
stratum (of clay, etc.) is give!! in Plates V. 2 and V. 3 (Plate V. 2 is the same as Plate 1 of 
Publication 8). The Panjnad Weir and Bay 4 of the Khanki Weir have been selected as 

representative types . 

. . The pressure points may be divided into three groups :­

(1) along and immediately beneath the horizontal floor, 

(2) at different points along the deep vertical cut-offs, and 

(3) at different depths in the subsoil. 

_ The suitable points under the horizontal floor are the upstream and downstream ends, 
immediately upstream and downstream of each vertical cut-off and other intermediate points 
at regular intervals. These will give uplift pressures at these determin~d points below the 
floor, a knowledge of which is essential to watch the safety of the work. 

Along the deep vertical cut-offs, the pressure points should be placed or driven close 
against the upstream and downstream faces at suitable depths. In a homogeneous subsoil, 
iu addition to the points upstream and downstream of the cut-off just under the floor, it will 
be ·enough to have one point half-way along the depth on either side and one just at the 
bottom. An additional point some 8 to.IO feet bdow the bottom will be desirable. In a sub· 
soil where definite stratification exists, more esp~cially where clay beds are encountered, the 
location of these points will be determined by the nature of the stratification. The pressure 
points so located enable a correct determination to be made of the effect on uplift pressures 
of -the depth and spacing of cut-offs and of the stratification of the subsoil. It ~ll also be 
possible to find out the consequent distortion of the stream-lines. 

In the subsoil, the pressure points should be located at suitable depths and intervals 
Under the pervi01,1S as well as impervious floors with due regard to stratificati6n. The pressureS 
at these points will give the normal distribution of pressure and stream-lines away from the 
effect of the distortion mentioned above. 

. In n~w works under construction any scheme of pressure observation points can be 
carried out in full, but in existing structures the extent to which it can be done will depend 

upon local considerations. • 
' ·The location of p1essure pipes in any work, existing or new, should be planned with great 

eari! and thought. The stratigraphy of the subsoil, espe~ially the presence of clay beds and 
ot4er geological features, must be duly considered together wi~h the profile <?f. the foundation 
of ~he structure. A knowledge of the geological sections of the: subsoil is essential for working 
out a suitable design for the locality and for a proper appreciation of the subsequent pressure 
observations. 

',The arrangement of pressure points shown in Plates V. 2 and 3, is required for a detailed 
study of the flow of water through the subsoil under a particular weir. Such a large number 
of pressure points need only be placed at either flank and at a few lines in the body of the 
weir depending on its size. Certain ~ey points under the horizontal floor, viz., upstream and 
do~nstream of each vertical cut-off and just under the crest, may be fitted with pressure 
poipts at more frequent intervals. These will enable the safety of the work to b~ watched 
along the entire length. Thus, on the Panjnad Weir, Pipes Nos. 31, 24, 21, 13, 10 (see Plate 
V. 2) may with advantage be put in every alternate pier a~d Pipes Nos. 21, 10 in each pier. 

ERECTION OF PRESSURE Pll'ES 

'l'o allow of the pressures at the selected points below the work being read, 1~' diameter 
filt~rs are placed at th(;se points which an~ connected by 11• (}. I. 'pipe§ to suitable locations 
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on the sup~rstructure. 1'hese filters (Plate V. 2) are available in the market in standard 
lengths of about 3ft. They are fitted with a driving point at one end and a threaded I!" 
blind pipe at the other, with a length of about 2! feet of 50 mesh wire gauze strainer in 
between. These filter points should be laid horizontal where excavation permits. Otherwise 
they should be driven d<;~wn to the prop~r level by means of a monkey. When the depth is 
too great or. when the soil is hard and liable to cause damage to the filter in driving, the 
filter and the connecting blind pipe can be inserted in a bore hole made by a 4" diameter 
casing pipe. The casing pipe is ordinarily withdrawn, but when a clay bed exists below the 
sandy subsoil, . the. extraction of the casing pipe may lead to troublesome springs. 

The pressure conditions below a clay bed are unaffected by the pumping above, so that if 
that bed be punctured a spring may result, leading to cavities and rendering the pressure 
observation point of doubtful value. In such cases the casing pipe may be withdrawn just 
clear of the 2! feet length of filter, and the space between the casing and the 1!~ pipe filled 
with cement grout. Such conditions were met with in the reconstruction of the Khanki Weir 
Bay 4. -··· - . 

PR~CAUTlONS TO B~ OBS~RV~D IN ER~CTION OF PR~SSUM PIP~S 

(i) A damaged ·filter should not be used. If one is damaged in driving,_ it should be 
~~ . . 

(ii) 'The jointing of the filter and the blind pipes should be done with great ca~e and made 
absolutely watertight as any leak may give entirely unreliable ob~ervations. Wherever such 
joints are accessible they should be sealed with a coating of rich ceinent concrete: _ 

(iii), When more than one pipe are driven at the same place. to different depths, they 
should be spaced not closer than one foot. This will avoid any ·direct connection between 
any tw9 filters due to driving or extraction where such may become necessary •.. · 

(iv) ·Th:e horizontal piping between .the filter and the observation point on the superstruc­
ture should be slightly inclined downwards in the direction of the filter to avoid possible air. 
lock. · 

(v) During erection, the ends of all pipes should be kept closed by stan.dard caps to avoid 
foreign matter finding its way into the pipe and thus making them useless for purposes of 
observation. This is a most importan,t precaution and cannot be too strongly stressed. Care­
less workmen or mischievous boys may ruin the pipes by choking them with grit, sand or 
other foreign material. All vertical pipes must b~ kept dead vertical and all kinks must be 
carefully avoided. Failure in this respect may make it impossible to lower the bell-sounder 
or the thermometer to the right pla~e for observations. 

(vi) Each pressure observation point shonld be given a distinctive number and that 
number should be marked on the filter and on each length of connecting pipe. The greatest 
care must be exercised in this respect, for once confusion arises there will be no means to 
determine to which filter point a given sta,nd pipe refers. These distinctive numbers· should 
be stamped on the caps at the end of the stand pipes and on the masonry or concrete plat­
form where they are collected. 

(vii) .. Pipes from the filter points are led into piers or flank-walls to enable readings to be 
taken throughout the year. Points directly under the piers or flank-walls are connected to 
the observation platform by a single vertical lengths of piping. But those removed from piers 
-and flank-walls have to be connected by horizontal length of piping. These latter should 
be placed well below the lowest pressure level that is likely to occur at the respective points. 
Otherwise, no observations will be possible during certain conditions of supply_ when· the 
observation stand-pipe will be dry. · 

(viii) Each pipe should be tested to see that the strainer is not choked. This cat). be 
best done by connecting the top of each pipe with an ordinary hand pump and by working 
the pump for one-quarter to half an hour till water comes out with freedom. A choked filter 
will not respond to variations of pressure and will give erratic results. 
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After the initial test, should auy pipe or pipes give erratic results they shoulu be putuped 

as above. After that they will be found to give consistent results. 

(ix} It is futile to lay a pressure point in impervious clay. This wil~ show. no re~ponse 
to any variation of pressure. If it is desired to find out whether the clay ts actually tmper­

vious or not, a pressure point will be of use. 

OBSERVATIONS AND INSTRUMENTS USED 

The following observations for pressure data should be made simultaneously :-

1. Upstream water level. 

2. Downstream water level. 

3. Shade tEmperature ; maximum and minimum. 

4.. The temperature of the .river water, at a depth from the surface below which it 
remains approximately constant. 

5. Temperature of sub-soil water in a few ·selected observation pipes. 

6. Water level in all pipes. 

7. The depth of silt on the upstream and downstream floors and if possible the 
nature and grade of silt . 

. Items 1 and 2 are read from gauges suitably fixed. Item 3 is read by means of the 
ordinary maximum and minimum thermometer. 

It has been found that the surface temperature of the river water is influenced by the 
atmospheric temperature. Below the SJlrface, this effect is less marked and at a depth of 4 
to 5 fe<t the temperature appears to remain approximately constant. This is the temperature 
which should be observed and it follows that a common thermometer is useless as the readzng 
will be affected by the var;ring temperature in the upper 4 to 5 feet d11ring withdrawal. This 
observation should, therefore, be made with a maximum-minimum thermometer. 

The water t~mpe~;aiure in selected pipes can be observed only with special th~rmome­
ters, c~able of passing freely through a 11" pipe. A suitable type is the Six's Pattern max.­
min. thermometer manufactured by Messrs. Negretti and Zambra (London) which can, be 
obtained through the Indian Stores Department. Long distance recording, thermometers are · 
even more satisfactory though more expensive. '!hese may be either electric or mercury­
in-steel type. This latter type, when let down the pipe to any depth, will _indicate the 
temperature at that depth on a dial. The temperature can thus be .read directly at. the 
observation pl~tfr,rm. In the electric type the resistance thermometer is connected to the 
dial by means of an insulated and water- proof cable. In the mercury-in-steel type, the 
mercury bulb is connected to the dial by means of a steel capillary. Both types are capable 
of automatic record. Where a max.-min. thermometer is used it must be raised very steadily 
as any jerk would disturb the indicator.. This ·.is quite a common source of error. 

The water level in the pipes can best be read by means of a belt-sounder (Plate V, 2) 1 

lowered into the pipe by a steel tape. Electric devices have been tried but the bell-sounder 
has been found to be the most accurate, reliable and simple. The _bell-sounder consists of a 
solid brass rod about 3!" long and f' diameter ending in an inverted· cup of 11" diameter. 
A swivel is screwed on to the upper end to which the steel tape is attached. The length 
of the sounder below the zero of the tape should be m~asured carefully and addccl to each 
reading of the tap;! to get the true depth from the top of the stand-pipe to the water level 
in the pipe. Directly the cup of the sounder hits the water surface in the pip;! a definite 
sound is produced which cannot b~ mistaken or drowned even in the roar of water passing 
over the weir crest. For exact reading, the cup is moved up and down and the precise 
position, where the sound occurs, is read. These readings can be accurate to within h of 
an inch, but ~·may b:! taken as the normal degree of accuracy. Each observation takes 
from 1 to 2 minute~. 
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The retl.uc~d levd of the top of each stand pipe being known, the reduced level of the 
water In the stand pipe is obtained by s.ubtractmg the measured depth from the known 
reduced level. 

The depth of silt is obtained by soundings. 

POINT OF STRAINER TO WHICH A PIPE READING ll.EI,ATES 

Por a strainer laid horizontal, the centre of the strainer will be the position of the 
pressure point to which the reading in the connecting stand pipe relates. If there is drop 

of pressure along the 3 ft. length of the strainer, the pressure point w.ill be at the farthest 
position along the direction~ of flow. Similarly in a vertical st.ainer, the pipe reading will 
refer to the top or bottom end of the strainer whichever is furthest downstream along the 
direction of flow and has the lowest' pressure. Thus at the upstream end, the reading will 
refer to the bottom of the strainer and, at the downstream, to the top. 

FREQUENCY OF OBSERVATIONS 

At the Panjnad Weir, these observations are taken twice a week; at the Khanki 
Weir once a week. The frequency of observations will depend on local requ;rements. For 
investigation of a particular problem, the observations will have to be rather frequent but 

for watching th~ safety of a wdr, once a week for the key points and once a fortn;ght for 
other pipes should be enough. 

TilliE LAG 

When there are large fluctuations in upstream and downstream water-levels, for 
instance during rising or falling floods or when the river supply is being ponded up to feed 
supplies into th~ canals, the results are likely to be influenced by time lag. A rise in the 
upstream level will give relatively lower readings and vice versa. If the water level rises 
upstream, the tot;~.l head increases but the water levels in the pipes have not had time to 
adjust th~mselves to the raised pond lenl and therefore, the reading will be relatively low. 
Similarly when the pond level falls, the total head is decreased but the levels in the pipes 
remain high and, therefore, give a relatively higher reading. .When observations are taken 
at regular intervals, due allowance can be made for such time lag and the true pressures 
obtained. 

What applies to variations in upstream levels, applies also in the case of variations 
·in downstream levds. A sudden rise in the dowlbstream level will give relatively lower pipe 
readings and vice versa. In heading up there is a rise upstream and a drop in downstream 
river level. The effect of lag in such a case may be non-existent or may result in the pipe 
reading being higher or lower than the normal, depending on the relative rate of change of 
upstream and downstream levels. 

ln a rising flood, when both upstream and downstream levels are nstng, the pressure 
pipes will read relatively low. In a falling flood, when both the Upstream and downstream 
levels are falling, they will read high. 

The response to any variation in head due to change in the upstream or downstream 
levels is almost instantaneous throughout the work but as the rate of movement of subsoil -
water is very, very slow~ the water in the pressure pipes takes some little time to deplete or 
recuperate according as the pressure falls or rises. Some tests on time lag will be 'found in 
Chapter X. But more systematic and comprehensive tests are required to enable an accu­
rate study of time lag being made. If the gauges upstream and downstream remain steady for 
!l4 hours the results of observations will, it is believed, be reliable. The exact period 
after which the effect of time lag disappears remains yet to be investigated. 

Acc.:>rdin,g to Slichter1 "in a uniform sand of diameter of grain of one-half mm. the 
ground water will reach within one percent of its final maximum velocity due to a sudden 
application of pressure or head in approximately 30 seconds". 

(1) Water Supply, Paper No. 140., U.S. Geological Survey. "Field measurements of the rate of move. 
ment of Gronnd Waters." By Charles S. Stichter (page 71), (1905). 
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1\IE'l'ItoD OF RECORD AND ~'l'ANDARD FoRMS USI':D 

The record consists of the following data:-

1. Date of observation. 
2. .Upstream water level. 
3. Downstream water level. 
4. H=Total Head, i. e., difference in lelvels; upstream and ddwustream. 
5. 1\Iaximum and minimum shade temperatures. 

6. Temperature of river water. 

7. Temperature of water in selected pipes. · 

8. Depths of silt on upstream ana downstream floors. 
9. Water level in all pipes. 

10. P=Pressure in each pipe, i. e., differenee b~tween water in staud.pipe and 
stream river lever. . 

ll. ~=~X 100, i. e., pressure iii each pipe expres9ed as a percentage of the 

head H. 

The from illustraten in fro1Ji V. 1 is specially prepared for use in this connection, 

down. 

total 
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bii:SI~N OJ!' WitiRS ON PltRMitABI,It ltOttN'DATIONS 

Foi: purposes of analysing the observations, pipes are grouped by "lines", i.,e. pipes o!i 
a singl~ se~tion from upstream to downstream of the weir •. 

1 One page of the register should be devoted to one line. Sufficient pages should be re~ 
I • 

~rved consecutively for each line to admit of all observations for that line being reqorded 
consecutively £or a standard period of, say, one year. • 1 

1 The registers should be ~aintained in duplicate, one ~or permanent record in the !office 
I I ' 

of origin and the other for periodical despatch to the central organization where these data 

jill be scrutinized. ' I 'l bl 1 . 

. These registers should bie printed on standard forms and made avat a e to the Tnous 
Provinces for uniformity of record. . 
! , I 

Pr.oTTiNG oF GRAPHS , I 
I 

Por purposes of ready reference, the mass of data, collected and recorded as e:xp'l.ained 
in previous paragraphs, should be plotted as graphs. If properly plotted these will give,l with­
~ut much mental effort, a quitk visual idea of the behavio,ir of different pipes at any time of 
the year and will bring to lig~t any special features or apnormalities. In the past, graphs 
have been generally plotted either with absolute levels or With indicated pressures (P}t with 
the result that the interpretation of data and their comparison became extremely di1ficult 
en account of the va:riations: in upstream and downstream water levels and in th~ total 

head (H). 
1 

It has be_en show~ in 'the previous 
. ; .r : '· . . .. ' !!. • ; . i 

chapter, and will be dealt with in the next chapter; ·• 
I 

~ .• • ; ' : ! 

that lp=~rem~ins constant for any weirpr~vided the temperature of the inflowing water ·and 
, . H ·... . . . . . . 

' .. • I ' ' ~ ..., . . , ' . • ,, ' ' 

the nature and depth of silt deposit or scour on the upstr~Jm or downstream p.ervi~us :noo~s · :. 
does' not alter. l'he function ciJ should, tllerefore, form t)le basis of plotting, as any vahation: ~ 
i~ it.s value from the normal ~ill connote damage . unless "this variation can be explained by -·-

' . ' I temperature and sil~ • .J '~ .~ 

-Plate VI. 6 shows a suitable method of plotting on a ~easonal basis. The dates of obser· ·­
"ation are plotted on the horizontal bas~ and the vai-iablE! factors on the vertical axis. These 
latter are _:-

' ' i 

p 
1. ciJ=li per cen~. 

• t I 2. Rtver t~mpera ure. 
1 

3. Sub-soil temperature. 
4. Head=H ' 
jj, Downstream water level. 
6. Depth of silt or scour at the pervious floors, upstream and, downstream. 

l'his graph will bring ou~ the salient factors that are likely to influence the values of ciJ. 
These graphs should be kept posted up to date for all the key points, viz., points just 

under the weir floor upstream and downstream of each vertical cut-.off and under or just 
downstream of the crest; so that any unf~wourable developments in the sub-soil can be dis­
-covered as soon as they occur. 



CHAPTER VI 

Models and the Prototypes 
Comparison of Results 

In Chapter IV it has been shown how the results obtained from the hydraulic and electric 
models agree between themselves and with those derived from mathematics. As this agree· 

'ment holds irrespective of the scale of the model, the nature of subsoil or of the electrolyte 
and of the head, it is rational to conclude that it will hold between models and their proto­
types in the field. But the engineer naturally, and rightly, hesitates to accept such con-

I elusions wholesale unless their validity can be established from actual observatio:o. in the 
. field. With that in view, experiments were conducted by Harbans Lal Uppa11 at' th~ Punjab 
'Research Institute with a model of the Panjnad Weir to see if the results obtained, at the 
actual weir as presented by Khosla2 (1933), and as observed subsequently, could be repro! 
duced on models. Paper No 1851 shows the degree of success attending these· experiments. 
The results of the hydraulic model were found to agree almost exactly with those of .. the 
electric model and all the field observations at Panjnad were reproduced on the hydraulic 
'model within very close limits, by superimposing more or less silt at the upstream encj. and by 
changing the temperature of the inflowing wat~r. The relevant results are shown in Table 
'vi. 1, and have been plotted in a "~mewhat "-usual but effective manner in Plate VI. 1. 
'The vertical axis denotes the value of.;, i.e., P/H X 100. The horizontal axis is made any 
arbitrary length-in this case twice the vertical. The two extremities A B are join~d across 
by a straight line. The normal values of + for each point are taken from the results of the 
hydraulic or electric model with no silt or temperature effect. These are projected on to 
the diagonal line A B. ·The verticals through these intersections are then taken to represent 
the "proportional" relative positions of these points. Thus the normal value for pipe 35 is 
87·12 per cent. The projection of 87·12 per cent. from ~he yertical scale cuts the diagonal 
AB at p~int X. The vertical X (35) will represent the standard line for pipe 35 along which 
.all other values for that pipe wilt be plotted. It will be noticed that observations at all 
points relating to one particular set of conditions of silt and temperature fall on one 
straight line passing through A. This shows that:-

(a) The effect of silt is to cut 0f£ a, part of pressure H permanently at or near the 
intake reducing it to H' so that if P' be the pressure at a point w~ere it would .. 
normally be P, the ratio+' J+, where +'=P'/H' and+=P/H, will remain constant 
for all points under the floor for that parti~ular condition of silt deposit, See 
Curves 2, 4, 6, 8, 15, Plate VI. 1. · · · ' 

(b) The ·effect of temperature is somewhat similar to the above. Its differential 
.. character will be dealt with later. See Curves 8 and 11-Plate VI. 1 and .Plate VI. 7. 

This diagram incidently shows the relative effectiveness of the horizontal flo.or and the 
vertical cut-offs in the case of Panjnad Weir. 

It will be noticed from Table VI. 1 that pressures in the hydraulic model for pipes 8 and 
7 are di_stinctly higher than those on the electric model, This is due to the existence of the 
inverted filter in the hydraulic model and its absence in the electric model. , 

I 

Plate VI. 2 and Table VI. 2 show the comparative results obtained on the hydraulic· and 
electric models of the Khanki Weir (Bay VIII) and on tpe actual work at Khanki. The 
pressure in the t~il pipes in the hydraulic model are higher in this case, as in 'that of Panj. 
nad, than those m the electric model due to the presence of the inverted filter in the former 
~od~l and its absence in the.latter. The inverted filter at Khanki is comparatively less 
perviOUS than the one at PanJnad due to the smaller clearance between the deep blocks over-

. lying the kankar and shingle filter bed. 

(1) "Pressures under a ruodel of the Panjnad Weir and und'er the prototype" by Harbana I.al Uppal.~. 
Pap~r No, 185, l'unjab Engineering Congress, 1935. 

(2) "Pressure pipe observations\ t Panjnaud Weir" by /t., N. :J{ho~la 1 J.S.~., :fy!,ft.:p~, ~oc, C.~ .. rJnjab 
~ngineer!ng Congress _I aper No, 162, 

( 43) I 
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Date 
HeadH 
Silt U/S 
Silt D/S 

~ J River 

~ 1 Subsoil 

Pipe Electric 
No. Analogy 

1 2 
-

3 .. 
4 93-42 

II 86•70 

7 77·25 

8 76"12 

11 72•18 

12 68•99 

14 65·72 

16 62•50 

16 60·23 

17 58•41 

18 67-81 

]9 54·02 

20 53·17 

22 48•10 

23 47•16 

24 4':1·52 

25 43·26 

28 34·60 

29 34·12 

30 25·96 

34 20·12 

35 5·02 

Scale 
Model 

3-

97•77 

90•65 

84·28 

74·70 

73•90 

71•17 

69•40 

67•37 

.. 
59"48 

.. 

.. 

.. 
50•11 

.. 
46·40 

45·07 

. . 
: 38·00 

. 37·81 

31·68 

' 27·02 

7·04 

MODELS AND THE PROTOTYPES 

TABI.E VI. 2. 

26th February, 1936. 
11·2 
1·0 
Nil. 
52° 

0 

25th March, 1936, 
12·3 
1•2 

Nil. 
56° 

PROTOTYPE 

0 

Actual Calculated Actual Calculated 

-
4 6 6 7 

98•2 84·8 72·7 74·6 

82-3 80•8 69·3 71"4 

67•6 74:0 60·6 65"0 

66·0 67•2 Ji8•9 53•0 

66·5 .. 59•8 -. 
63·8 62"9 67·8 55'3 

67·0 60·0 62•4 62•8 

66·2 67'1 61·7 50·1 

52·0 M·2 47·8 47•9 

52·3 .. 49•0 .. 
51•7 60•8 48·1 44•6 

61"5 50·1 47•6 43•9 

48·0 46·8 44•2 41"1 

47•2 46·0 43•7 40•2 

43·2 41·9 36•2 36•6 

43•3 .. 36•2 .. 
35•0 39•1 32•0 34"1 

42•5 .. 35·4 .. 
68·0 .. 43·2 .. 
34·6 32·6 28·3 28•7 

28·8 27·4 24"1 24•0 

24·6 23·2 21•1 20•1 

13·2 13•2 10·7 11"4 

8th January, 1936. 
8·1 
2·0 
Nil. 
42* 

0 

Actual Calculated 

8 9 

03•6 08•2 

52•7 66•8 

48•0 50·8 

46•5 41)•9 

64•4 .. 
46'() 43'2 

40•2 41'() 

40'2 39·1 

38•2 37•4 

38·2 .. 
38•2 34'8 

37•9 34•1 

34•7 32•0 

31•6 31•7 

29•3 28•8 

29•3 .. 
26•3 26•6 

28•4 -. 
58•6 .. 
23·8 22"2 

20•5 18•8 

oo-8 16'() 

12•1 9•0 

Plate VI. 3 gives comparative results for the Lloyd Barrage and its electric model. In 
this case the pressure drop between pipes 3 and 4 at the actual Barrage is much more than 
that indicated by the model, otherwist>, the law of proportional variation holds in every case. 
This comparatively bigger drop is presumably due to the deepest pile line bedding into a 
layer of lesser porosity and the other pile lines remaining above it. This point is being 
further investigated. 

Plate VI. 4 -givEs comparative results for the Deg Escap:! Head and its model. 
The above comparisons relate to works resting on more or less homogeneous subsoils. A 

comparison of the rEsults of model of Bay IV (Khanki Weir), which has a substratum of 

clay. 
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with the field results is given in Research P~blication Vol. II, No. 101 (See Plate VI. 5). 
The field observations relate to 29th September 1934 with H=10·06, when the subsoil 
temperature of the river water was 70·25°F. and not much different from that of tl!-e subsoil 
which ranged from 729 to 74° F. 

The following. table shows the satisfactory agreement between the model and field 
(prototype)· results. 

Pipe 

20 

27 

33 

32 

Model 

Head 13·641 
12·96 II 

Percent 

I II 

6•89 7•76 

7•14 9'16 

79'62 79·~6., 

78•83 79•li9 

Khanki Weir 

I Mean 

6•83 

8·16 

79•69 

79'21 

Pipe 

1 

18 

21 

Prototype 

' 10•06 

' 
Per cent 

Righ,t Left Mean 

---..;,_ . 

8'1 1•7 4•9 
) 

8'6 9•4 9•0 

S2·9 78'4 80•7 .. 
-

I 

.. 

Ot4er cases of stratification have not been tried but there is no reason to believe' 'ili~t 
an eq~ally satisfactory agreement · wUl not be forthc~mi~g between the:m.odel a~d ·pr.ototype 

results. 
THnORY AND MODlti.S OFFER SAF2 GUI'D2 FOR DESIGNS 

From the _above comparisons it may be concluded that the models can reproduce exact fiel4 
conditions and that the results obtained from models can be accepted as a safe guide for designs. 
Since the models agree with theory, therefore, the design of works can be safely based on · 
theory. 

In Table VI. 1, it will be noticed from Col. 27, that in very high heads the values of+ 
for the points under the floor do not exceed 82 per cent. of the normal values. The results 
in the field cover the period from Aprill932 to March 1936. Thus during the 4 years the weir 
has been in operation, the uplift pressures have not exceeded 82 per ce11t of the designed. 
This is the factor of safety which nature provides. For the flood period, silt deposits if any are 
of a coarse nature so that the blanketing effect is small. The values of + are high but those 
of head {H) are low. The absolute uplift· pressures {in feet above the tail-water level) are, 
in consequence low. In the months when heads are high, the supply in the river is ponded 
up and the fine clay and silts iq suspension settle on to the upstream bed. This results in 
effective blanketing causing a substantial reduction in the ot~erwise high uplift pressures. 

SEASONAI, VARIA'l'IONS IN VAI.VE OFt'· 

Plate VI. 6 illustrates the seasonal variations ln values of +at th~ Panjnad Weir, · f'o~ 
a..correct interpretation of field results, it is most important that the f~ct.~f .s~llo$Onal 

variations be duly appreciated and their genesis known. 
These seasonal vatiati.ons exist to a greater or less degree on all the structures studied 

!O far. They are due to the following two ca)lses:-

1. Silt or scour at the upstream or downstream of pervious floors, 
2. Differ~nce in temperature of the river {seepage). water and the subsoil. 

Silt upstream will reduce uplift pressures, that downstream will increase them. 
Scour upstream will increase uplift pressure, and scour downstream will reduce them. 

The latter may, however, lead to dangerous conditions otherwise, 

(I) "An investigation of the uplift pressures on a model of Bay IV, Xhanki Weir and the prototype". 
by A. N. Khoala, 2. MeKe11Zle Taylor, and H. L. Uppal. 
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DESIGN OP WEiitS 0-'i PERQABJ.E FOtnfDATIOifS 

II the te:mperar&Jrc of the in flowing water is higher than that of the sub-soil. the Ulliitt 
pre;.sures will rise and nee 11erSIJ. 

EFFECT OP Sn.T AND ScoUR 

The effert of silt or scour is easy to ~xplain. A deposit of silt is equivalent to aa in­
crease in the length of the shed pile at the upstream or downstream end where the ~it 
occurs. The eqni>alent length of increase will depend on the nature of silt. A 6' clay 
deposit at the upstream t>nd may cut off practically all pressure nnder the floor whereas a 

6 ft. deposit of sand may make a comparatively small difference. Compare Cots. 2-l and 
29, Table YI. I. The occurrence of scour will introduce a contrary effect. 

Some engineers are of the opinion that the colloids of the clayey silts, ~U:g a:t 

the u~--tream end of weirs, penetrate into the pores of the sub-soil. thus causing progressive 

choking of the latter and consequently a progressive reduction in uplift pressures under the 
work.- This Vit.W is entirely erroneous~ Silt deposits. of whatever nature. merely form a 

surface blanket which influences uplift pressures so long as it lasts. The subsoil composi­
tion :remains completely-unaffected. A conclusive proof of this is fu:rnlshed by Plate YI. 6. 
The uplift pressures fluctuate within a very wide range attaining the minimum values 
followed by the maximum each year. 

Experiments were carried out by the Development and Research Division (Sind) in 
193-l to see the effect of injecting clay under pressure in a sandy subsoil with a view to 
making it impervious.~ It was fou"nd that in spite of the high pres..c:nre, the clay had ab;o­

Jntely no spread laterally or in the depth. If injection under pre~c:nre fails to produce any 
penEtration into the subsoil the normal deposits of silts can have no possibility of penetra­
tion into the subsoil. These deposits can have therefore only a temporary and sea..'"OI!2.l 
- - -
eu~ 
- -The effect of silt de~ts has been dunonsttated on the model of the :Panjnad W ciJ 
':refe~ed to above. See Plate VI. I, Curves 2, 4:, 6, 8 and 15. 

EFFECT OF TmiPERATURB 

The effect of tanperature on the flow of water appears to have been inv~aated 

first by Allen Hazen 1 ! " 1892. He found the following formula for the velocity of flow 
through sand or other soils :-

V = 3.28 c d1 ~ ( t to IO ) • 

where· 
V = the velocity of flow, in feet per 24 hours. ~f a column of water of the same 

area as that of the sand. 
d = effective size of sand, 
c = a coefficient which is usually taken as 1,000. 
h . . head prodncing the flow 
T = hydranhc gradient length of the mlumn of sand 

. t = t~:mper~tnre of the water in degrees Fahrenheit 

- · The formula is only considered applicable to sand of which the "Effective Sue" is 
__ between 0.10 and 3.0 millimeters. For gravels with "Effective Size" above 3·0 millimderS• 

the velocity with a gi\·en head does not, Hazen says. "increase as rapidly as the square of 
·the "Effective Size". and with coarse gravels the velocity varies as the square root of the 
head instead of directly with the head as in sands. The influence of temperature is aL."Q 

·less marked with the coarse gravels." · 

- · The increase in discharge with increase in temperature and 11ice W"TSOr, is due to 
viscosity (or fluid resistance) which varies inversely with temperature. If ,...= v:isco..~ &I1d 
~=te:mperatnr~in _degre~s Fahrenheit-. -_ 

.00003716 • 
.... = .4712 + .01430 t + .000082 t .. 

For comparing the effect of viscosity, the dete~g factor is,...,, where p is the 
density of the flnid. This ratio ,...,, is denoted by symbol v and is known as " Kiuenw.tic 

· Viscosity." 

(1) ••Some Physical Properties of Sand and Gravels, • by Allen Ha%en, Report of lla.s..<acllW>ettes St.t.te 
Board of Health 1892, P. MI. (Reference copied £tom 2 below.) 

-(2) Itrigation Pocket Book, by R.. B. Buckley, Third Edition ~920, Page-!.,..;!. 
• I.indqaist tinda the upper limit 2 mm. (See Chapter n.) 
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Mom:r.s AND THJ;: PROTOrYPES 

The folloWing table anci Figure 6.0 give the relative values oftemperature, viscosity and 
discharge :- .. 

Relative• Kinematic 
v X "q X 105 Temperature Discharge Viscosity oF. 

q vx10 5 

~ 

. 32° 0.70 1.93 1.351 
41° 0.85 1.64: 1.394: 
150. 1.00 1.41 1.410 
59 •.. 1.15' 1.23 1.415 
68° .· ' 1.30 1.08 1.404: 
770 1.45 0.96 1.392 
86° 1.60. 0.865 1.384 

;; 

-
• D1scharge at 50°F IS t.aken as un~ ty 

~~---------r----------~---------, 

TEMP: DEG. F. 
Figure 6.0 

As a point of interest it will be noticed from the above table that 
q._ v = constant (very nearly)= C 
But q -:- a v and v = K. dp/ds. 

where a = effective area· of section of flow. This is a measure of the relative 
permeability of the soil meclium. 

v ... velocity. . . 
p = pressure. 
s = length along stream line and 
K= a constant. 

Hence a K :; 'IJ ==C 

dp c 1 1 
or -= ---- . - . -ds K a 11 

Thus the pressu~e gradient varies with _!:._ and _!__ or inversely with. the kinematic 
~ IJ 

viscosity v, and inversely with the effective area of flow or relative permeability. 
Thus when water is passing through a less permeable stratum, the graclient steepens, so 

that the loss of head per unit length is greater. This explains the large drop of head 
through the silt deposits at the Pan)nad Weir before the water gets into the subsoil below 
the floor. As the stratum becomes more permeable the gradient flattens and the loss of 
head per unit length decreases. 
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Similarly when the temperature is non-uniform, the pressure gradient flatten& in the 
region of higher temperature of the inflowing water and steepens in that of lower tempera­
ture. 

Thus the effect of variation in permeability on pressures is the same whether that 
variation is due to natural stratification or to a non-uniform temperature. 

A uniform rise or fall in the temperature throughout the medium will have the same 
effect as uniform increase or decrease in the effective size of the soil particle, viz. the dis­
charge will increase or decrease, but the pressure 'gradients will remain unaltered. Tlms 
the pressure distribution untler a work will be identical whether the sub-soil is coarse sana or silt 
SO long as it is homogeneous, ana whether the temperature is 40° or IooO SO long as that tempera­
ture u uniform, through out the founilation of that work. This characteristic of flow th,ough 
sub-soil lends it to experimmts on mothls. 

The relative permeability of various silts, sands and fine gravels at a unifC?rm tem­
perature of 60°F. is given in the following table (VI. 3)1 

:-

TABLB VI. 3. -Transmission constants from which the velocity of water in sands and 
various effective sizes of grain can be obtained. 

Table computed for temperature of 64°F. 

Porosity 
Diameter 

of 10il . 

grain 
l.nmm. 30 percent. 32 per cent. 34 per cent. 36per cent. 38 p~r cent. 40per cent. Kind of 

soil 

•01 0·000033 0•000040 0•000060 0•0000110 •000072 0•000086 'l 
•02 •000131 •000162 •000198 •000230 •000286 •000330 I 

~Silt 
•03 •000296 •000364 •0004460 ·000638 •000646 •0007.63 I 

•04 •000627 •000648 •0007940 •000908 •001146 •001366 J 
•06 ·ooos22 •001012 •001240 •001496 •001790 •002120 

l Very fines~ •06 •001182 •001458 •001784 ·002150 •002580 •003060 
•07 •001610 •001983 •002430 •002930 •003510 . •004156 
·OS ·002l00 •002590 •003176 "003826 •004686 ·000425 
.09 . •002660 '003280 •004018 •004846; •005800 ·006860 J . 
·1o ·003282 •004060 •004960 ·005980 •007170 •008480 'l •12 ·004725 •000830 •007130 •008620 •01032 '()1229 
·14 •006430 •007940 •009720 ·01172 •01404 '01662 I 
•16 •007390 •009120 •0116 ·01346 •01611 •01910 :Pine sand • 

. 

•16 •008410 •01036 •01268 •01631 •01835 •02170 
'18 .1064 . •01311 •01606 •01940 •02320 •02746 
•20 •01620 •01983 •02390 •02866 ·03390 .. 

•25 •02050 •02630 •03100 '03740 •04480 •05300 },. .. ,_ ..... ·SO '02960 •03640 ·o«60 •05380 •06430 •07630 
•35 •04023 •04960 •06075 ·07330 . : ·08790 •10390 
'40 '05270 ·06480 •07940 •09576 •1146 ·1365 
•46 •06660 •08200 •1006 '1211 •1460 •1718 

•6() ·08220 •1012 •1240 •1495 .1780 •2120 

1 ·56 •09940 •1226 '1600 •1810 .2166 •2566 
•60 '1182 '1468 •1784 •2150 •2680 •3060 I •66 •1390 '1710 •2095 •2630 •3030 ·aoso 
•70 •1610 •1983 •2430 •2930 •3610 '41115 

f C..n"d~ ' 
•75 •11150 •2278 •2785 . •3365 •4030 •4770 
•so .'2100 •2590 •3175 •3825 •4685 ·o425 
'85 •2376 •2925 •3580 ·432s •5175 •6126 
•90 •2660. •3280 ·4018 •4845 •5800 '6860 

J •95 •2966 •3650 •4470 •6400 ·6460 •7650 

1•00 '3282 "4050 •4960 ·5980 •7170 •8480 } .......... 2•00 1'315 1•620 1•933 2•390 2•865 8·390 
3•00 2•960 3•640 4•460 5·380 6•460 7•630 
4•00 5•270 6•480 7•940 9•676 11•46 18'155 
11"00 8•220 10·;1.~ 13•40 14•95 17•90 ,1·~0 

(1) "The Rate of movements of underground Waters " by Char lea s. Slichter (190<'1), U. 8. Geological 
Sorvey. Water aupply and ltrlgati011 paper No. 140. 



MODE[,S AND THE PROTOTYPES 

For the pressure distribution under a work to deviate from the normal, it is. necessary 
that the homogeneity of the subsoil must alter. The natural homogeneous formatiOn o~ the 
sub-soil will not alter. But a condition of non-homogeneity can be induced by the dtffer­
ential temperatures of the inflowing water as it moves through the sub-soil which is at a ~~ry 
different temperature. The kinematic viscosity and therefore the relative permeabthty 
will in such a case vary· from point to point, and the subsoil- although originally homogen­
eous-will, under the conditions imposed by the_ differential temperature, behave as a non­
homogeneous· medium. This condition of non-homogeneity imposed artificially on an 
otherwise ho~ogeneous medium may be called Induced Stratification. The effect on pressure 
due to induced stratification will be similar to that due to natural stratification. 

If the subsoil is originally non-homogeneous, the setting up of temperature gradients 
by difference in temperature of the inflowing water and the sub-soil, will alter the original 
pressure distribution by inducing changes in the existing non-homogeneity by modifying, 
in varying degrees, the original permeability of its various strata. 

In nature, the temperature of the inflowing water and that of the sub-soil vary from 
day to day so that the pressure distribution under any work must also vary from day to 
day and from season to season. 

Plate VI. 6 shows the seasonal variations at the Panjnad Weir, in river and .sub-soil 
. temperatures, silt deposits, working head, pressures, etc. The pressures at any particular 
pipe go up and down through a very considerable range. These variations are-as explained 
before-due to two causes :-

(a) V~i:iations in silt or scour, 

(b) Variations in temperatures of water and sub-soil. 

The experiments carried out by-Harbans Lal (Plate VI. 1 and Table VI. 1) clearly 
show that a change in pressures is possible by a change in the depth and quality of silt and 
also by a change in the temperature of the water relative to that of the sub-soil medium. 
See Curves 8 and 11, Plate VI. 1. The exact reproduction of the temperature effect would 
be extremely difficult, if not impossible in a model. There are temperature gradients in the 
subsoil even apart from the temperature gradients set up by the difference in the temperature 
of the inflowing water and the subsoil. While the effect of silt on pressures will be uniformly 
proportional throughout the foundation sub-soil, the effect of change in temperature will be 
differential. With careful and laborious experiments it may b<! possible to obtain a quali­
tative demonstration of this differential effect. 

But does this differential effect really exist on field structures? The observations at 
Panjnad and Khanki furnish a conclusive reply to this. Only the Panjnad results where 

· the range of temperature is large have been discussed here. Taken as a percentage of the 
total head H, the silt and temperature effect both· come in. But as will be seen from 
Plate VI. 1, the effect of silt disapp<!ars if the pressures in the various pipes are taken as a 
percentage of that in pipe 34, Curves were plotted for P /P 84 X 100 and showed distinct and 
QOnsistent seasonal characteristics very similar to those in Plate VI. 7 . ... 

But as Pipe 34 is too close to the surface, it is likely to be influenced at times by silt. 
To get conclusive evidence Pipe 35 has been selected as the reference point and curves of 
P/P3aXIOO have been plotted on Plate VI. 7. The seasonal trend of variation in pressures 
due to the differential efiect of temperature is unmistakable. The plotting has been done 
with monthly means and covers the entire range of observations since their beginning in 
1932. The monthly means of h~ad (H) of the river and sub-soil temperatures' and of the 
difference in these latter have been plotted on a monthly basis. For distinction, the points 
for H have been joined straight across and not by smooth curves. 

Dotted parallel lines show the time lag from pipe to pipe and from the .temperature­
difference curve. Since all the peaks and furrows are very nearly connected by parallel 
lag lines, it is permissible to infer that the·lag does not vary materially from year to year 
and that the differential seasonal variation is due to the temperature effect only. The lag 
appears to l>e about a moDJth up to Pipe 31 and 1! to 2 ~onths to Pipes 21 and 16, 



56 DltSIGN Oil' WI{IR ON PI{RMltABI,:Jt liOUNDA'tiON 

PUT!{ VI. 7 
, ; ' i 'flO 

,., 
Ll 

I; •. •. 
•' . 

./ L .. 
1 / '"' .. I 

-/1.\IG. - ... 
-SEI' 

' OC:"T 

-MOV 

~~c.,. 

· -JMi 

1- "EI!. 
/. L I Ir~ 

'. 
... 

"'"'~ 
1- ,.,!\ 

~A.'( 

v. 1/ .. 1 '"' ... ·."'-. r;- · 
"\. 

iD -JUM£ ' 

1:: - JU\.."t 
-,, . """'- / 

'' 1' 
. - A.UG. 

-S£." 

- OC:"T. 

- MO" 
/ ., .. _/ . ·-:-\--:-;; -- : . / I 1'\ 

1 
f-'.'01LC. 

' 
1- -'"'"' 
I- Fe.& .. 

1 
- ~t>..R 

' 
.. llo.'Ptl 

- Ml>/'i' 

\ \ -----_ _/ /,.. I "-. 

i _.IUM~-

' .,. .Jut"' 

- MJG. 

-SE.P 

f.. OI:T 

I- NOV 

f- O'E.C. 

1- Jll." 
f- FE& 

\ 
\ \ 

./ 7-'! --- "'--.: .. 

/1 v u 
J 
\ 

' ___ ( ~ J 7 

·-'" - -:--,._.- .I ~ 

\J-.._ r- 1 I 

r- WI"'!\ 

f- A.PI\ 

f- t;IA'( 

JUM'L .. .JU\.: 
Ill 

"' 1- II.UG (II 

\.J ,• •· \ ·c \1_ 
J. \. [\ / 

_r----- - \. . . . " 
1-- SE.'i' 

I 
: 

of- O~"T 
. 

I 
.. 

1- NO"\/ 

+ 
OE.C. 

1- Jtl.'ll 

f- FE..._ 

$ .• o 

/ ·7 1/ _/. 
/ . ~ / ~~ lrl 7 

. 

\._ 

f' . - ITo 



MOD:SLS AND THE PROTOTYPES 57 

It will be noticed that the range of variation is fairly big. The ·temperature variation 
ranges between -25° and -24° and +10° to +14° or 35° to 38°. The corresponding varia­
tion in P/P35 is 12 to 17 per cent. Expressed as a percentage of the ratio of normal pressure 
at any point to P35 ....... no temperature effect-the range comes to about 20 p~r cent. Thus a 
range of 35° to 38°F. in temperature has caused a range o£"20 per cent. in pressures or 
approximately half per cent. for every degree (Fait) differential variation in temperature. This 
range applies to pipes 31 and 21 and nearly so to pipe 16. The temperature effect is, 
therefore, quite considerable .. 

It may be argued that just as the prsesure curves follow the trend of the temperature­
difference curve with a certain time hg, they follow, though in a lesser degree, the river 
temperature curve and, therefore, it would appear that the pressures are influenced by the 
absolute temperature of the river water. But the river temperature cannot influence pressures 
if it is the same as the sub-soil temperature. Experiments show that if the temp~ratures of 
the soil medium and the inflowing wat~r are uniform and equal, the pressures will rem~tin 

1.1nchanged, no matter what the actual temperatures are. It is not the absolute temperature 
but the temperature gradients that influence the pressures and pressure gradients. There is 
obviously no temperature gradient with a uniform temperature, 

TEMPERATURE EFFECT ON Jli!oDEJ<S 

Two sets of model tests have been carried out to investigate the effect of temperature on 
pressures. The first was by Dr. Vaidhianathan on a plain pipe filled with sand. The inves­
tigation was then extended to the case of the Panjnad model by Harbans Lal. Both of these 
experiments are des'cribed below. 

VAIDHIANATHAN's ExPJtRIMJtNTSt 

The following experiment was conducted by Vaidhianathan and Chanan Singh in the 
laboratory of the Irrigation Research Institute, to illustrate the effect of the temperature . 

gradient in the sub-soil on the subs~il pressures. · 

In the{ollowing diagrammatic sketch, A B is a brass tube about 50 ems;. long, 3 ems. in 
diameter packed with sand. P1, Pz and Pa are glass tubes fitted to A B ·and intended to 

G 

r, 

OVE.RFL 

c 

/ 
INLE.T OF COLO WA7£R 

Figure 6.1 

P, 
', 

~ ...... 6 
' ' ' ' ' ' ', 

' 
............ !:~ 
' ' ' ' ' ' .................. 

'· 

(1) ''Observation and Record of Pressures below Works on Permeable Fo\lnd(lti<>t•B," lly A. N. XhosJa, 
I.S.~·, Centra.! llQatq of ~rrigatlo~ f\\bllcation No,(! (19M),:\>· l!J, 
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meausure the pressures in the sand, when water is allowed to flow through A B PA measures 
the upstream pressure, Pn the downstream pressure. A and B are wire gauzes keeping the 
sand in position after packing.· T1 and T2 are tw~ thermometers indicating the upstream 
and downstream lemp~ratures. C is a double-walled jacket. By passing water, cooled by a 
freezing mixture, through the outside jacket the water that enters A B can be cooled consi· 
derably. The small reservoir R is fitted with au overflow and an arrangement to lower or 
raise it which helps to keep the required upstream pressure steady. G is a long glass-wool 
filter to remfJve traces of fine material i1' suspension from t!Je water. It is very importa1Jt that 
the water should be carefully filtered. Before entering the filter tube, the water is kept in a 
reservoir for 3 days to remove air bubbles from the same. · 

The experiment is conducted as follows :-
A steady head of water is maintained in P and water at atmospheric temp~rature is passed 

through A B. · P11 P1 and P3 are kept under observation for about 4 hours. With the pre­
C'autions mentioned above, the pressures in P1, P2 and p8 remain steady and when the menisci 
indicating the pressures are joined, they give a straight line making an angle with :the axis 
of A B. The thermometers T1 and T2 'are observed. As an illustration, the actual readings 
of T1 and T2 were 23°C in one of the experiments. 

Water, cooled by means of the fre.ezing mixture, is now passed through the jack'et.· This 
cools the water that enters A B. In the experiment cited above, the temperature fell to 
14° Cas indicated by T1• · The temperature at T2 remained at 23°C for a long time, this 
depending on the sand and the velocity with which water passes through the tube A B. A 
temperature difference of 9°C, between the two ends of A B was thus.introduced. The line 
joining the-me]li:>ci I>!i P2 and P3 then became convex to the axis of A B. as a consequence of 
this temperature gradient; The pressure PA. was not affected since the' density change for 
9°C is only O·Q0156. and the total head being about51 ems. the total change in head due to this 
cau!5e could only be 0·079 ems. and was negligible. While P A remained within this limit, P1 

changed in the particular case mentioned here by 12 mms., P 2 by 17 mms., and P3 by 5 inms., 
Pn was nQt affected, giving the same downstream pressure ss before. When tke ·water in the 
whole tube attained the same temperature, this convexity of the pressure distribution disappeared. 
Now when water at atmospheric temp~rat~re, which was relatively warmer than the cold 
water in the tubf:\'Was introduced, the line joining the menisci in P1, P2alid Ps became slightly 
concave to.tb.'e,axls of A B ... These phenomena are indicated in the figure, which is not to 

·scale .. Qu~tit~tive(y the~e phenomena were rep~ated many times, the gradients of tempera-
tures being different in the different' cases. 

· These results lend support to the hypothesis of induced stratification explained above and 
· show how temperature variations of the river and the sub-soil. water affect the pressures 
under weir. 

HARBANS LAr.'s Exr:ttRIM:ttNTS wiTH TH:tt PANJNAD Mo:D:ttr..1 

A number of thermometers were inttoduced into the sand in the sa~e · position as the· 
pressure observation pipes. Two thermometers were placed in the water at the upstream and 
downstream ends. One thermometer was placed outside close to the tank to record the 
temperature of the air. Before actually starting the e>>periment the temperatures at all the 
thermometers were recorded ... The temperature of th~ inflowing water was then raised by 
5°C and the experiment was a;p<?wed to.continue for a number of hours. l'he temperature 
and pressure readings were taken simu1taneously after regular intervals. The.temperature of 
the flowing water was then raised by l0°C and the process repeated, This experiment was 
continued for 30 hours, and readings were taken after definite interval of time. The effect 
of the fall in temperature of the flowing water on the pressures was then studied. The 
temperature and pressure readings were taken in the same manner as described before. The 
variation in the temperature of the upstream water was about 20oc .. 

. The hydr;llilic gradients at this model for various temperatures of the inflowing water and 
the temperature 'gradients are plotted on Pia te VI. .8. The pressures on the upstream portion 
of the work are high when the temperature of the itiflowing water is high. When the tem­
perature o£ the inflowing water is low, the pressu~es are also low. 

(1) Paper: No. 185 of Pu·njab Engineering Congress. "Pressures ttl\<ler a Model of Panjnail Weir and· 
uuuer the prototype," by H. r.. Uppal, M, Sc,. Assistant Rea..,<lrch Olfiae, 
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The temperature variations on the ~ctual weir at Panjnad will. be somewhat as given il1 
Figure 6. 2. 
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Pi.ATE VI. 7 shows the pressure variations, 
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These two sets of experiments, with the sand filled 
demonstrate that :"-

tube and the Panjnad Weir model, 

1. With the inflowing water temperature higher than that of the soil, the uplift pressures 
rise. 

2. With that temperature less than that of the subsoil, the uplift pressures fall. 
3. When the temperature of the inflowing water is the same as that of the subsoil, the 

pressures remain steady irrespective of the actual temperature. 

SEASONAl, VARIATIONS IN SUBSOil, TEMPERATURES 

'the £o11owing diagraml shows the seasonal variations in subsoil at various depths. There' 
:Is a time lag between the hot wave transmitted from the surface and the one occurring in the 
subsoil, The wave travels slowly arid its amplitude decreases rapidly with the depth. 
MEAN MoNTHI,Y TEMPERATURE GRADIENTS IN Soii, TEMPERATURE IN GRASS CovERED Soii.. 
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(1) "Phys:cal Properties of Soil," by B. A. Keen (1931), pages 305, 
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Pigure 6.4 shows the rtonnal variations in temperature of river water and. that observed on 
Pipe 34A of BayS of Khanki Weir. It also shows the temperature variation in the same pipe 

at different depths. 

KHANKI WEIR BAYB LEFT FLANK 

DEPTH T'EMR CURVES 

720_ c 

0$81 
; _,.A 
I 

"710 

700 

690 

P-L c;so 
65 70 

0 
T£MP. F 

75" 

A. D/S. RIVER WATI!R 

B. PIPE NO 30 

C. PIPIE NO 34A 

• 
TIME. TEMP. CURVES 

. 
tSS 

6~·1-~~------_.--~~~~~~~--~-:~~ 
.. OVR 12 14 16 18 20 22 24 ,2 4 6 8 10 12 

OA'TI: ~JC'----- 29• 9·35 ---lf'---- 30• 9·35 ~ 

I D/S WATER 4·0 BEL-OW, W:S(R.L-.717) 

2 ufs WAT6R 4•0 B6LOW, W·S (R.L-.727) 

3 PIPE 34A /•0 BELOW, R.L.. '7/7•0, 

4 P/P£34A BOTTOM R.L..680. 

Figure 6. 4 

The variation of pressure with temperature w~s noticed by H. D~ B. Parsons1 (1929) in 
connection: with the Sherman Island Dam (Figure 6. 5). 

SEASONAL VARIATION OF UPLIFT HEAD 

UNDER MAIN DAM, AND WATER TEMPE~ATURE, SHERMAN ISLAND DAM. 
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Figure 6. 5 
S:P:A.SONAL VARIATIONS OF Sn,T AND TEMPERATURE AS INFI,Uli:NCING STABII,ITY OF WORKS. 

In the Punjab, clayey silts deposit when the heads are high in the winter months and 
sandy silts deposit in the 'flood months when the heads are small. This combination affords a 
natural factor of safety. Under high heads, the clayey silts cut off a considerable fraction of 
the total h~ad b~fore it operates under the weir . 

. (1) Uplift Pressures under Dams, Experiments by the Un:ted States Bureau of Reclamation, by Jullan 
H1nd8, M,Am. Soc. C. J;;. Paper No. 1717 (1929). .>\merican Society of Civil Engineers. 



62 cy:siGN OF WEiRS ON PERMEABLE FOUNDATIO~S 

The most unfavourable ·conditions for design occur when:­
(a) the upstream floor is free from silt, 
(b) the temperature of the inflowing water is above that of the sub-soii by the maximum 

amount, and 
(c) the Head (H) is a maximum. 

Iu the Punjab, the collective effect of (a) and (c) and of (b) with allowance for time lag 
occurs·in the months of September and October. It is in these months, following immediately 
the period of flood damage, that failures are most likely to w:cur. 

INTERPRETATION OF SEASONAL VARIATIONS 

With a proper appreciation of what has been said in the foregoing pages, and with 
knowledge of local peculiarties, it should he possible to interpret the results of pressure obser­
vations and to predict any abnormalties. A lack of such appreciation might lead to a false 
sense of security or unnecessary panl.c. 

A useful method of analysing data is by plotting them as in Plates VI. 1, 2, 8 and 4. In 
Figure 6.6 let the line A B represent normal pressures. If the pressures fall on line BC, it wilt 
indicate no silt upstream, but silt downstream, and possibly a higher tEmperature of inflow­
ing water than that of the subsoil. 

PLATE 6. 6 

Line D E indicates silt downstream, and silt upstre~m, with possibility of temperature of· 
the inflowing water being lower than that of the subsoil. . 

A B1 indicates no silt downstream but silt ·upstream, or lower temperature of inflowing 
water. F G indicates scour downstream with silt upstream or lower temperature ~f inflowing 
water. Line A K H indicates cavities, as the pressure drop between A and K is dispro:{>or-
tionate.ly smaller than in K H. · 

As a rule the resistance from point to point will rise or 'fall more or less proportionately 
throughout the subsoil under a weir. If suddenly the resistance becomes disproportionately 
small, in any particular portion, the possibUty of cavities under that portion will be indica­
ted. The pipes in that case should be checked to see that they are functioning. If 
necessary they may be pumped out. If the pipes show no sign of chocking, the natural 
conclusion would be that an abnormality of some sort has occurred. 

A knowledge of local features will be necessary in each case. Where clay bands occur, 
the Interpretation of data will have to be done with due regard to the geological formation 
of the soil and the base profile of the weir. 



CHAPTER VII 

TH~ liiATH~MATICS OF \V~IR D~S!G!'l' . 

Determination of Uplift Presstms and Exit Gralients 
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Figute 7.1 

It is gene~ally known that the stream lines or lines of flow under a floor A B as given 
in Fig. 7·1 are confocal ellipses with the centre at 0, the middle of the floor A B (=b) the 
major axis and with foci at A and B .. One of the stream lines will be A B, which is the 
limiting form of this family of eUipses. 

These ellipses are given by the equation 

( b x2 ); -+ ( b y2 r 
2 cosh u . 2 sinh u 

1 (7.1} 

where u is stream line function. 

From this equation any particular stream line can be determined by giving a suitable 
value to u, so that equ-ation 7.1 will take the form:-

x2 y2 
---,;;t2+8Z= 1 

- The stream line along the floor A B is given by putting 

from which 
u = 0, 

cosh 11 = 1 
sinh u = 0 

and equation 7.1 reduces toY = 0, that is the line A B. 

~-- The lines of equal pressure are at right angles to the lines of flow and are in 'he above 
case given by 

xz yz 
-..----7'0- - -,----...::....--,... = 1 ( + COS II r . ( 4- Sin II )

2 (7.2) 

where 11 is the pressure function. 
From this equation any particular equi-pres~ure line c-an be obtained by giving suitable 

values to 11 so that the t:quation 7.2 will take the form:-
x2 ~~~ 
-----1 Alz Bl2 - • 

At tbe upstream end A, 11 = 111 the total head or pressure. 
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Substituting this value in 7.2 we get Y = 0, or that the fu11 pressure line is A X· which 
is horizontal and in plane of the floor at the upstream end. 

The entire head or pressure 11 = 1r is gradually lost along the direction of flow through 
the sand medium till it is fina11y reduced to zero at its exit along B X. The rate of loss is 
given by the spacing of the' eqi-pressure lines shown in the Figure 7 .I. 

If P is any point in the medium, and the pressure and stream line fundions at this point 
are given by U and 11, then the' relationships (7.1) and (7.2) can be expressed as below:-

b 
Z = 2 coshw (7.3) 

where Z = x+iy and w = u+ill. 
The position of a point Pin a plane (say Z-plane) is usually denoted by the two carte­

sian co-ordin;~.tes x andy. It is convenient to denote this number pair (x, y) by the com­
pound symbol x-t iy; and this number pair is conveniently called (after Gauss) a comlex 
number. In the fundamental operations of arithmetic, the complex number x+i. 0 may be 
replaced by the real number x; defining ito mean O+i. 1, we have i 2 = (0 ,1) X (0, 1)=( -1, 0) 
a~d so i2 may be replactd by-1 

••• i" = -1 . 
. Substituting these values in 7.3 we get 

x+iy = ; cosh (u+iv) · 

b h +' . h . (74) = 2 cos u cos 11 $ sw u sm v . 

Equating the reals with the reals and the imaginaries with the imaginaries we get:-

and 

Or 

x = .!:_ cosh u cos v 
2 

b • h . y = 2 Slll U Sln II 

COS II= b X 

-coshu 
2 

sin 11 - Y 
- b 

--.sinhu 
2 

Squaring and adding we get:-

cos3 11+sinZ 11 = 1 = x2 . ys 

( 
b )2 +( b )2 2 cosh u 2 sinh u 

which is t~e same as 7.1. 
Similarly we can get equation 7.2 as:-

2 ~ ~ . 
cosh u-sinh

2 
u = 1 - ( b ) 2 - ( b ) 2 

2 cos 11 2 sin 11 

(7 .5) 

(7.6) 

In the case of a stmple floor the pressure at any point along it (where y = 0) is given by 
equation (7 .li) by substituting:-

Or 

as 
Or 

.u=O 
b 

X= TCOSII 

'cosh 0 = 1 

2x 
11 = cos-1 -b-

1 ( 2x) v = 7r <f, + = 1r.' cos-1 -b- ., •• ... (7.7) 



General F orm.-I£ under a floor we introduce a vertical'.obsttuction like ·a line- of sheet 
piles or wells, the configuration of stream and pressure lines of Figur~ (7.l),will_b~ dist~rted. 
But it is possible to bring back this distortion to the normal conf1gurat1on of··Ftgure 7.1 
by means of a transformation-known .as Schwarz Christoffel transformation. (See 

Chapter III.) 

'Z.- PLANt.: 

Flgute 7. 2 • 
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Figure 7.2 is .a typical general case: The proble~ be-fore us is, therefore, that of . 
. representing tlie infinite plane belo,?! the. profile. of Figure 7.~ uniformly, continuously a1,1d 
con formally on the lower half of the plane represented by Figure 7 .3. 

Let Fi~re 7:2. be called the Z-plane, s~ that any point in th~s plane is given by:'' '1" 

Z=x+iy · · · 
and Figure 7.3 be called the C-plane so that any point in that plane' is·given by ' · ·- ·• 

, C=E+i7J 
In such transformation, the system of p~essure and stream lines will continue to cut 

each other at right angles. In simple Jimguage it amounts to ·a- pulling out and adjusting the 
profile A1 A E D 0 B 8 1 of Figure 7.2 in sucn a way that it conforms to A • A' E' D' 'C' 
B' B" in Figure 7.3 so that the distorted stream line A ED 0 ,B is correctly represented in its 

. . ' .. .. . . .. 
different sections by th~ stream line A' E' ])' _C' B' . . Simijarly.l).ny other stream line U that 

• • '·. ' ' J 

cuts theX-axis in Figure 7.2 at right angles.will p~ represent<~d by a.~tream line U' which will 
cut theE-axis in Figure 7.3 also at right, a~gles, , · · '·' -

Thus the dis~orted contour of u wlll have been conformally trans.formed into an ellipse~ 
Thil> transformation is given by the following equation:,- . _ , .. 

Z=A !(,- Ct)>..1(C d_! Cal>..2(C- Ca)>..8 • • . 

'/ ' ,_., ., 

. i '(7.8) 

where >..t"'• >..z71', and >..371' are the changes '~n the angies at vertices C, D, and E as one traverses 
along the sides of the polygon BiB CD E A A~ in the positive sense. t,1, Cs '

8 
are the co­

ordinates of the points C', D1
, E' in the ~-plane (Fi&ure 7 .3l on "''~icb. the points C, D, E of 

theZ-plane (Fi~re 7.2) ma~. · · · 
M-2 . . . 
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Now at the first turning C, the angle of turn is + l so that A_l'n:=+; or ?11 =+l 

S~milarly Aa1r at D is equal to -1r or 

and ?18:r.atEis+; or ?!s=+l· 

Az=-1r 
!'~ Az= -1 

The origin in Figure 7.2 is at E but t,hat in Figure 7.3 has been chosen at 0 which is 
midway between C' E'. 

Now { 1=0C'=+1 l 
{ 1=0D'=+K} Figure 7.3. 
{a=OE'=-1 J 

The equatiop (7 .8) now l?implifies into :-

/ 

d{ 
~=A ({-1)! ({-K)-•({+1)t + B 

Or 

(7.9) 

(7.10) 

The point C' (Figure 7."3) where· {=1, corresponds to the point C (Figure 7.2) where Z=v 
i(dl- dz), so that we get from equation (7 .10) 

'i(~-d2)=AXO-AK log (1+0)+B 
(7.11) 

Similarly the point 'E' (Figure 7.3) where {=-1 corresponds to the po~nt E (Figure 7.2) where 
Z=O. 

From equation (7.l0) we get:-
I 

Oc:rA X O-AK log ( -1+0)+i(d1-dJ 
=....;.AK log (-1)+i(d1-d1) '· 

' ' t• 

' ' 
=;-,AK11.i+i(dcd2) 

AK== d~-d• 
(' ... : ... v •• (7.12) ; Renee ·· · · 

Similarlythe point D' (Fig~tre.,'?-3) wh~re {=:K4~ corresponds to the po~nt D {Figure 7.2) 
where z.:_idl. 

From eqttation (7.10) we get:-

'·' 

Let' 1 

Or, ... 

id1, AVK1-1-AK log {K+VK2 -1}+i(d1 -d2) 

=Aiy!-KZ-AK log {K+i'V.1-K2}+i(d1-d1) 

K<l.-

K' cos (}, ~he equation becomes · . 
1 
id1 =Aisin (} -AK log (cos B+i sin (J)+i(d1 -d1). 

=Aisin(J-AKlogeiB+i(d1-d2) · 

=Aisin B-AK .iB+i(~-dJ' 
d2=A sin B-AK(J. · 

Substituting values of A and AK from (7.12) 
. and because K=cos(J, we get 

~ _ cl1-d2 sin (} cl1 -d2 U~---, -- --(} 
1r cos(} . 71. 

.. - (7.13) 
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tet then 

tan (J-8='71'3 . (7 .14) 
Solving this equation (7.14) we get (J in terms of 8,. or K =cos 9 i.a terms of 

3=d,Jd
1
-d

2
• This relationship is plotted on Plate VII-I, and tabulated in Table VII-I. 

With the constants A, AK an'd B worked out above, equation (7.10) becomes':-·: . · · 

z =dt-dK 2\f~2 1-dt-dzlog {C+V~LIJ+i(d1-d2) 
.,. '11' 

•.• (7 .15) 

where K = cos (J is obtained from (7.14) and Plate VJI-1 and Table VII-I. 

The next step is to determine the constants L1 and L2 , Figure 7 .3. Let us consider pOints 
A and B in Figure 7.2 and the corresponding points A' and B' in Figure 7~3. · 

Point A in Figure 7.2, Z =- b1 , corresponds to.point A' in Figure 7.3, ~ =-Lt. Sub-
• 

stituting these in equation (7.15) we get 

-bl = dt-dz"\l L 2-l-dt-d2log {-Lt+ VLt2 . l}+i(d1-d2) . .,.K. 1 .,. 

hence (7.16) 

Similarly point B, in Figure 2, Z = b2+i(d1-d2) corresponds to point B' in Figure 3, ~=£1• 

Substituting these in equat10n (7.15), we get 

. . d-d __ d -dz · ,,--} ·a . .~) 
b2+z{d1-d1) = \rK 2"Y_L22-1-7 log {Lz+.v L12-1 +•( t-;"J02. 

or 

In equations 7.16 and 7.17 substituting 

Or 

Siinilarly 

where 
--: 

.L1 =cosh y1 and 
L2=cosh i'2 we get 

b dt-dz · h ,.;; +dt-d2 
- 1 =-K sm 11 -- Yt 

.,. '11' 

sinh Y1+KY1=-71'K 'd bt.d =-rrK ,3t 
1- 2 

sinh Yz-Ky9 ='71'K3z 

b1 b2 
3t = -d d and 82 = d d . 

1- 2 1....- 2 

(7.17) 

... 

(7 .18) 

(7.19) 

In these equations, all quantities except y1 and y2 are known and· therefore i'1 can be 
:found from equation 7.18 and y2 from 7.19. Knowing ·"it ~and i'1, cosh i'1 '= L 1 and 
cosh Y9 = L1 are known. These values of L1 and L2 are given in curves (Plate VII/2 and 
Table VII/2). . 

Thus the equation 7.15 along with 7.14, 7.16 and 7.17 give a complete solution for the 
transformation of the general case of Figure 7.2 into Figure 7 .3. ,. . ' . 

The stream lines and pressure lines for Figttre 7.3 can be worked out from equation 7.3. The 
origin in that case is in the middle of length A' B' whereas in Figure 7.3 it is at a distance .of 

(Lt 
2 

L 2
) from the middle point. The equation 7.3 will in this case be 

. (7.20) 

By eliminating ~ between (7.15) and (7.20) and separating the variables in Z = x + iy 
and in w = u+iv and equating the reals to reals and imaginaries to imaginaries, the stream 
lines and pressure lines of the general case in Figure 7.2 can be obtained. , : 



Now the equation (7.20) can be written in the form 
. ' 

t = A cosh w-;\1 •• (7 .21) 
:, l 

iwhere, 
, · . .,. _Li+Lz .,. _L1-Lz 
. "'. -. 2 , Ill --2- ~ .. • • (7.22) & (7.23) 

• f ' J ' ,. '! I' • '.i I ~ 

Substitu~ing.thisin.7ll~ 1 we get 

rl ell ...... dl dl-dll {( 'h ) .· ;-:·-,---.-----.,.....,..,~ 
1L.I: . , 11!K-.V('l'd~osh·w'"""';'11·1)2-l-~ og 1\ cos w-~1 +:\/(,~:cosh w-~1)2-I} 

I . +i(~-dJ (7.24) 
1Jor ptirpose_s,qf designs we are mainly concerned w~th th~ pressure distribution along 

the foundation p~ofile of the_ work,, ~nd th~ pressure gradients mainly at the exit end. For the 
stream Fne which hugs the base of the work, we have u = 0 sa that · 

w....:. u+iv, · 
= iv. 

Substituting this fn equation (7 .24) ,we get 

. el-el! el1-d21 
x+•Y _ J."'K :V'. (?! cos v- ?11 )1-I-~ og {(" cos v-A1)+V(~ ~os v-,\1)2-1}' 

+i(dl...,.dJ) (7 .25) 

For potnts along AE (Figure 7.2),' y..: 0 and x varies from 0 to -61 in this equation, and 
for thOS!!.along C~~ y = (dL -d2) and X varies from 0 to bJI• 

0 
• l - f ' • l T 

For points along ED, x = 0 andy varies from 0 to el1 • • · 

.,For'points !llong DO, x = 0; y varies from cl1-d2 to el1._ 

For the floor AE equation (7 .25) reduces to 

x= d~Kd1_"fl(n <;b~ v-"7 111)2-~- ~1 ;. d2log{(" cos v- 1.1>+\i'o, c~s-v- ?. 1)2-I}+i(di-ds)• 
. ~ . --. . 

From Figure 7.3 it is apparent that·'- 11 cos v-?-. 1 for the portion A'E' which corresponds 
to the floor AE is greater than unity and negative. , 

Hen~e substituting 

1\ cos v- " 1 =-'cosh '/3'1 •• • • (7.26) 
we get 

' .l. I) 

,•·; 

.... (7.27) 
' 

which has the same form as (7.18). 

·; • .This ~quation (? .27) gives corresponding to any point x under the floor AE the value of 
'{J'1 ~hich !iUbStitu~e~ i11 (7 ·7~) wil~ give pressu.~e for that. point .. Hence along the upstream 
·floor,. 

P (' -cosh ·n•) v= '"· H= cos-t Ill 11 ,.. 1 

.· ' p'. · ~~os~~<.?-.1-c~sh P't) .•• (7.28) 

1 Similarly along the.down:;tream floor CB, since z =-.11 co~ v; )\ 1, _is gr,eater than unity and 

positive we ~an substitute 

( I' ~I 
im<lget 

1[, ;, 

which has the same form as,(7.1U). 

' . 
?. ~os v- 11 1 :::= cosh fJ' 2 - (7.29) 

. • (7.30) 
., . 



Hence along the downstream floor pressure is given by 

P H -'(At+ cosh fJ' 2) .,. -cos 
'If' ,\ 

,· 
(7 .31) 

. -
Hence for the pressure along the floor 

P H -t(At ±cosh fJ'v 2) 
= -;;: cos ,\ • • (7'32) 

where the negative. sign refers to the upstream floor and the positive sign to the downstream 
portion. Values of cosh p1, 2 have been worked o~t in Table VII/2 where L = cosh ~ has 

been tabulated for different values of x/(d1-d2). 

For the sheet pile equation (7·25) reduces to 
. cil-d . d - i ' 

iy = -K z V. (.\. cos v- A1)2-1 - -1--2 log { ( ,\ cos v- A1)+ v' (,\ cos v- .\.1)
2- 1} + 

'If' ~ 

i(dl-d) •. 

From Figure 7·3 it is apparent that C=.\.1 cos v-,\1 for the portion between EC ts 
than unity varying from -1 to +I. He~ce substituting · . . . . 

always less 
. ) 

,\cos V'"-Al =cos P- •• •• (7•33) 

we get · 

or 

(a1 ~J. -1) ~K =sin 13_-K/3 .. .. {7.34) 

This equation (7 .34) gives corresponding to any pointy on the pile line the val~e of J3 
which substituted in ~quation (7.33) will give p~essure for the point. Hence along. 'the pile 
line. · 

v = 7T • p = cos-'("'1 +cos 'fl) . H . ,\' 

r·• p H 1(.\.t+cos '/3) . . =-cos-
• 'If' A 

For design, it is generally enough to know the pressure at E, D and C 
proposed. to determine them:- · 

or 

For the pointE, Figure (7.3):-
C =,\cos v-A1 = -1 

~~~ VE= cos-1 (>..1 ~ 1) 
H ,\ 1 P8 =~ cos-t/• 1-) 

~ ' >.. 
For the point C, Ftgure (7.3):-

'=,\COS V-.\.i = +1 
t•: Po=~ cos-1(A\+ 1

) 

For the point D, Figlt.te (7.3):-
C =,\cos v-,\1=K 

''' Pn = Hcos-1 (>..1_+K) 
~ . . A 

. ·_.{7.35) 

(Figure 7.2). It is now 

•• (7 .36) 

.. (7.37) 

.• - (7.38) 

The fundamental general equations for pressure distribution under the foundation 
profiles may be summarised as below:- · 

1 . dl-d21j d -d . . 
• -X+1Y = 11!K • • (.\. cos v -,\1)2 -1 -71og {(A cos v->..tl+V'(i" cosv-A1)2~1} 

II. Pressure atE:-
+ 1(dl-d2) (7.25 

PB- !!cos-l(~t=-.1) . 
'If' . A (7.36) 

III. Pressure at C:-- ' 

... (7 .37) 

IV. Pressure at D:-

p_D =H cos-t (At+K) 
~ . ,\ • • (7 .38) 



where K = cos 8 is given by 

· tan 8-8=71'3 

and ,· 

I ' 

.. ... 
(Plate VII/I, 

Table VII/I) 

(7 .14) 

•I 

(7.22) 

••. (7.23) 

where the values of L1 and L8 are given by equations (7.18) and (7.19) and Plate VII/2 and 
Table VII/2 for various values of 3, 31 and 32• 

h :~ 

The following relations that will be obtained later on under Case 1 may as well be 
summa~!sed here, as theY, are also of general. application. 

V. GB or exit gradient·at C, where do':"nstream apron CB is absent, is given by 

. dp 
GE at C = dy(~xiT) 

H K 
-(dl-d2)v'}... 1-K 

(7.44) 

... (7.45) 

We shall now deal with particular cases of this general form. As we are main:ly con­
cerned with the values of the pressures at·the key point, E, D and C and the values of the exit 
gradients we shall obtain only the values of these quantities. 

CAS~ 1. . . 

~ .. -q -·~ --.t 

- -- ~~-- J?::zz2:ZZZZZZ::222Z?Z~ZZj 
A . £.. . 

.. ·. .D1S. , c .. -r --'/! - ~ • • •• 

cl, 

_LJ. 
0. 

Figure 7.4 

Floot with pile line at downstream end with step. 

In this case CB =b2 =0 and equation (7.19) gives 
sinh Y2-Y2 =0, i.e. ')'a=O 

so that L 2=cosh 0=1. 

Equation 7.25 will give the distribution, of pressure ·along the base and the pile line, th~ 
value of L1 will be obtained from Plate VII/2 and Table VII/2 for 32 =0 and 31 =b1/(d1-d2.), 

From equations (7 .22) and (7.23) we obtain 

'). = (L1 + 1)/2 

I L1 +I 1 , ).1 =(L1-1) 2=-2--1 = ).-

L1-3 
~·: Al-1=-2-

)..1+1 = (L1 +l)/2. 
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.Hence from equations (7.36),(7.37) and (7.38) we obtain : -

Pressure. at E=PE =I!_ cos-• ( A1 -
1 ) 

1r. A 

H _1 (A-2) =-cos\ - .. 
1r. A 

H (Ll-3) 
=- cos-• L1+I 

1r. 

H . 
Pressure at t'=Po =- cos-1 {1)=0. 

1r. 

Pressure at D: 

H (K+A1) 
Pi> =-cos-• -A-

11. 

H (K+~-1) 
=- cos-• A 

1r. 

71 

•.• (7 ,39) 

(7.40) 

where [(is obtained from Plate VII/I for various values of 3=~/{d1~). These values of 

PB and Pn are given in Plates VII/3A and VII/3B and Table VII/3! 
Along the pile line from equation (7.34) we obtain:-

( d
1 
~dz 1 )7t.K=sin ~-[({3 

Or 

To find the exit gradient at C, differentiate the abov~ with respect toy. We get:­

dy ""'1= d,- dz cosp df3 _ d1-d2 df3 
dy 1rK dY 1r. dy 

Differentiating equation (7.33) we get :-
• • 7J df3 • dv 

sm,..dy=A. sm ~· 

tlf3 =A. sin v dv • 
Hence dy sin {3 • dy .. ... 
Substituting we get 

( 7.H) 

1=d1-ds. cos]3~A.sin v.~- d1 -d2 A sin v dv 
1rK s~n f3 dy 'II' 'sin Jfdy ... {7 .U) 

At the exit end v=O, so that equation 7.33 becomes · 
cos'f3=A.cos v-A.1=A-A1=1 

~·.· ~=0. 

Hence, when v=O, ~=0; 
sin v 0 
sin ~=o· 

To determine the limit of ( s~n v ) 
sm {3 V=O, P.=O 

we proceed as fqllows· :-

(
sin v) · . · 

Lt sinp V='/3=0 

Substituting equation 7. 41, we get 

: {sin v) 
= Ltv =0 .:.Y,_ __ 

I?Od.~ I"= -Slll dy . 

dv 
cos v.dy 

Lt.-.-dp 
cosp. dy 

Lt.(~-inv) =Lt (cos v . si~ /!..) =Lt.( s~n p .!) 
Slll/3 V= 0 COS {3 ,\, S!n V Sln V A, V= 0 

P-~Q P-=Q 
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Hence 

[ Lt (s~nv)]a =!. 
Sldf3 A 

Or 
sinv 1 

Lt o~= .. , _ .. 
II= Sln~ ,V ,\ 

"/3=0 
Substituting in (7.42), we get for v=O, '/3=0 

. . 1=d~-~ . .2:....(~) - d,.-d! ,-.!.._ (~) 
wK Y.\ ely v=O tr. .V>.. • dy v=o 

( :; ) at C = (d1 -'lf'd~\f,\ 1_!K 

r•• (~) _ .!£.(~) _ HK I • • dy - 'If dy -
Itxrr at c / (dt-dahY. >..· 1-K 

(7.43) 

Or ( dP) H ~ • K • 1 • • (7·«) 
dy EXIT== d2.d1-d1 1-K V>. 

Values ot. exit gradients 11-re giv:en in Pla.te VII/3C and Table VII/3 for various values of 
\ . 
3 and 31• For ·cases where 

dt=cla 
we have K=O 
as OD'· in Figure 7·3 vanishes, see also Plate VII/I. For such cases 

K .0 
dt-da =o· 

This relationship. occurs in all the above equations so it is proposed to work out its 
limiting v~lue where d1=d1=d. 

From equation 7"14 

also cos (J .,. K and ·-

'ltd 
tan8-8='11'3= d,....:_da 

multiplying the left side by cos 8 and the right side by K we get 
• J K Sln 8-8 COS (J ='If""'. a :1 • 

r-uz 
'It 

for ~=0, B= 2 • 

'Hence the above equation becomes 
K . 

1-0=wa2(al-da) Lt dl =a •. 
Hence Lt (~) . = .!__= .!:_ •.• 

d1 -d d1=d1 wd1 wd 
CAS~ 2. 

Sittgle Pile Line wit!J 'Fall- No Apro!t Ups(ream o; Downstream. 

In Figure 7·2 b1=b2=0 and in Figure 7·3 A'E' = O'B' = 0 so that L1 =L1=1. 

ujs. · --------f-. : £. 

I 
'cl 

I 
I 

_l_ 

(7•45) 



From equations 7•22 and 7.23 

'l'H~ MATHEMATICS 011 WltiR D~SIGN 

Lt+Lil=l 
2 

7\ 
1 
=Lt 

2 
L11=0. 

The equation of flow (7 .25) for giving pressure distribution along faces of pile line will 
become for x=O 

or 

or 
(7.46) 

As previously stated 

When d1 and d2 are known, K is known from Plate VII/I and v can be detetmined for 

any value of y. 
A simple solution is to assume values of v as ·05, O·I, 0·1 5 to 0"9, 0·95 and 1·0 and work 

out corresponding values of y. 
This has been done in Table IV /2, which also contains values of y obtained from ex­

periments for the particular cases. 
Exit Gradient at C. 

In this case A=l. . 
Hence equation (7.44) becomes 

G ( dP ) + _!!_ . ___!S_... H ~·. __!£__ 
EXIT at C= dy EXIT" 1-K d1-d11 y· d1-d11 ' 1-K . . 2 

Values of GE are given in 'table VII/I and Plate VII/4. 
CAs~ a. 

Single Sheet Pile-Equal Fill-No AProns. 
H 1 . ere tl1 =i2=d 

and from equation (7.45) we have 

or 

Lt. (d1~d1 ) 
1 

dl=d.=d = wd • 
Equation (7 .46) will become y=d sin v 

Pr= ~sith(~) 
This will give the pressure distribution along the faces of the pile line. 

Exit Gradient at C. 

Equation (7 .47) becomes 

G at C=(dp) = _!i_ . -.-K-;-
E dy EXIT 1-K dt-da 

H 
wd as K=O 

--. T e:~-c. -....... 

J 

.L D 
figure 7.6 

0. (7.47) 

• • (7.48' 

(7 .49) 
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This equation can also be derived from simple diffe~entiation of equation (7.t i). 
CAsg 4. ' 

· For th.i~ cas~ 
so that /(=0 and 

Floor with Pile Line not at end. 

:-- .. r- " - . -~ 
I IJ.- .0 o 

Uls. pu zz z? u *'zzia· z li1i Dis. -- :~.__ A. 1 £; c.. B. _::t:...._ 
. . d 

. . ! 

K 1 
Lt --=-· 

d1=0 dl-da 1rd 
d1=0 

Figure 7.7 

D. 

This is Weavu' s getteral case. Weaver's solutiotts have really furttished the ittspira#on /01 
this Chapter • 

.. Equatic:m (7 .24) in this. case becomes 
. dt-dz 

Z = '"K V(?. cosh w- ?. 1) 1 -1 

as with d1=d1, the othar two terms of the equation (7 24) disappear and 
K . 1 

Lt =-:;;-.. 
dl-d2 ..... 

• ·. Z=d'/ (>. cosh w- >.1)2-.1 (7 .50) 

when w . u+iv. · •. . 
The pressure detetmination·along the base and the pile line will be given by !iquation 

(7 .25) which now becomes :- ' 

x+iy=dv(?. cos v- ?.lj2-1 (7.51) 

Prom equations 7.16 and 7.17 

or 

Hence 
Lt=V'1+cr12 

Lz-.V1+a22 

.From equations (7 .22) and (7.23) we get 

>. = Lt+La = v~+Vl+a211 

2 2 

Lt-L2_ V'l+a1B-\f~ ?.t=-2-- 2 

Equation (7:50) can be written as 

( )
B ( +\'y)ll · xll-yll 2ixy 

(?. coshw->. 1)2=1+ ~ =1+ x ,/ =1+~+-d-· 

~his is the general equation which will give s.t~eaUl lines and pressure lines. 

(7.52) 

(7.53) 

(7.54) 

(7.55) 

(7 .56) 

(7.57) 

(7.58) 



Or 

Or 

As 

Or 

THE MATHEMATICS OF WEIR DESIGN 

Along the base u = 0, y=O and equation (7.50) becomes 

' 

A cos v-A1 = ~ fW. 
Atd-:b yd2+xll 

cos v = Ad . 

v = cos-1 Atd::l::yd~+xs 
Ad 

II= '~~'4> 
p 

=~r.·H 

p ;;= _!!_ v = _!!_ cos-1 A1d:!=-V~ 
'II' 'II' Ad 

Along the sheet pile u = 0 and x = 0 we get, 

p = .!.!__ cos-1 11tdd=~'J. 
'II' Ad 

75 

(7.59) 

(7.60) 

In equations (7.59) and (7.60) the values of pressure on the upstream of the pile will be 
given by the negative sign of the redical and those on the downstream side by the positive 
sign. 

From equations 7.36 and 7.37 and also by substituting the values of the co-ordinates at 
E and C, x = y = 0 in equations 7.59 and 7.60 we get 

PB = .!!_ cos- 1 ( ?o.t-l) 
'II' A 

(7.36) 

and 

Po= ~cos-'(11t+l) 
.'II' A 

(7.37) 

where 11 and 11 1 in this particular case are given by equations 7.56 and 7.57 • . 
For point D at bottom of pile y = d, so that from equation (7 .60), and also from equa­

tion 7.38 as K = 0 in this case, we get 

Here 

ancl 

PD = ..!!_ cos-1 ( ~) 
'II' A 

These values of PB, Po and PD are given in Plate VII/6. 

CASE 5. 

Floo, with PJle line at end. 

fit = d2 = · d, b2 == 0 and b1 = b. 

" . -· _uf~·- --~,__~--~~~~~-·P~~. ~--- pjs_._ -· 
. . A. t. c.. .·. 

d 
j_ 

· Figure 7.8 

.·. K=O 

1 
=-· 

·Tid 

(7 .38) 
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ltquations 't .39 and 7.40 will become 

PB = H cos-1 ( ~....,. 2) 
7r . ~ 

H 
PJJ =--cos-

11: 

H PIJ =-cos­
'll! 

( >.~1) 

(~) = 0, 

. . 

where ~ = 1+Y
2

1+«11 as derived from 7.56 because a 1 = ~2 ;_ 0. 

PD are given in Plate VII/6 and Table VII/5. 

WithK = Oand 

equation (7.44) becomes 

Exit Gradient at C. 

K 1 Lt( ) --~-ds d
1 

= d1 = d ~ 1rd 

H 1 (; =-·--
EXIT 1td Vf" 

Values of G 11 are given in Plate VII/5 and Table VII/5. 

When the floor is absent, 

>. = V~+ VI+as2 = l as al = «a= 0 
2 . .. . 

and equation (7 .63) becomes 

CASE 6. 

Simple floor-No pile line. 

. ·~ 

rzzzzzzzzB"zzzzzza _.Yf$_: __ ~· 
A. : . B. 

I 

Y. 
Figure 7.9 

•• (1.61) 

(7 ,62) 

Values of P8 and 

• • (7.63) 

- (l.f:J) 

The stream and pressure lines for this case are given by equations (7.5) and (7.6). The 
pressures along the base are given by 

H . 2 
p = - cos-1 ( -=-) (7.7) 

'If . b 

Exit Gradie?Jt. 

This can be sinlply derived from equation (7 .49) by putting d = 0 

' H 1 
G ---x-- (764) 

EXIT- w:xo .VT - 00 • 

In a simple floor, the exit gradient at the immediate toe is infinity, which as will be 
explained in the next chapter connotes a condition of definite instability. The particles at 
the toe must move. 

But this value. of infinity does not p~rsist any distance from B. It rapidly falls off. 
The infinite value holds only for the infinitesimal length of floor 3x. This fact must be 
kept in mind as a lack of proper appreciation of this will lead to undue exaggeration of the 
significance of infinite gradients. ' 

The following solution will help in determining the exit gradient at any point at a dis· 
tance x from the toe (B). 



~quation (7.6) is :-
2y=b sinh u sin v. 

Differentiating with respect toy along the stream line u=const. 
. b . h . dv 

SlD U COS fl, dy =2. 

Equation (7 .5) gives :-
b cosh u cos v=2x. 

Sabstituting value of cos v in the first equation we get :-
2x dv_2 

Hence 

Now 

Hence 

Or 

Or 

b sinh "b cosh u · dy- · 

dv · 2b cosh u 1 cosh u 1 
dy 2x xbsinhu=sinhu'x: 

v=11'~=11'P/H. 
dv 'If' dP cosh u 1 
dy=H. d_~ =sinh u' x' 

Now from equation (7.5) · 

dP H coshu 
dy='lf'-;- srh u 

b 
x=2cosh u cos v. 

cosh u 2 
-x--= b cos v' .. 

Substituting thi(in the above equation :-

:r 
0 
< 
~~~ 
-J 9 

0 

~ ... e 
of\ 
of--f:'., ·r-.. 

~ 7 

~ ' 
0 r-... 
0 

... s 
J/ 

·I I Y.lil Ul C 

dP 2H . 1 
dy 'lf'b cos v X sinh u 

. ~ 

~ .. f1:.!!. 

~ 
~ ~ 
., 

1>-;-... ·5r-- '\ .... 
" .... !'---

~~ tLII ~'W T !'. 
1'-. ·2 

' (7 .65) 

... (7.6J) 

f:.X.Ii GRIIOtENT 
ALONG 8. X. 

---r-r-,.._ 
r-.- . 

~ 4 

~ 3 

~ 7 
I 

• -11/~ ------.-/3,. 
' ' 

0' ·h .. r\l'~ ------ _,---- ___ _I_ _1 __ )(-./IXI,f 
r"--··-··- ------ _.., ·f •7 ·8 -9 I·D 1'/ /•2 1·3 1·4 1-$ 

c. 

For 

I I I ' . ' . 
\ . 

\ I ' , ,, I , 
' J ,' 
"' I ""', .. ._, ... ---~- -... ~ , 

Figure 7.10 

Now for points along X-axis beyond B, v=O. 

Hence (7 .66) becomes for the exit where v=O. 

<
dp 2H . I 

dy) EXIT =?rbx a~"' 

b 
fi=O, x=2cosh u cos v 

b 
= 2 cosh u. 

r• .h 2x 
•, COS U=b' 

.. .. (7.6~) 
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j (2x )' 
Hence sinh u=V. -b- -

1· 
Equation 7·67 then becomes:-

( dp) _ 2H X 1 
dy EXIT- 11'b j ( 2x )2 

-:'1· b -1 

... .. (7·68) 

%=.!_ dp =QO 
·2 '· dy 

A.t B, 
(7•69) 

The following table gives the values of ( ddp.) for ather points along BX(Figure 7.10):-
:y EXIT 

:IC 

b •5 ·6 ·7 ·8· ·9 1·0 

dp H ~ x·961 ~ x·649 ~ x·509 H x·424 H x·368 
dy Txoo b b 

X H 1·2 1·3 1•4 1·5 1·6 b 

dp ~ x·325 ~ x·292 II x·266 ~ x·243 H x·22S ·~ x·210 
dy b b . 

These results are plotted in Figure (7·10). 

From this it will be noticed that although the exit gradient is infinite immediately at 
point B, it rapidly falls off at' the stream lines emerging further away. 

In this connection it may be remembered that in cases where· there is a sheet pile at 
. the-toe, the exit gradients which are never infinite, decrease as the point of exit recedes from . 

the toe, but not as rapidly as hi the above case. 
CAsE 7. 

Depressed Floor 
·It has been proved above that if the soil at the exit surface is flush with the bottom 

of the floor, the pressure gradient at the ilnmediate toe will be infinite. [As shown in the next 
chapter, this is an unstable condition and is never permitted in design. The floor in prac­
tice is depressed in the sub-soil, so that the latter at surface is flush with the top of the floor • 

It has not been possible,* so far, to obtain the mathematical solution for this case but 
the following formula has been derived from laboratory experiments .:-__ ; 

(7.70) 

where +D and +Bare given by equations 7.61 and 7.62 or can be read 'off from curves ,of 
Plate VII/6. 

The values of 4>D• are given in Plate VII/6 and Table VII/5. 

Values of the exit gradients can also be obtained from 
0·84 

GExiT = d' PD' (7.71) 

• A solut!Gtt of this case has since been worked out by J. K. Malhotra, M.A., Statistical Officer, 
PILljab Irrigation Research institute, and Is given as appendix to this Chapter. The same officer has 
worked out ll general solution for hydraulic gradients from which all particular cases can be simply 
derind. This solution is given after Case 8. 
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C"As:E: 8. 

Floor with multiple lines of piles. 

(a) Floor and two piles at end. 

_ ..!!/..S·_ ~lzzuzzuzzzz:zzzz:zznzzzz:zzzzz:;;:zz:z:;ua, z:zzul-1, _ Df!-_ __ 

Figure 7.12 

(b) Floor and three piles. 

_ \!LS .!_ _pr:zz:;zz t22272ZZ77 ?Zz:i22!:pr >zz::;z 7 cU:ZZZ:ZZZ t:z:zt> r ~--
Figure 7.13 

(c) Floor and two piles not at end. 

_Ujs.:_ Jf(2cZZZ:cZZZ<·2Z;::<Z~Z~?2:;Z2:<Z:. ZZZZZ~ZZ2ZC::ZZ:,ZZ:ZZ2?~Z~1r'Z:ZZZ<L1 .. fJ!_~._ __ 

Figure 7.14 

79 

The theoretical solutions for these have not been worked out but as will be shown in 
Chapter X the solutions of the above forms can be obtained empirically with a reasonable 
degree of accuracy from the general solutions given in the above pages.' 

. ' 

A General Solution for Ex~t Gradient by J.K. Malhotra, M.A., Of/g. Mathematical Officer, 

Punjab Irrigation Research Institute. 

By the general theory of exit gradient we han 

G-[~] 
- as EXIT 

H [ av] =-;- . as EXIT 
Now 

So if ~; = cot e. where e is the angle at which the stream line in the Z-plane meets 

tpe x-axis, we get ds=dy. cosec e. 
Also · . (·ax+·) 

az=ax+~ay~ay -ay t 

=ay (cot e+i) 
•• az . . .. -as-= cos e+t sm. e. 

Ge.,...!!_[ ~ .E ~] 
11' aC ' az . as EXIT 

Now 
(7 .72) 

Where for a conformal transformation ~; must equal i, as the exit angle for the stream 

lines caanot be auythihg but ; . 
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Also 

and 
,._ Ce1+Ce2 Cel-Cez cosh w 
\, 2 2 I 

where Ce1, Ce2 are the values of C for the extremities of the structure: 

Dut for any particular stream line u=const., i. e. dw=idv, which leads to 

r ;;....,. ~et~Cez] _ · 
idv=d cosh-l · 

{ Ce1-
2
C!L_ J 

dC 
=.v (C-Cel)(C-Cez) • 

Hence 

G H ((C-tl).x1
• (C-C2) ~.s .••• J 

B 'II'A • V (1;-Cet)(C-l;e2) C=C~XIT •••• (7.73) 

which is the general expression for exit gradients. Just at the downstream end of the struc-
ture ,. =C and it is at once seen from (7.73), that unless one of the C's say ;;1 equals 

' 'bl E:XIT ' 

eel, and unless at the same time .X equals t (this will always be the case as tJ!e stream line 
is taken to cut the x-axis at right angles after turning through a right angle from its 
direction along the floor), the gradient at the toe will be infinite. For points beyond the 
heel G i& given on substituting the exit value of C in (7.73). -

• E: 

The values of G are evaluated below for a few particular cases:-
~ . . 

Case I.· Sheet Pile at Step with AP,otts. 

Here Ce2=L2, Ce1=-L1, C1=I, Cz=k, Ca"" -1, 11 1=!, 11 2= -I, ?Ia=!. 

H (C•I)!. (1;- k)-1 -. (C+I)l 
••• GB=-11'-A • -'-"---'-V-:7(;;""-=L""z~H~C=:'+=;;L~t) 

_ Hk • (1;2-I)l I 
-dcdz v (C-L2)(C+L1) 1;-k 

Immediately at the toe l;=L2 and GET= co. 

Case II. Sheet Pile at Downstream End and Step. 

Here L*=I, and therefore 

_ Hk ( l;+x )! I 
GR-~-da' '+L1 • 1;-k (;;;;:;:I) 

Immediately at the toe l;=L2=1 and 

_ Hk ( 2 )! I 
GET-d1 -d

2
' l+L1 • I-k 

H k I I+L1 
-d -d. I-k . ,.,- 'if 11= -2-

l a .. v A. 

Case III. Sheet Pile in U~Jequal Filling. No AProns. 

Here 

and 

Just at th~ to~ 
I 

L1=1, L2=1 

Hk I 
GB = dl-d2' 1;-k(;;::;:;:I) 

C=L2=I 
. H k 
,·.GBT= ~-da' 1-k . ... 

•. (7.74) 

(7.75) 

- (7.44) 

(7. 76) 

... (7.47) 



Case IV. 

Also as 

and 

At the heel 

THE MATHEMATICS OF WEIR DESIGN 

Floor with Pile Line not at Ettd. 
dt=d2=d. 

dz 
tan 6-6='11'. d-d 

1- 2 

cos B=k. 

'=Lz 
GEH is infinite 

Case V. Sittgle Sheet Pilll-Eqtlal Fill-No AProns. 
This is a particular case of Case III, when k=O and d1=rf2 • 

It gives 

' 

At the heel 

Case VI. Floor with Pile Line at Downstream End. 

81 

• • (7 .77) 

.. (7.78) 

(7 .79) 

{7 .49) 

Here alw d1 =d~=d, and hence k=O. This is a pa,rticular case of Case II, when 
the step is absent. 

Since '=L2=1. 

Case VII. Simple Floor-No Pile Line. 
Here .\1, .\2 a:e al] zero (7.73), and so a' 1 _ . ,. z az =A' t.e. ~=A+ B. 

' b b b b 
!raking '=0,2 ,-2 for z=O, 2 .-2 

we get b b 
B=O and '=z=x. Also 'e1 =-2 , Ce2 = - 2 

•·. from (7.73), 

H 
GE=-;-. I 1 

v 
H 2 

=-.; 'V4x2-b2 

At bt>el b 
x= 2 and GEH =oo 

(7.80) 

(7 .63) 

- (7.68) 

- (7.69) 

'0 2 
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~an /J-8=713 

d 
whtre B=d-•d~ an!! K=cos B 

1- -s 

(see-Plate VII/I). 

.. 

B K 

0 1'000 
O·l 0·645 
0·2 0"516 
0·3 0·437 
0·4 0·380 
0·5 - o·335 
0·6 0·302 
0·7 . 0·275 
0·8 0·254 
0"9 0·233 
1·0 0·217 
2·0 0·129 
3·0 0·091 
4·0 0·071 
5·0 0·058 
6·0 0·049 
7·0 0·042 

.8·0 0·038 
9·0 - 0•033 

10·0 0·030 

--t 
I 

·--~ dl t 
I da 
J, J, 

· H K d2 
GE=d • 1-K" d1-a, 

. .2 

. 
' GE in terms of Hfd2 

0·182 Hfd1 
0·213 Hfd2 
0.233 Hfd2 
0·2<15 Hfdz 
0·252 H/d1 
·0·260 H{d9 • 

0·265 Hfds 
0·270 Hfd1 
0·274 H/d1 
0·278 Hfd2 
0·295 H/d2 - 0·301 Hfd1 

- 0·305 Hfd2 
0·307 Hfd2 
0·310 Hfd2 
0·310 Hfdz 
0·3U Hfd1 
0·3U H/d2 

- 0·312 Hfd2 

(7·47) 



31 
or 
3a 

' __,.... 

1 
2 
3 
4 

.5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
1Q 
20 

TABl,E VII/2 
• 

sinh Y1+KY1=-wK--' b1d =-wKBt 
.. 1- 2 

L1 =cosh Y1 

L2 =cosh Y2 

3=0 I 3=1 3=2 

. 
L1 . Lz Ll . Lz Ll Lz 
. 

0 

2·055 5·645 l-149 ' 1-313 1•062 I-101 
4·271 9·252 1·524 1-922 1·233 1·354 
6·884 12·660 2·023 2-597 1·480 1·683 
9·656 16·084 2·585 3-290 1·773 2·048 

12•534 19·444 3-179 3·987 2·097 2-431 . 
15·455 22·586 3·795 4·690 2·439 2·823 
18·500 25·977 4'423 5·385 2·794 3·222 
21•486 29·287 5·062 6·084 3·158 3·624 
24·466 32·366 5·707 6·782 3·531 4·026 
27·308 35·768 6•354 7·481 3·907 4·432. 
30·482 38·746 7·oo8 8-179 4·283 4·834 
33·351 41·972 7·669 8·873 4;667 5·239 
36·490 45·466 8·327 9·570 5;052 5·645 
39·528 48·762 8•989 10·270 5·438 6·054 
42·819 51·777 11·646 10·902 5·826 6·462 
45·923 . 54·978 10·373 11·690 6·218 6·8.70 
48·762 58·377 n·on 12·287 6·6]0 7·276 
51•777 61·370 u·690 13·044 7·001 7·684 
54•978 :i::~:· 12'410 13·711 7"392 8·091 
51·797 13'044 14·412 7·783 8•494 

--- .. 

(7'18) 

3=3 • 3=4 
·····-

L1 La 

1·034• 1·048 
1-130 1-180 
1·276 1·369 
1-458. 1·594 
1·666 1·840 
1·892 2-098 
2·128 2·365 
2·376• 2·638 
2·628 2·914 
2·887 3-191 
3-149 3·474 
3·414 3·755 
3·683 4·041 
3·952 . 4·325 
4·226. 4·608 
4·497 -- 4·8!HI. 
4·773 5·183 
5·047 5•465 
5·322 5·752 
5•601 6·042 

LJ. 

1·022 
1·084 
1·180 
1·30·i 
1·449 
1·610 
1·782 
1·964 
2·151 
2·346 
2·542 
2·743 
2·948 
3·152 
3·3Q9 

Lz 

1·02 
HO 
1·22 
1·38 
1·55 
1•73 
1•92 
2'13 
2·33 
2·54 
2·75 
2·97 
3·17 

8 
9 
9 
0 
0 
5 
9 
0 
5 
4 

3·40 
3·62 

0 
0 
5 
0 
9 
1 
9 
2 
2 

- .3~Q68 . 3·83 
3•780 4·06 
3·991 4•27 
4·201 4•50 
4·415 4·72 



-
t,l 
or 
fla 

Ll 

• 
I 1·015 
2 1·058 
3 

. 
1·126 

4 1·215 
5 1·322 
6 1·442 
7 1·573 
8 1•712 
9 1·85S 

10 2·009 
11 2·164 
12 2·323 
13 2·484: 
14 2·647 
15 2•815 
16 2·981 
17 3·149 
18 3·321 
·19 3•490 
20 3 662 

DtSIGN Oil WtiRS ON P:e:RMt~BI.t IIOVND.t\TtON$ 

TAnr.:e: vuf2 . 
sinh y1=KY1= -71'Kt,1 

sinh y 2=KY2 =71'K82 

L1=cosh 'Y1 
L 2=cosh y1 -,.-

3=5. 3=6 

Lz Ll Lz 

I 

1·018 1·011 1•013 
1·072 1·042 1·052 
1·155 1·094 I-113 
1·261 1·161 1·192 

'1·385 1·240 
. 

1·287 
1•522 1·337 1·393 
1·670 1·443 : I-509 
1·826 1•555 1•629 
1·983 1·669 1·752 
2·147 1·79() . 1·888 
2·314 1·921 2·02:l 
2·484 2·040 2·170 

'2·655 2·170 2·310 
. 2·828 . 2·:no 2·440 
3·001 2·462 2·601· 
3·179 2·601 2·750 
3·353 2·725 . 2·882 
3•531 2·882 3·021 
3•708 3·021 3·167 .. .~ 888 3 167 3 32l 

Lt 

. I-009 
1·031 
I-l173 
I-123 
1·186 
1·263 
1 346 
1•433 
1•531 
1·629 
1·737 
1•841 
1•954 
2·076 
2"189 
2·310 
2.417 
2·531 
2·650 
2 776 

' 
3=7 

L• 

I·OJO 
1·039 
1·085 

(7-18) 

(7-19) 

1•144 -
1·219 
1·303 
1·393 
1·497 
1·604 
1·709 
1·826 
]·937 
2·058 
2·170 
2·290. 
2·417 
2·531 
2·675 
2·802 
2 909 
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T ABI,E VII/2 

sinhy1 +KY1 = .-1r.K31 (7•18) 
sinhY2 -KY2=~rK82 (7'19) 

L1 =cosh y1 
L8 =co5h y2 ~-b,--~ --- 1' E 

?I =Lt+La l d ' ~- b2--~---' ' I C1' 2 r~~=-2 - dl _Lt-L;· . dt-d2 I 
I I 

?lt--2- J ' dz I 

J, I Dl 
J, 

--
lit 

3=8 3=9 11=10 -

or 
a, 

Ll La Ll Lz 1...1 L, 

'I . 1-006 1'007 1·005 1·006 1·004 1·005 
2 1 ·027 1·029 . 1·020 1·024 1·016 1·018 
3 1·055 1'066 1'045 l-052 . 1·037 ·1·042 
4 1·098 1-!13 1·081 1·090 1'066 ]·073 
5 . 1.149 ' H73 1·123 HilS ·1·103 '1·113 
6 . 1·212 ' 1·24.0 1'173 l-192 1'144 1•161 
7 '1•279' 1·3ll 1·226 1.255 1'192 '1·212 .. 
a '1•356' 1·393 1·287 1•320 1·240 '1·271 
9 1·433 1·486 ).·356 1·393 ' 1·303 '1·329 

1Q '1•520' 1·579 1·433 1•475 1·365 :1·393 
u '1•604' 1•669 ] ·509 1'555 )·423 1·465 
12 ; 1·696 1·766 .1•5i9 1·642 1·497 ' )·543 
i3 . 1·796 ' 1·873 1·61i9 1·723 1•567 1•616 
H . 1·8~8 .. 1·971 1·752 -1·8(1 1·642 )·696 
15 . 1·988 . 2·076 1·826 1·90.3 1·70J 1·766 
16 . 2•095' 2·189 1·921 1•988 1·781 1·841 
17 . 2•189 2•290 2·005 2·076 1·873 1·937 
HI '2·290. 2•396 2·0~1} 2•170 1·937 2·00.3 
19 2•396' 2•507 2·189 2·269 .2·023 2·095 
20 2·507. 2•626 2·290 2·374 .2·113 ~·189 



( ' 

I . 

Cf __ _ 

da 

D..J. 
and 

'rAnU VII/3 

H (L1-i>) P =--;cos--T Ld~ 1 
' 

P H ...!t(2K+L1-1) 
D 11 -;-cos L

1 
+ 1 

. G =.!!__ -~ . 1 _!5_ 
d2 d1 -ds y 1\ '1-K 

L1+1 
. ?\= -2-, 

(7.39) 

(7.40) 

(7.44) 

where K ~s given in Plate VII/1 and Table VII J1, and L1 in Table VII/2 and Plate VII/2. 

-. 

3=0~ 3=1_ 3=2 3=3 

31 
.. 

<#oE <#oE +n· GE <#oE +n GE <#oE +n G8 
. . 

--· 
1 0·600 0·830 0•413 0·268 z 0·889 0•451 0·290~ 0·918 0·466 0·299~ 

.as 
2 0·423 0·699 0•376. 0·247 

" 0•791 0·429 0·278 •• 0·841 0.453 0·292" 
3 . 0·336 0·605 0·340 0•226 " 0·710 0·404 0·264 " 0·774 0·4S6 0·282" 
4 0·285 0•537 0·309 0·208 " 0·646 0·379 0·250 ., 0·716 0'416 0·272 •• 
5 0°251 0•486 0·285 0·192 

" 0·592 0·356 0·236 ,0, 0°668 0°397 0°261 " 
6 

•0 
0·227 0~448 0·265 0·180 .. . 0·552 0·.336 0·224 .. 0·625 0·379 0·250 " 

.7 0·208 0·415 0·248 0·169 " 0•517 0·318 0·213 " 0·5!JO 0·362 Oo241 .. 
8 0·193. 0·390 0·234 Oo160 " 0·488 0·303 0·204 •. 0·558 0·347 0.232 " ·. 
9 0·181 0·368 0·222 0·152 .. 0·463 0·289 0·195 " 0·533 0'334 0·221 " 

10 ' 0·171 0·349 Oo212 0·145 0·441 0°277 0·188 " . 0·508 0·321 0 216 " " ll 0·162 0·333 0·202 0·139 
" 0•422 0·266 0·181 " 0'489 0·310 0·209 " 

12 1>·155 0·319 0-194 0°133 
" 0·405 0·257 1h75 ". 0·470 0·300 0·203" 

13 • 0 

0-148 0·307 0-187 0·129 0·390 0°248 0·169 ,. 0·453 0·291 0·197 " .. 
" 14 0-143 0°295 0-181 0·124 0·376 0•240 0'164 .. 0·438 0·282 0·191 " .. 

15 
.. 

0-137 0°285 0-175 0·120 0·364 0·233 0·159 .. 0·425 0·27-i 0·186" .. 
16 0·132 · o-275 0-169 o·ll6 0·353 0•226 0·155 " 0°412 0 267 0•182 " .. . 17 0·129 Oo268 0-164 0·113 0°343 0·219 0·151 .. 0·401 0·260 0·177 ,, " 18 0-125 0·2€0 0°160 0.110 0·333 0·214 0·147 . 0·390 0·253 0·173" " 19 0-121 0·25~ 0°150 0·107 0°325 0·209 0·143 :: 0·380 0°248 0·169 " 
20 0 118 Oo 246 0-152 0·077 

.. 0 

" 0·317 0·204 0·140 .. 0·371 0•242 0·166 " 
.-·· --



TltE MATlt:EMATlCS OF WJUR D~G~ • 
8'1 

. ' • • (7 .30) 

H _ 1(2K+L1-1) 
Pn =-cos L +1 . 

'IT. 1 
(7.40) 

ct--~ 

(7 .44) 

and 
L +1 >.=---\-· 
t . . • 

where K is given in Plate VII/I and Table VIl/I, and L1 in Table VLI/2 and Plate VII/2 •.. 

3=4 3=5 3=6 3=7 

Ill 
+E +D GE* +.E +D GE* +E +D 'GE* , +E +D GE* 

-

1 
. 

0·933 0·474, 0·304 0·945 0·479 0·306 0·953 0·483 0·309 0·957 0·485 0·310 
2 O·ls71 0·466 0·299 0·893 0·474 0·303 0·908 0•478 0·307 0·921 0·482 0·308 
3 0·814 0•453 0·292 0·843 0·464 0·298 0·86! 0•471 0·303 0·880 0·476 0·305 
4 0·763 0•438 0·284 0·798 0•452 0·292 o·824 0·462 0·298 0'846 0·469 0·301 
5 0·718 0·422 0·276 0·757 0·439 0·285 0·788 0·452 0·293 0·812 0·4(H 0·297 
6 0·679 0·407 0.267 0·720 0•427 0•278 0·752 0·441 0·286 0·778 0·451 0·292 
7 0·644 0·392 0·259 0·687 0·414 0·271 0 720 0•429 0·280 1)·749 0·441 0·287 
8 0·614 0·378 0•251 0·658 Q-401 0·264 0·691 0·418 0·274 0·723 0•432 0·282 
9 0·5R7 0•366 0·243 0·631 0•389 0·257 0·666 0·407 0·268 0·697 0·422 0·276 

10 0·563 0·353 0•236 0·607 0•378 0·250 0·642 0·397 0·262 0·674 0·4;13 0·271 
11 0·541 0·342 0·229 0·585 0·367 0•244 0·621 0•387 0·256 0·653 0·403 0·266 
12 0·522 0•332 0·223 0'565 0•357 0·238 0·602 0·378 0•251 0·634 0·394 0·261 
13 0·50! 0•322 0·217 0·:547 0·348 0·233 0·584 0"369 0·246 o·615 9·386 0·256 
14 0·488 0•314 0·212 0·531 0·339 0•227 0·567 0·360 0·241 o·597 0·377 0·251 
15 0·474 0·306 0•207 1·!')15 0·331 0·222 0·549 0·351 0·235 o·582 0·369 0·246 
16 0'460 0•298 0·202 0·502 0.323 0·218 0·536 0·343 0·231 0·567 0·362 0·242 
17 0•448 0·291 0·197 0·489 0·316 0'213 0·523 0·337' 0·227 0•554 0·355 0·238 
18 0·436 0·284 0·193 0·476 0·309 0·~09 0·509 0·329 0·222 0•542 0·349 0·234 
19 0·426 0•278 0•189 0·465 0·303 0·20.3 0·498 0·323 0·218 0•531 0·342 0·230 
20 0•416 0·272 0·186 0·455 0·297 0·201 0·487 0•317 0·215 0·519 0·336 0·226 

•The values of GE should be multiplied 'by: to get the actual gradient at exit: 
¥ •. 
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TABI,~ VII/3 

· H L 3 
P =-cos-1(~) 

• 71' L1 +1 
(7.30) 

(7.40) 

H da 1 K 
G:g =-d 'd-d .,,-·-y--K 

2 1- 2 v .,\ -
(7.44) 

and L +1 ,. __ 1 __ 
... - 2 • 

' wher~ K is given .in, Plate VII/land Table vh/1, and L 1, in Tab!e Vll/2 and Plate VII/2. 

-
' 

. 11=8 ' 11=9 11=10 -
lit 

~i ~D GB* ~B ~D . GE* <fog ~D G:g * 
' : 

1 0·965 0·487 0·312 0·968 0·489 0·311 0·972 0·511 0·490 
I 2 0'926 0·484 0·310 0·937 o·487 o·310 o-943 0·4P8 0·310 
' 3 0·896 0·480 0·308 0·905 0·483 0·308 0·914 0·485 0·308 ,, '4 0·861 0•474 0·873 o·478 0·305 ' 0·886 :J-481 0·305 0·306 
' '5 

,. 
0·831 0·467 0·301 0·845 0·472 0.302 0·858 0·475 0·303 

6 . 0•799 0·458 0·297 0·818 0·465 o·299 0·833 0·470 0·300 
'7: 0·772 0·450 0·292 0.793 . 0·458 0·295 0·809 0·463 0·297 

' 8 ' 0·746 0·441 0·288 o·769 o·451 0·291 0·788 0'457 0·29j 
9 0·723 0·433 0·283 0·7!6 0·443 0·287 0·764 0·449 0·290 

10 0·700 0·424 0·278 0·723 0·434 0·282 0·743 0·443 0·286 
'11 0·680 0·416 0·273 0·703 o-426 0·278 0·726 -0·436 0·282 

' ·12 0•661 0·408 0·269 o-686 0·419 0·274 0·706 0·428 0·278 .. 13 0·642 0·399 0·264 0·666 o·4n 0·270 0·688 0;422 0·275 
14 .. 

0·626 0·392 0·260 0·650 0·404 0·266. 0·672 0·414 0·271 
15 0·610 0·384 0·255 0·636 0·398 0·262 o-658 . 0··108 0·267 

' '16 0·594 0·377 0·251 0.621 0·390 0·258 0·6-14 . 0·402 0·264 .· 17 ,, . 

0·582 0·370 0·247 0·607 0·384 0·254 0·628 0·395 0·259 
18 . 0·569 0·364 0·243 0·594 0·378 0·250 0·618 0·390 '0·257 
19 0·557 0·357 0·239 0·582 0·371 0·247 0·.605 0~383 0·253 

' 20 ' . 
0·545 o·351 0·236 0·569 0·365 ()·243 0·592 0·377 0·249. 

' 

• The values of G should be multiplied by d~ to get the act11al exi_t gradients. 
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DESIGN OF WEIRS ON PERMEABI,E FOUNDATIONS 

'!ABI.E VII/4. (2). 

Floor with Pile not at End. 

+n= 7f. x 100 
1~(lcos-1( ~) .. (7.38) 

bljb 0 0·1 0·2 0·3 0•4 0·5 0·6 {i·7 0·8 0·9 1·0 

a Values of +n 

0·1 50·08 50·07 50·04 50·03' 50·02 50·00 49·98 49·97 49·96 49·93 49·92 
0·2 50·32 5(J·25 50·19 50·13 50·07 50.00 49·92 49·87 49·81 49·75 49·68 
0·25 50·48 50·40 50·30 50·20 50·10 50·00 49·90 49·80 49·70 49·60 49·52 
1/3 50·83 50·65 50· 50 50·34 50·17 50·00 49·83 49·66 49·50 49·35 49·17 
0·5 51·72 51-44 51·13 50·72 50·38 50·00 49·62 49·28 48·87 48·56 48·28 
0·75 53·70 52·94 52·34 51·62 50·80 50·00 49·20 48·38 47·66 47·06 .46·30 
1·0. ·55•46 54·50 53·61 52·43 51•22 50·00 48•78 47·57 46·39 45·50 44·54 
1·5 59·20 58·00 56·37 54·44 52·29 50·00 47·71 45·56 43·63 42·00 40·80 
2·0 62·50 60·99 58·77 56·11 53·17 50·00 46·83 43·89 41·23 39·01 37·50 
2·5 65•18 63·50 60·70 57·50 53·82 50·00 46·18 42·50 39·30 36·50 34·82 
3·0 67·29 65·46 62·44 58·61 54·37 50·00 45·63 41·39 37·56 34·54 32·71 
4·0 71-06 68·61 64·75 60·02 55·07 50·00 44·93 39·98 35·25 31·39 28·94 
5·0 73·56 70·87 66·26 60·94 55·50 50·00 44·00 39·06 33·74 29·13 26·44 
6·0 75·47 72·53 67·(\7 61•55 55·83 50·00 4.4·17 38·45 32·93 27·47 24·53 
7·0 77·08 73·81 68·38 61·93 55·89 50·00 44·11 38·07 31·62 26·19 22·92 
8·0 78·43 74·68 68·50 62·17 56·02 50·00 43·98 37·83 31·50 25·32 21·57 
9·0 79·57 75·44 68·86 62·33 56·07 50·00 43·93 37·67 31·14 24·56 20·43 

10·0 80·53 76·01 69·ll 62·39 56.15 50·00 43·85 37·61 30·89 23·99 ... 19·47 
ll·O 81·33 76·52 69·34 62·57 56·21 . 50·0(1 43·79 37·43 30·66 23·48 18·67 
12·0 82·16 76·92 69·47 62·65 56·22. 50·00 43·78 37'35 30·53 23·08 17•84 
14·0 83·39 77·25 69·77 62·79 56·28 50·00 43·72 37·21 30·23 22·75 16·61 
16·0 84·44 77·93 69·93 62·85 56·28 50·00 43·72 37·15 30·07 22·07 15·56 
18·0 85·14 78·22 70·04 62·89 56·29 50·00 43·71 37·ll 29·96 21·78 14·86 
20·0 86·01 78·40 70·12 62·93 56·3·1 50·oo· 43·66 37·07 29·88 21·60 13·99 
25·0 87'43 78·78 70·26 63·02 56·37 50·00 43·63 36·98 29·74 21·22 12·57 
30·0 88·74 79·02 70·32 63·03 56·40 50·00 43·60 36·97 29·68 20·98 II·26 
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TABU VII/5 

PE =:cos-•('~2) (7 .61) 

H e-1) Pn =;-cos-• ~ (7.62) 

G H 1 
(7.63) EXIT = 1rd v>.. 

3 
t/on1 =rfon -i(rfoE -rfon )+ az (7 .70)* 

p 
rfo=J[X100._ 

1 1 
- ~D rfoE rfon· t/on• a 7rVA.-a 

Eqn. 7.70 Theoretical 

0·02 8·9 12·7 6·40 6·92 50 25·545 0·063 
o·04 12·6 .17·9 9·10 9·5{1 45 23·006 0·06fi 
o·OG 15·3 21·8 11-01 ll·M 40 20·5(;6 0·070 
0·08 17·6 25·1 12·62 12·90 35 18·007 ·. 0·075 
o·10 19·4 28·0 13·73 14·12 30 15·508 0:080 
o·12 21-2 30·6 14:94 15·16 25 13·010 0·088 
0·14 22·7 32·9 15·96 16·12 20 10·512 0·098 
o·16 24'1 35·0 16·88 16·96 18 9·514 0·103 
0·18 25·3 37·0 17·60 17·85 16 8·516 0·109 
0·20 26·6 38·8 18·68 18·61 14 7·518 0·116 
0·22 27'6 40·6 19·05 19·27 12 6·520 0·125 
o·24 28·7 42·2 .1.9·87 19·80 11 6·020 0·130 
o·28 30·5 45·2 20·94 20·91 10 5·52 0·136 
o·32 32-l 47·9 21·91 21·84 9 5·03 0·142 
o·36 33·6 50·4 22·79 22·6:J 8 4·53 0·150 
0•40 !!4·8 52·7 23·38 23'41 67 4·04 0·158 
o·44 36·0 54·7 24·08 24·07 5 3·54 0·169 
0•48 37'1 56·7 24·69 24·71 4 3·05 0·182 
0·52 37·9 58'5 25·01 25·30 3 2·561 0·199 
0•56 38·8 60'1 25·54 25·81 2 2·08 0·22.5 
0•60 39·6 61·7 26·08 26·30 1! 1·62 0·252 
0•64 40·3 63'2 • 26·23 26·72 1 1·401 0·269 
0"68 40·9 64'5 26·39 27'18 ! 1·207 0·289 
0·72 41·6 65'8 26·96 27·61 ! 1·125 0·300 
0·76 42·1 66·9 27·3:J 28·00 t; 1·057 0·309 
0·80 42·6 68·1 . 27·52 28·35 1·015 0·316 
0·90 43·7 70·7 28·1:! 29·21 1·000 o·:ns 
1·00 44·6 72•8 28·so 30·00 
1-10 45'2 74•7 29·13 :!0·65 
1'20 45·8 76·4 29·72 31'21 
1·30 46·3 77·9 30·27 31·75 
1·40 4-6'7. 79·3 30·88 32·2:! 
1'50 47'1 80·4 31·65 32·70 
1·6(J 47'3 81·4 32·28 33-10 
1·70 47'7 82·5 33·17 33·52 
1·80 47'9 83'3 34·02 33·90 
1·90 48·1 84·1 34·93 !!4·21 
2·00 48·2 84'9 35·8o 34·60 

*The approximate formula 7. 70 will !lot holrl much beyond_!_ = 2 
ll 
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PLATE VllflB . 

- ,_ 

s1NH Y, + KY, :-TTK !-az. =-1TK!i~--- (1·1a> -r- .. 
&z ~ SINH h -KYz. = 7TK -- =7TK z.----(7-IS) / d.,-d. v L1 =COSH¥; 

t 

B Lz =COSH k'z 

f I I ( 1. 
.. , 
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v / ----- E J 

f+..,...li;,~ ------ v / cr ~ v v <L, /_ 
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Sheet pile not at end 

'I>E = -4; cos-• (¥)--Eqn. 7-36 

b---.. <l>c = ~ cos'"' (XXI) __ Eqn. 7 .. 11 

t/>o = -l, cos·• <-¥) ____ Eqn. 7-38 

To lind t/>E for any value of a: and base ratio -t',read </>c for 

base ratio (I-t) for that value of ex: and subtract from 100 

Thus ¢£for -t'-=0·4 and «=4, = 100 = t/>c for~= 0·6 

and a: = 4, = 100-29·1 = 70·9% 

To .. get 4>o for values of~ less than 0·5 read <Po for 

base ratio 1-~ and subtract from I 00 

Thus flo for !!. = 0'4 and a: = 4 
b 

=IOO-c;6o for~= Q-6 and «=4 
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Table VII·S 
Depressed floor 
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<l>e = .,:. cos·r ~- ---(Eqn. 7-61) 

l#lo = ,} cos-1 ~- --- - (Eqn. 7-62) 

l#lc, = 100- <l>e 
<l>o, = 100 - .Po 

0·6 CHI 1·0 
' "T'!".:_S. 0 

b--t !1..9 
B h Cf 

Table VII-S L 
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. APPEND1X 'fO CHAPTER vtt 

it<Jfatlmllalical I1westigatiotzs of tltc sub-soil flow mzder two standard forms of slrttcturcs, 
by Jai Krishmt Malhotra, M.A.., Officiatmg Mathematical Officer, Punjab. Irrigation 

Research I f1 stitute. 

The structures proposed for· investigation consist of a sirnp'e dep:e3sed f.~oor without 
aprons and a pai~ of equal sheet pi!es placed at the heel and toe of a flush floor. They will 
be obtained as particular cases of a more composite structure which consists 9f two equal 
sheet piles placed anywhe~e under a flush floor, with the floor in between the pi1es depressrd 
uniformly. · 

'\ I 

'Z.- Pl.A>.NE. 

~ l,j )I( 
H G l 

I I 

d E.T 

t d-z.. 
F~ 

~£-------------~--------------~~ 0 0 

c 
Figure 7A. 1 

Let ABCDEFGH be the profile of a s·i:ructure consisting of up3treant and downstream 
ap~ons HG and BA, two. equal vertical sheet pile3 GF and BC, and the depressed horizontal 
floor ED. Let the length of each sheet pile be d1+d2 and let the dep~ession equal d1 , the 
length of the portion depres~ed being b. Let b1 'and b2 be the lengths of the aprons. 

, ~ ' 
_, . 

~~ . ' . )f • 
~ 

'"' 
G F ~ o' 0 c. ·e.. 

. 
. 14--K-+ 14- 'K -11 

\4--- -c: •I~ c. "" 
'-'2. -~ lor. L, 

~- PL~Nt... 

Figure 7A. 2 

Let us carry the profile over to ~ plane so that the po;tion BCDEFG, which is !iYm­
metrical on the z-plane is carried over into the .~-axis B'C' D' E' F'G' with the points di<po~ed 
symmetrically about t4e origin, 0'. The latter will obviously correspond to the middle point 
0 of ED, the origin cho~en for the z-plane. 

If the values of ~ are± 1 for B and G, ±c for C and F, and +k forD and E, the neces­
sary transformation takes the fo:m :-

/ 

~2-c2 .. · 

Z=A V"2~k2)(,2-f) .ci~+B (7A.l) 

Substitute '=ltSn(zt,k) and let 1- c2=c'2. * 
Then Z =Aj(dn?tt -· c'2)du+B 

=A[E(u)- c'2tt]+B (7A.2) 

, *.The theory· gi\'en here is a summary of two forthcoming publications of the Irrigation Research 
Institute, Vc;>l. II, No. 20 and Vol. II, No. 22, vi:t., "Notes on Khosla's Principle of Independent Variables, 
I-~utual Interference of .equ.al p?les at ends of a f!oor"and "Notes on Khosla's Principle of Independent 
Vanables, II--Pressure dtstrtbutlon under a floor with equal end piles and· a \'arying intermediate pile." 

I(H 
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-- . 

'the corresponding values of z, ~, and u are given in the following table :-

Point .. A B I c D E F G H 

-- --
b2+~-id b b 'd b b b 'd b 'd -b~-~-id1 Value of z •• --ldl 2+• z 2 -2 -2+' 2 - --1 1 2 2 2 

-- -- -
.. .. ~ .. L, 1 c k -k -c -1 I -L~ 

-- -- l-(p1+iK') .. .. u .. P2+iK' K+iK' K+~J-i K ·-K ~J-i-K iK'-K 

Substituting the corresponding pair of values of Z and U in (7 A.2) we get, taking comple­
mentary points 

Hence we have 

Next 

Equating imaginaries, 

Also 

bf2=A(E-c'2KJ+B 

-~=A(c'2K -E)+B 

b 
B=V,k E 2 2( -c' K) 

:-id1 =A[E(K+iK') -c'!(K+iK')] 

=A[E+i(K'-E')-c'2(K+iK')], 

. , ,2 d1 E'-c2K' 
d1=A(E-c K) orb 2(E-c't.K) 

point D 

pointE 

point B 

b/2-Hda=A[E(K+ !J-i)-c'2(K+ !J-i)] · point C 

(7A.3) 

(7A.4) 

=A(E+E(!J-i)..:_k2· Sn(K+ !J-i) · Sn(!J-i)-c'2(K+~J-i)] 

Or 

But 

Again 

and 

And 

Or 

Or 

For A, we get 

or 

Similarly 

~1=E(!J-i)-k2. S~ (K+!J-i). 811 (fJ-i)-ic'!/J'. 

E( ') . + S11( IJ'i) 'E( : k') fJ-t =I/J' Sn(K-IJ'i) _, IJ', • 

,. id2_. 2 u,..._ "E( k') _ 8n(IJ'i)dn2(!(+ fJ-i) 
• • A -IC,... 1 tt, Sn(K+IJ'i) • 

Vk~-c2 
Sn(K+ fJ-i)=cjk,:\cn(K+tti) k 

d1t(K+~J-i)=Vl..,..c2 · c' 

Sn( !J-i)=Sn(K + !J-i- K) = ~~~~ t ~~ iV~. 
dz q E( k')+ V~ c'2 k A =c-IJ'- /J', · c'k · • c 

if'cLk2.c' 
=IJ'c2-E(IJ', k')+ c 

d2 . JJ.c2-E(JJ., k')+"\II-k2fc2.c' 
r;- 2(E·-c'2.K) 

b2 +bf2-id=A[E(p2+iK')- c'2 (iK+p!)] 

b2+bf2=A[ E(p2)+ Snp2cnp2 -c'2P2] 
dllp2. 

E.( )+Snp9c?tp2 , 2 Pa -dnp.- -c p~ 
.•.2b2fb+l= --.....-----,- • 

E-c'2K 

E( )-SIIp,~_p_,_c'2 
2b1 +l. P1 dnp, Pt 

b E-c'2K 

(7A.5) 

.. · (7A.6) 

(1A.6a) 
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1 1 * Where kSn(p2+iK')=L2 or Snp2=L
2 

• S1tp1=L;· 

· d k f known values of the four ratios The last four equations deternune p1, p2 , c, an rom 
b1 tb, b~fb, d1/b, and d2/b. 

Again (7·23) 

and for the stream lin~ along the face of the pile, U=O. ' . 

~+.t L1+L2 I. _ L 1-L2 " v -cos-1--1 ,where I. =-
2
-, 1- -2-. .. - . ,{ 

H ..\ ±1 H ..\ ±c H · . 1 .\1±k •• p = -cos-1-1- · 1'01,. =-cos-1- 1 -; PD,E=-.-.::o:;- - .. --. 
• • IJ,G 'II' 7\ ' ' 'II' ,\ 'II' II 

If we make the aprons vanish, L1 =L2=1, !.=1, 'llt=O, 

and Pa F =~cos·-3 (±c), PD E =.!i_ cos-1 (±k) 
t 1r. . ' ' 7r •. (7A.7) 

Case I. Depressed float without apro~Zs. 

Figure 7A.3 

Here d2 vanishes, leaving a depres~ed floor of depth d1 and b~eadth b; obviously c equals k. 
Equation (7A.4) now gives 

2d• E'-k2J<.• 
-b = E- k-'21( 

while from (7A.2) and (7A.3) we get . 

· b E(u)- k'~u _ _
1

( .{_) 
z=2·-E-k'2J(' where U-Sn k 

The pressure at any point under the floor is given by 

H H 
- cos-1(~) =-cos-1(kS11u) 

'II' 'II' 

where the distance x of the point from the centre is 

_ b E(1t)-k'2. u 
x-2-·-E-k'2.J{ 

In particular we have for the point D, the pre:>sure as 

H 
PD =-cos-1 (k) 

'II' 

Putting 

we have k=cos (), and {7 A.S) then gives 

2 E( ; - ()) -cos2(). K( ; ~ ()) . · 
a E(6)-sin2() . K 'where a=b;d 

If 2/ ~==c, and we have another floor for which 2fa
1
=Ifc and k=cos () 1 , then from 

E(-; -o)-cos2(J. K(i -9) 
E(6) -sin2(1 . J( 

.. (7A.S) 

•• (7A.9) · 

.. (7A.l0) 

.. (7A.l0a) 

(7A.ll) 

(7 A.l2) 

(7 A.l2) 

*For definition~ of th~ functions Sn, en, dn and E, K, E', [(',and for explanations o£ the other steps, 
reference may be made to the relevant ChApter in Whittaker !IUd Watson's 1\lodcrn Analysis o: to auy 
other book on elliptic functions. 
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If 

then as 

This gives 

DESIGN OJJ WEIRS ON PERMEABLE FOUNDATIONS 

PD 
~a:=nxioo, 

p· e .,. £==-:;r• 6= 100. <~>a:• also a:a:1=4. 

~a:+~al=~a:+<l>~f«. = 50 

In particular, if a:=2, i.e. if the floor is twice as long as it is deep +a=<l>,fa: =25 

In this case only a quarter of the head remains at D. 

(7A)3} 

(7A.l4) 

Equation (7A.l3) can be utilized in finding the value of ~a for value~ of a: less than 2, if 

the value of +a for values of a: above 2 are known. 

Thus +1+</>4=50, </>
1
f
2 
+.~8=50; and so on. 

The exit gradient at the toe is given by 
i · ' H dv dC · ( dz · • 

GEXIT = ;-· ii[' dz as ds equals umty at exit), 

H ( I /C2-l] 
='~~'A . V Cz_f' V r,a-k2 C=l 

. H H 2(E-k'2K) 
='II'Ak•=--;-· bk' 

H E' --:-k2 K' 
= ml • k' .. !''• •• (7A.l5} 

The graph·showiug the theoretical values of ~D has already bEen incorporated by 

Mr. Khosla in Plafe No, VII. 6. The agreement with experimental values has also been 
noticed by him in Chapter IV. (See Table IV-3 on page 26.) . 

Case II. · Equal sl1eet ~i~es at !lee~ and toe without ajmms. 

F 

d. 
_!_ 

Figure 7A.4 

Here d1 vanishes and :ttquation ('7 A-4)gives 
c2=E'fK' 

Hence E-c•2K=K[EJK+,E'/K'-1]:=2~. 
~ubstituting in (7A.5) we get · 

d 
~E'/K'-E(!J., k')+ . /I_k2K' .·/I-· E', 

~ V E if K .. 'K' 
b ... 'lr. "/ 

K' [ (E'-k2K')(K'-E') ,. =--;,--· . E'K' -Zn(~, k) 

Where Zn is Jacobi's Zeta-function, and~ is given by 

, - k- jlr 
dn(~, k )---k ... , -E'. 

c •. v~ 

] .. 

DB 

l 
c 

(7 A.l6) 

(7A.l6a} 

M (7A.l7) 
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The potential function at any point is given by cos-1 (kSnu), where u is given by 

2z E(u)-c'2u 
T_- E-c'2K 

'ITU 
Zn(u)-2KK' 

'IT 

K' '2KK' 

• · bK' bu 
~·. z=---;,----· Zn(u)- 2K ' .. (7A.l9) 

. . 100 100 . 
In particula,r the percentage pressures at C and D are gtVerl by-- cos-1 (c) and- cos-1(k). it. , 

'lt. 11: 

Choosing any k, we can get c and iJ' !rom (7A.l6) and (7A.l8), and then derive the value 
of tlafb from (7A.l7), Plotting the values of cos- 1 (k) and cos - 1 (c) against tho~e of d2{b, 
w~ get the curves shown in Plate VII.A.1 which show the values of <loa and tD (called tD ,and 

. b +B in Plate VII.A.I) for various values of a=(J· 

The valU!.!S obtained from the theoretical curves for certain values of . m are compared 
in'the following t9;ble with those obtained from ·electrical experiments and from Khosla's 
Method of Independent Variables1 :-

' . 
I </oP. 

ll I (2) 

' Theory I Expt. 

-- ; 

3 71.6 71.7 
4 73.9 73.1 
6 77.3 76.6 
8 79.7 78.7 

12 ·82.8 81.7 
24 87.4 85.7 

TABLlt VII.A.l 

I I 
' 

tB t.D 

(1) (2) (1) 
Khosla Theory Expt. Khosla The<?IY 

I . I 58.5 58.6 58.2 41.5 41.4 
61.9 . 62.1 61.3 38.1 37.9 
67.0 67.1 66.3 33.0 32.9 
70.6 70.8 . 69.7 29.4 29.2 
75.3 -75.4 74.0 24.7. 24.6 
82.1 82.2 79.7 17.9 17.8 

. 

(1) derived from Equation 10;1 (Chapter X, page llli). 

{2) Table Case VIII(a) 1 (Chapter IX, page 107). 

+a. 

(2) . 
Expt. I (2) Theory Expt. 

42.1 28.4 29.2 
40.0 26.1 26.2 
34.1 22.7 2·i.O 
30.7 20.3 21.7 
26.4 17.2 18.9 
20;3 12.6 15.2 

The comparatively large differences at highervalues of a with the experimental values 
obtained from the electrical method appear to be due to a very slight error in. measurement 
of length of the small sheet pile used, For a:=24, the sheet pile was i" long and an increase 
of 1/10th of its length would make the theory agree with experiment. 

It has been noticed that when,a>:2 the wlues of +D and +a are very nearly in the 

ratio of v2: 1 or 
• • (7 A.20) 

This means that the side of the pile next the floor takes only about 30 p,er cent. of" the 
total pressure cut off by the pile. 

Mr. Khosla's Method of Independent Variables1 receives a very striking confirmation 
of its rationality from the results of th1s particular case in that his method gives results 

·differing from the theoretical by 0.2 per,cent. or less. 

! See Pe.ge 129 
\ 



106, 

~ 

'0' 
41. 

c: .... 
;t 

2 
b 
t-
Il.. 
0 

~ 
cJ .c 
t­
z ... .., 
It 

"' ~ 
~ 
~ 
$ 
:i 
~ 
X 
w 
D 

0 
% 
~ 

.... 
~ 

~ 

41 .. 
a 

aa 

., 

--
a• 

Q 

·~ 
:01 

.. 
... 
~ 

·u 

¥ 

.... 

-
:0 

II: 
~ 
Ill ,,. 
! 

6 
~ 
0 z 
< 

~ 
11.. 
0 

Ill 
..... 
::> ... 
.;( 
;:. 

.... 

"' 
.... 
.. 
• 
0 

c 

... 

ll. 
I 

1\ 
_1 
l 

1\ 
\ 

''I' 
\ 

1\ 

1\ 

1\ 

' 
I'll. 

1\ 

\ 
~ Ia, 

[:,. 
'\ 
\ 

1\ 

I~ 

1\ 

:". 

\ -
'I 

['\. 
lt 

.. " -:· s 

- . 
PLAT[ V11-A .I 

::::: ~ v --;j 
LQU,... .. ,~ ·~ L-

=~~ . ~..=--
H 

l " - - ,.., I I 
.. 

l 

l 0 -... 
~- I 

I 
l 

,_ 
.... 

~ . 
L.lll 

' j.-Cl 

~ 
• 0 .. _c~V ... 

-"" -
"" t~ 

'I / 

1\. ~,I!' ....,_ 
·~ 'I" ' ~ .. I 

I I 

' '\ ,, 
" ,, 

~ 

"" 
r--.. 

b, 
l :-... 

I ..... 
I l' 

r<., 
[', 

I 
I I -· )'., I 

r-- I 
!'. 

I I 

: J 
I I ' ........ ' ' ! I f ... ·~ - .. sa 



CHAP1'ER VIII _ 

Exit Gradients as Re·Jated to Weir Design 

\V eir failure from seepage flow can occur by :-
(a) Undermining of the sub-soil:-
(b) Uplift due to pressure under the floot being in excess of the weight o.n tne· flo~r. 

The failure by undermining is the most common, so that a knowledge of 1ts cause!> aud 
of the measures to prevent 1t, is· of the utmost impottance both for design of new wor.ks an.d 

for ascertaining the . safety of existing ones. 
C.\ VlTY UNDER KHANKI WEIR (PIER 5) 

This cavity took 900 c.ft. of cement and sand to fill in. 
Note the 19 feet length of bamboo inside the cavity. 

The undermining of the sub-~oil starts from the tail ei:id of the work. It begins at the 
surface due to the residual force of seepage water at this end being in excess of the restrain­

ing forces. of the sub·sOJI which tend to hold the latter in position. Once the surface is dis­
turl>~d, the dislocation of sub-soil particles works fnrther doWn and, if progressive, le·ads to 
the formation of cavities• below the floor into which the latter may collapse. According 
to the commonly accepted ideas this undermining is ·supposed to result from what is known 
as "piping", that is, the erosion of sub-soil by th~ high v~locities of flow of water through it, 
when such velocities exceed a certain limit. But as will be shortly exp1ained this conception 
of undermining is incomplete. Water has a certain residual force at each point along its 
flow through the sub-soil which a'Cts in the direction of flow and is proportional to the pres­
sure gradient at that point. At th:! tail end this force is obvi,msly upwards and will 
tend to Ji{t up th~ soil particles if it is more than th:! submerged weight of the latter. The 
frictional'resfstance, cohesion, etc., of the adjacent soil wiii have to be considered in certain 
cases. Once the surface particles are disturbed, th~ rl!sistance against upward pressure of 
water will be further r~duced, tending to progressive disruption of the sub-soil. The flow 
gathers into a series of pip~s in the latter and dislocation of particles is accelerated. The 
sub-soil is thus progressively undermined. Soil erosion can also occur through natural pip~s 
or faults il!_ the sub-soil. 

This conception of undermining by "Flotation" was put forward by Professor Ch:nles 
TerzaghP in 1925 and independently arrived at by F. F. Haigh2 in 1930. 

As water flows through the sandy sub~soil, it is well known that the veloeity of flow at 
· any point 'in the medium is given 'by Darcy's Law :.....: - . 

h 
I v=K- l-

•Cavity under Pier 6, Khankl Wei'r . Photograph reproduce.d from· Punjab Eugiueeri;g Con·gresa p-aper 
No. 196 of 1936, '•Reconstruction of tbe Khankl Welr'' by Ral Bahadur A. N. Khosla. 
' CB. TEBZAdBI • • • Erdbau Me'clianlli:~ 
1 F. P. l:IAJGB • • Pf!op~r No. J38 of Punjab Engl~eering Con1reas1 1930, by A. N. Khoala:-

Dlacliaa ton by . ' 
107 
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This water ·exerts a force (F) on the sandy medium along its line of flow. 
force, the particles of the medium ar-e subject to two other forces :-

(1) the force of gravity, or we1ght (W) wh\ch acts downwards, 
and (2) the force of buoyancy (B) which acts ~pposite to gravity. 
These two latter forces can be combined into one and if · 

w=We.ight of unit volume of water, 
p =Specific gravity of sand particles,. 

. . e =Pore space in unit volume, 
· then the weight of soil particles per unit volume-:-w.V- e) p=W, 

The weight of displaced water=w (1-e)=B · 1 

Hence the resultant of the forces (1) and (2), that is the weight of the soil 
buoyancy 

,'· 
I , 

, 
I . . . ,' 
----da. ... ,.. - . 

B 
..... 
~tl~ 

Figure 8•1 
I,et da::::sectional area of cylinder, 
and dl=length of cylinder . 

Besides' this 

particles less 

. . The Pressu~e at face A=Pda and acts along the strealll line from left to. right . 
. The Pressure at face B=(P+dP) da and.acts along the .stream line from rightto left. 

Niglecting · the curvature of the stream line we get the force acting on the cylinder along 
•~am~~ . . 

, . .pda-(P+dp)da=- dp da 
The force per unit volume of the cylinder 

· dp da dp 
=-dl da =~-tit (8·2) • 

He~ce F=-- dft = Pressure gradient at that ~oint. . So that, the action of water on any 

' point..in the sandy medium· through which it percolates, can be g_iven by a force F, which, 
per' unit :volume, is equal to the gradient of pressure at that point and which acts in the 
direction of flow: , . 

,_ __ /, 

\ .y•AlCIS 

Figt!-re 8·2 
Thus th~ fore~ acting on any particle in the sub-soil consists of :-

(a) a force F=-: 1zacting in the direction of flow, 

and (b) the submerged weight w;=w(l- e) (p ..... l) acting downwards. 
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For stability of the particles, the resultant R ofF and W, must have, no upward cor~ponent. 

r------1 . . : 
-! lA ___ ~m!mmwm!mm:.'~- _E' 

· Ws , . , , 
II. '. . . , I 

\ . " I 

,\',,tf~--- c~-~-~,:: Ws --- ,. 
• " . R 
w If If w5 . 

s ws 

1 
Figure 8·3 

Now the vertical component of R is given by 
' · Rv=F cosg-W, ; 

Froin Figure 8·3 Rv in the region A to C must necessarily be downwards as F has no 
upward vertical component. From C onwards, F has an upward vertical component~ which 
goes on increasing rapidly as the stream. line approaches E the exit end. At E, F ,is verti­
cally upwards ; at X' it is infinite, beyond which point it rapidly 'falls off as shown in 
Figure 7·10 (Chapter VII). Thus, for sorlte length beyond X' at the surface,· whe~e F 
acts vertically upwards,. and w.· vertic3.lly downw.uds, the resultant R.=F-W, will 
be vertically upwards, so ·that, the soil ·particles in this region will be 
lifted up and be in a state of unstable equilibrium. This region of unstable equilibrium will 
extend to the limit where R=O or F=W •. At thi~.point the soil particles will be just stable 
and F acting upwards will have its critical value which will be just resisted by the submerged 
weight of the particle acting downward>. The slightest increa~e in this value of F ~ill lead 
to instability. The soil particles-will start to be lifted up or "float" so to speak;. The gra­
dient of pressure at which this occurs has been. aptly called by Terzaghi the "flotation 
gradient," Haigh calls it the bursting gradient. One of the authorsl called it the crjtical 
gradient. , This is equal to the c~itical value of the force F • and is given by, 

Flotation Gradient=Fcrltlcai=W8 

=w(1-£) (p-1) 
If the pore space=40 per cent. and p=2·65 and w=1 

. Gr=(1-0·4) (2·65-1). 
=0·6x 1·65=;0·99, say unity. 

Thus for the class Vf ~oil mentioned• above, the Flotation Gradient, Gr =unity or 1/1. This 
flotation gradient fvill vary with the pore space of the sub-soil and the density of the. soil par 

· ticles. The density of the soil particles, though generally i~ the neighbourhood of 2·6 to 2·7-
for the Punjab sands, may vary in extreme case3 from ~ ·8 to 2·8. Similarly .the pore space 
which for Punjab sands ranges between 37 and 42 per ce:tt. may be as low as 20 per cent. 
and 'as high as 45 per cent. Working on the3e limits the- extreme values of Gr may range from 
0·44 to 1·44. 

Table for Gj- :\ 

' I 

Densities 
Pore Space 

' 

-

2·8 2·6 2··1: I 2•2 2•0 1·8 

0·20 . 1 44 1·28 1·12 ' 0·96 0 80 . . . . 0·64 0"25 . . . 1•35 1-20 1·05 0·90 0·75 0·60 0·30 . . . 1·26 1•12 0·98 0·84 0'70 0·56 0·35 ' 1"17. 1•04 0·91 0·78 . . . 0·65 0·52 0·40 . . . . 1·08 0•96 0·84 ·0·72 0.60 0·48 0·45 0·99 0·88 0·77 0'66 0•55' 0·4·:1: 

1 ( ) A. N, KHOSLA ' • Paper No. 13!1, PunJab Englneenng Congress, 1930, 
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'ter:~:aghi in his exper~ents us~ sands of 2·65 s~ecific gravity and found the following 
values for Gc . , · . · . 

Pore Space. , Gr Gr 
I 

.0·43 
0·355 
0·430 

0·410 
0·440 
0·350 

· .. observed. Computed 

I 
I 

0·95 
HI 
1-13 

to 
1-16 
0·96 
1·05 
1·08 

I-65x(I- ) 
0·94 
1·06 
0·94 

0·97 
0·92 
1-07 

Dr. Vaidhianathant can:ied out some very careful. experiments in 1935, with Punjab sands. 
The technique and results of these are of great value. 

c 

n 
~ 

Ff 
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FIGURE 8•4 
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Memoir of the Punjab Irrigation Researcl\ Institute, Vol.V,No.ll. 1936 • 
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Figure 8.4 shows the apparatus used by him. The description of the experiments is best . 

given in his own words :-

"The method of carrying out the experiment will be clear from the following descrip- ' 
tion !1-nd diagrams. The experimental tube A B (Figure 8·4) was 85 ems. long 
with an internal diameter of 4·2 ems. The length of the sand column was 
63·0 em~. The positions of the manometers P1, P2, etc., are as shown in the 
figure. The manometers were fitted with wire-gauze to prevent the sand passing 
into them. R is a constant level reservoir which can be adjusted to atW 
required height. Water which has been filtered is supplied to' the reservoir 

R from a special tank. 

W is a wire-gauze on which the sand column rests. The meshes of the gauze are too 
small to allow the sand particles· to pass through. The water that flows out 
is collected through the over-flow at .C. At the end A, the tube is not 
comp!etely filled with sand. T is a thermometer to record the temperature 

of the water . 

. The sand to be examined is first washed and particles below 0·04 min., a,re removed 
by sedimentation. The coheoive forces due to fine pa.cles are thus elimina­
ted. The size distribution, pore space and density are then determined. The 
sand is packed uniformly under water in the experime5tal tube AB by tapping 
and stirring. . · 

I 

It is of the greatest importance that the water used should be free f~'om fine suspended 
matter and air bubbles, When the experiments were begun, untreated tap 
water was being used for the experiments. The manometer tubes P2, P3, etc., 
showed ·a progressive fall with the laps(:! of time while the head remained 
constant. The sources of error were then investigated~ It was found that, 
when a very small quantity of fine clay was introduced into the reservoir, R, 
a quick drop of pressure occurred in the manometer tubes: It was then 
thought that traces of filie- particles in the tap water might be causing trouble 
by forming a filter skin and choking the passage. Tap water also contains small 
air bubbles. These small bubbles used to get lodged. in the sand in the tube 
and thus choke the passag~s for the water. When the tap water was allowed 
to stand in a special reservoir f01: two days before the experiment and afterwards 
carefully filtered through glass wool and. coarse sand as shown in G1 , G3, the 
pressures became steady with time. · 

This point has been .specially stre5sed here 'because of its· importance to model work 
carried out in laboratorie3. When the pressures are observed by tubes inserted 
in sand under models as is usually dQfle, the results are likely to be vitiated if 
due attention is not paid to this source of erro,r. 

ExPI;;RIMSN'tS WITH WATSR Fr.owiNG DoWNWARDS 

The first set of observations was taken with water flowing downwards in the sand 
column. To begin with, the reservoir R was fixed in a low position and a 
hydraulic gradient of nearly 0·5 was obtained. When the flo.v had continued 
for half an hour, water was .collected through the over-flow C for a convenient 
interval and the weight of t.he water was determined. This observation was 
repeated. The reservoir. R was then raised to obtain a higher hydraulic 
gradient and after a flow had been maintained 1 for half an hour the weight of 
the over-flowing water during a definit(:! interv.al was again determined. Observa­
tions were thus taken for the hydraulic gtadients of 0·5, 0·75, 1·0, 1·25 and 1·5, 
as nearly as possible. The experiments were generally repeated twice, the 
gradients first increasing and then decreasing. 



112 

.... 

. D~SIGN 01\ W~IRS ON P~RM~ABI,!: l10UNDATIONS 

. . ' -.'5 
/OM/I."Dr-------:----------,--...., 

SILT I 
. (TEMP.32.°C) 

/·· 

e ·s '-::~=-'"~~=-=-::--~:--:~--=-~~~-.;.&.-....J 
0·25, O·SO 0·75 1•00 1·25 /·SO 

Figure 8·5 
\ HYDRAULIC GRADIENTS (i) . 
· ExP:ERIM~NTS WITH WAT:ER FLOWING UPWARDS 

.... 

The second and the subsequent sets of observations were taken with water flowing· 
upwards. In- these sets of observations w1lter was entering at B (Figure 8·4) and 
coming out at the end A. · 

In the secondset water was· allowed to flow upwards, the pressu.e gradients.being 
slowly incre.ased beginning from 0·25 to about 1·5 .. This part of the experiment 
•is shown in Curve 2, Figure. 8·5. When a gradient of 1·5 was reached the third 
set of observatio;ns was begun. . 

In the third set the pressure gradients were decreased, othe~wise the observations 
were taken in the same way as in the second set, Curve 3, Figure 8·5 is thus 
traced. · · · · • · 

In the. fourth set the pres~ure g;adients we:e again gradually increased as in the 
second set, but this time the increase of the pressure · gradient was continued 
until the sand particles were removed aiong with the out-flowing water (Curve 4, 
Figure 8·5). After re-packing the sand, the experiment was repeated. 

Figure 8·6 

14 I 

llil 

~ 10 
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if 
:.. t; l.!l , .• 
~· 
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SIZE DISTRIBUTION CURVES 
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Vaidhianathan took sands of .different. orders of packing and wide size distributions 

(Figure 8·6) The<e results are tabulated below:-. ' 

1'ransm iss ion I FLOTATION GRADIENT 

Specific Gra- Pore Specimen No. 
Space constant I · of sand vity of sand Calculated Observed 

< 

2'·68 41•3 0'0167 0 99 1'00 
I . 

2·69 . '38•5 0•0414 1·04 0'85 . 
II .. . 

III 2•69 40·S 0'0422 101 l'OO . . 
IY 2·64 . 39·9. 0·0434 0•99 1'00 . . 
v 2·65 41•5 0·0778 0•97 

I 
0'95 . 

VI 2•68 41•0 0·0854 0•99 0'95 . . 
VII 2·67 38'1 0•0945 1·03 1'00 . 

·VIII 2·69 38•2 0·0948 1 03 1'25 . 
: I IX 2·70 38·8 0·1023 1'04 1'25 . 

X 2•69 39'2 0•1521 1'04 1'00 . . 
XI 2•68 39•0 ' .. 0•2219 1•02 100 

' . 
Xli 2•69 38•4 0·3002 1•04 0•95 . . 

In downward How, the transmission constant or the discharge remains absolutely steady 
irrespective of the pressure gradient (Curve No .. 1, Figure 8·5). In upward flow, it remains con­
stant to about a gradient of 1 : 1; beyond that it increases rapidly (Curve 2, Figure 8·5.) • The 
gradient is then lowered but the transmission constant remains much above its previous value. 
CQmpare Curves 2 and 3. When th.e gradient is again increased, the transmission constant 
increases fj.rst slowly and then rapidly till at a gradient of about r;7 fr the soil definit.~ly ~lows 
off and the _soil medium finally breaks up. 

· These curves have great practical significance, If the sub-soil at the tail end of a work 
has once been subjected to a gradient more than the critical the whole soil mass gets disturbed 
11s a result of flotation and does not settle back to its normal packing even though the gradient 
is reduced. Thus once the stage or flotation is crossed, the mischief is done. 

· While Vaidhianathan's tabular results show close agreement betwe~n observed and cal· 
culated values of Gr, his curves lead one to believe _that the values at which floating actually 
occurred, might be somewhat 'lower than the computed values. The wide range of size distri- . 
bution, however, does not seem· to have any material effect. 

The tests for flotation gradient have been extended to lead· shot by Mochman and Dou­
glierty1 who fmtnd t!J.at lead shot was lifted under gradient of 5'88 to 1 against a calculated 
value of 6·0 to 1 as obtained from the reiation Gr = (1- ~ ) (p -1) where ~ and p were the pore 
space and specific gravity re3peCtively of lead shot. . ·· 

Another experimental ,confirmation ·of the final break up of soil is available in Harbans 
Lal's experiments with a depressed floor. Wit~ a floor length of 12' and depression 1• 
the soil particles started definitely working away at a head of 9·33 inches. This gives length 
of depression-i2/!=24~ 

Pressure at the bottom corner of the floor !"below floor level is 9 per cent .. of 9·33 or 0·84". 

E · d' t f h' 0 '84 X 0'84 1 4 1 4 ' 1 ( VII 40) Th' . t x1t gra ten or t 1s 
0

.
5 

= · or · 1n , see ca£e , p. . 1s ts no 

greatly different from 1·7 /1 obtained by Vaidhianathan. 

The True Sigmftcance of Exit Gradients 

Before proceeding to a consideration of a factor of safety it will be as well to mention 
here in clear terms th'lt in any ordinary structure, the critical value of 1 : 1 or nearly so, is 
almost impossible of occurrence if other factors do not intervene. For instance, with a floor 

1 MooRMAN AND DOtTOHERTY. • Harza's paper on ''Uplift and See page· under Dam,s," Paper ~920 Am. Soc., 
. C, ~.-Discussion by. 
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length of 100 ft. 1 and head 20ft. the exit gradient is 1/3 for a 2ft. depression and 2/3 for :1 

one foot depression of floor with no sheet piles. Or in other words, if the exit gradients were 
connsidered purely from the academic point of view, failures of any normal structure should 
be well nigh impossible. 

But we must always keep in mind the various other factors which"create conditions suitable 
for the development of critical values of exit gradients. A scour hole occurs which extends 
down to the bottom of the toe wall. The exit gradient at that place will necessarily be at or 
above the critical value and the force due to this in conjunction with the earth pressure will 
do the damage. The exit gradient 'lt the tail end can be increased many time3 by the occurre­
nce of local surges or waves which in action resemble the working of an intermittent pump. 
At one time the pressure goes up say 2 ft. above the mean water level. The next moment it 
falls two feet below that level. Thus in a short time the tail soil is subjected to a differential 
head of 4 ft. This will increase the otherwise harmless force of water due to exit gradient to 
one that will exceed the critical so that soil particles wiU start moving. The movement 
of soil of the bed and side slopes and the appearance of springs when intermittent pumping is 
done in a drain, are phenomena of every day occurrence. 

Another factor is the sudden ponding up upstream of the weir by closing off flow 
downstream. In this case the spring level at the downstream end does not drop as fast as 
the water level so that a considerable differential head may be set up .at the tail end 
resulting in excessive exit gradients till such time as the time lag lasts. 

Thus, scour. wave. action, sudden application or reduction of head, and high spring level, 
will ha~e a very important bearing on the actual exit gradients that may occur at the tail 
end of any structure. 

Factor of Safety 

It will thus be clear that it is not enough to ·design a structure so that the exit gradient 
at the tail end does not exceed the critical value Gr, Theoretically, such a structure should be 
safe ~nd could be built at small cost. But as has been pointed out earlier, the slightest incre­
ase in this value, from whateyer source, will upset the stability of the sub-soil at the exit end. 
This indicates the need for the application of a generous factor of safety in designs. In the 
sub-soil there are quite a large number of uncertain factors. The foundation soil may not be 
quite homogeneous even though definite stratification may be absent. The packing and pore 
space may differ in places. There may be local intrusion of clay beds which deflect flow or 
there may be zones of very porous material, which may induce concentration of flow front all 
round. Fresh deposits in a formerly deep river channel may· have entirely different soil 
formation from that of the sub-soil on either side. There may be faults and fissures in the 
sub-soil formation. Where continuous clay beds or bands occur, this problem will require 
special treatment, but apart from that, the- uncertainties in soil formation are generally of 
sufficient importance to upset results obtained from theoretical considerations. With the most 
extensive borings it will not be possible in a work of any magnitude to determine exactly ail 
the minor deviations from the normal homogeneous formation accel?ted for purposes of design. 

All these deviations and uncertainties in nature must be allowed for if safe strnctqres are 
to be designed. A factor of safety has, thus, to be applied to the critical. value of the exit 
gradient to obtain a safe value for such gradient in much th~ same way as one is applied to the 
crushing strength of concrete to get the safe working stress in compression or to the elastic 
limit of steel to get safe tensile stresses in the latter; 

. . 
This factor of safety will also cover cases where, due to retrogression of bed levels or 

flood scour, the upper part of the piles at the downstream end is exposed. The exit gradient 
Will, in this case, increaEe rapidly as the depth' exposed increases. 

In the table on page 109 it has been shown that in the extreme case the value of Gr may 
range between 1·44 and 0·44. With ordinary sands 0·9 to 1·1 are more usual. 

A fador of safety must take note of the class of material. The specific weight and pore 
space have been considered. The angle of repose at which the class of sub-soil will stand 
should also be_ considered. No work has so far been done to correlate the critical gradient and 
the angle ·of repose for soils. This will be a useful study. Till further information is available 
it is proposed to apply the following factors. of safety to ctitical values of exit gradients-

Shingle · 4 to 5 
Coarse Sand • • 5 to 6 
Fine Sand • • 6 to 'l 
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These will not apply to clays which are more or less impervious. 

In all cases, it must be remembered that the damage can occur from excess exit gradi­
ents due to seepage flow alone or in conjunction with those imposed by pulsations and ~uc­
tion of surface flow, 

Determination of Exit Gradients 

The ft.lll significance of exit grad:ents in relation to stability of structures against under­
mining has been clearly set forth above! The exit gradients for standard forms of structures 
have been theoretically worked out in Chapter VII: The relevent ~formulae are reproduced 
below along with reference to the plates in which the;: are plotted graphically. 

Case 

I. 

JJ. 

nr. 

v. 

Standard Fotm 

FIG.7·4 
+--IJ, __ _ 

·A------1c 
I 

"'' I 

"' 

FIG. 7·5 

FIG. 1·6 

-----c 

0 

FIG. 7·8 
.,._ __ iJ_~ 

A 

0 
li;XIT 

0 H 
Exxr= Ttd 

Formula 

• (7·44) 

Table VII/3 and Plate VII/3c. 

(N7) 

Table VIIfl and Plate VIrf4. 

(7"49) 

(7·63) 

Table VIT/5 and Plate VII/5. 
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Case 

VI. 

---· 

D:ttSIGN OF W~IRS ON P~RM~ABX.~ :FOUNDA'l'IP:rtS 

Standard Form· Formula 

FIG. 7·9-7·10 

I 
A t s . 

till ------B1 · I ! • 2H 1 · 
~ x- GEXIT alon_g B Bl= 71'b" I (-2x_y -1 

• . .. v, . b 

vu. FIG. 7~11 
A< ·b c 
--~-~ ---

E D 

· O·S·!PDI 
GEXIT = d 

lrhe above formulae furnish solutions for all cases m~t :with in pra~tice. 

(7'64) 

(7·68) 

From the above cas~s it will b~· noticed that a floor of the type of case VI, with exit 
gradient at B=infinity, is unstable. Undermining must start at B. But . it should also be 
noticed (Figure 7• 10 and Table 7·2) that the infinite gradie~t rap'idly falls off and soon gets to 

a saf6 figure dependi~g on the ratio{-. But all the same, a. ce1tain length is subjected to 

. gradient in excess of the critical, and trouble must necessarily start in this length. 

This case is never constructed in actual practice, case Vli is more \1Sual. But if the soil 
at the exit end is scoured out to depth d, it will degenerate very nearly into case VI and 
unstable conditions will set in. 

If lowering of the downstream bed occurs due to flood scour or retrogression of bed 
levels, cas~ V will get back to case I and case III to II. 

The factor of safety mentioned above, therefore, covers not only the unfavourable sub­
soil formations, but also the possible occurrence of local tail erosion or scour. This factor of 
safety will permit the structure to hold on till such time as the scour and other damage can 
be made iood. 

Of the six cases mentioned above, the only form which is unstable is the one in which 
d;.,o at the tail end, viz., c'ase (VI). This points to tl&e absolute n~ce•sity of having some depth 

• r . 
of piles or vert~cal cut-off at the I ail ettd. 

The next in order of instability is form No. VIT. If dis small in comparison with H 
the gradient at exit may exceed the critical value and unde~mining p~ay set in.· .. 

I : 

In all cases, except VI, d occurs as denominator so that t!Je greater t!Je value of d in 
relation to H, the less the exit gradient and the more stable the work. ',rhis _is the fundamental 
principle to be kept in mind for designs. d cannot, however, be made too great ; as will. be 
iexplained itf Chapter' IX, the i~Plift pressures under the work increase' as d inc;eases, and the 
floor has to be thickened in consequence. The proper depth (d) for any given length of floor 
will be that which gives a safe value for the exit gradients and at the same time a minimum 
thickness for the floor, or that which enmres absolute safety at minimum cost, This aspect 
will be more fully dealt with in Chapter X. 



CHAPTER IX 

Standard Forms 

ln Chapter IV it has been shown that the distribution of pressures under the various 
structures dealt with in that section, as derived mathematically from tbe potential law, are 
identical with those obtained from the hydraulic or from the electric model. 

In Chapter V, it has been shown that the results obtained on models agree with those on 
the prototype in the field. It has ft1rther been shown that any departure from the normal 
results on the prototype can be exactly reproduced on one or the other model by simulating 
on the latter, the conditions of silt and temperature under which observations relating to 

the particular results were made. 
It may, thus, be taken as established that both for purposes of design and for subsequent 

field analysis of data, the pressure distribution under any structure as derived mathematical­
ly or as given by the hydraulic or electric model will exactly represent such distribution 
under the full size field structure. This applies to soils which are homogeneous or very 
nearly so. In cases of non-homogeneous soils, the results derived from mathematically or 
models can, at best, be approximate, as it is almost impossible to ascertain in detail all the 
elements of non-homogeneity under any big structure and, therefore, the simulation of such 
conditions on the mode1s cannot in all ca~es be done with any degree of reliance. 

In a number of complicated case!;, mathematical solutions may be either impossible or 
too involved, and the facilities for model testing may be absent. For the solution of such 
cases, extensive expedments have been carried out on specially planned standard forms so 
that ~ome simp'e empirical combinations of one or more of these will give the various com­
plicated forms. 

The various standard forms are given in the order in which their mathematical solutions 
have been worked out, and not necessarily in the order of experiments. 

In this chapter experimental data are given generally for such cases for which the theo­
retical values have not been or cannot be worked out. In other cases the representative 
pressure contours, derived experimentally, have been shown and references made to the 
mathematical equations 'of Chapter VII. 

The comparison of the theoreHcal and experimental results for the various forms has 
already been made in Chapter IV. 

The experimental data, regarding distribution of pressures under the standard forms, 
from which the diagrams of this chapter have been prepared, were obtained by Vaidhianathan 
and Gurdas Ram. Use has been made of all data, published (1,2,8 ) or un-published. 

The photographs for stream lines have been supplied by Harbans Lal from the Hydrau­
lic Model. 
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. The general case. Stepped floor with pile z:,te at the step or fall. 
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Length of U. S. Floor 
Length of D. S. Floor 
I,cngth of Central Sheet Pile from the D. S. 
U. S. Floor Higher than the D. S. Flo~r by 

4 
4 

Flo')r 4 
1 

70 6S 60 SS 45 40 35 30 

Figure 9·1 

(1) Uplift Pres:~ure on Weirs. 
and E •. M·cKenzie Taylor. 
1936.) . 

('2) .'fh.e Design of Falls with 
than, D. Sc., 'F. Inst. P. 
1936.) 

PHOTO !)'1 

A Floor with a Line of Sheet Piles, by V.I. Vaidhianathan, Gurdas Ram 
(Proceedings of the Indian Academy of Science, Vol. II, No.6, December, 

I 

refere·nce to llplift Pressure, by Gnrdas Ram, M.Sc., and V.I. Vaidhiana­
(Proceedlngs . of the Indian Academy a£ Science, Vol. UI, No. 4, April, 

(3) Uplift Pre11sure and .Design of W~lrs with two Sheet Piles, by Gurdas Ram and V. I. Vaidhianathau 
(Proceedings of the .Indlan Academy of Science, Vol, IV, No. 2, August, 1936.) 
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This is the general case worked out in Chapter VII from which all the other cases have 
been derived. The theoretical solutions are given in Equations 7·25, 7·36, 7·37 and 7·38. 

'rhis case covers the various types of weirs and falls. Seventeen different cases of this 
were tried in model form. 

The following table gives the cxpedmental and theoretical values of q>E, q>D and q>C. 

TABLE 

~= ~~~ ~2~ q>E !pD rpc 

d2 bt bz 

I I dl-d2 d,·-d2 <h-d2 Exp. Thcor. Exp. Theor. Exp. Theor. 

4 4 o·o 77·0 76'3 43'4 43•8 o·o I O·O 

4 4 1'0 77·1 76·5 44•0 44•3 6·& 6 •8 

4 4 z·o 77'-! 76·9 45•6 45'6 12'4 13•7 

4 4 3•0 78•2 77·1 47' 1 47· 3 18•7 19•4 

4 4 !·0 78·6 78'1 I 48•9 49•2 24•2 24'6 

4 4 5·o 7U·3 78·8 50•5 51'2 27•9 28•9 

4 4 6 ·0 79·!) 79·5 63'3 53'1 31•9 32•7 

4 4 7•0 80'7 80·0 55•4 54•8 37'1 36'0 

4 4 8·0 81·7 80·8 56•5 56'4 39•4 38•9 

------ ------ ------ - - --- -··---- ----- ----- ---- - - --
00 7 7 56 '7 56·8 53•7 53•9 53•7 53·9 

0·5 7 7 58 ' 4 52'0 48•2 

1·0 7 7 60·2 59·8 51'4 51•7 45'6 46 6 

1'5 7 7 62•1 51•0 43•3 

2 '0 7 7 63'2 63•J 50•6 50•9 40•4 41'6 

3·0 7 7 66•9 66 ·6 50•3 50'4 36•2 37·2 

4'0 7 7 69'7 69•6 49•8 50•0 32'3 33•4 

5•0 7 7 i2' 6 72·4 49•5 49'8 29·2 30•0 

Florr wi th Sheet P£/e at Downstream End, u:ith Step. 
Scottr at Tail End. 

'+-7--,.-,--.,=--;(al 
I 
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Figure 9'2 PHOTO 9•2 
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'rhc mathematical solution for this case is given in Equations (7·39) and (7·40). The exit 

gradient at C is given by Equation (7·44). 

This case occurs where settlement of the downstream apron has taken place due to scour 
or retrogression of levels. The abutments of an aqueduct where the stream bed between the 
abutments is protected by loose pitching only, is another instance. 

1'he exit grarlien ts in this case are of special importance in determining the factor 

of safet:r against flotation at the toe of a weir. 

CASE II 

Single Sheet Pile, 1to aprons. Unequal fill o1z two sides. 

2 

I 
------- --o·% 

SINGLE SEET PILE. 

Length=6 

Drop =2 

5 

IO 

IS 

20 

2S 

55 .so 45 40 35 

Figure .9·3 PHOTO 9·3 

The mathematical solution of this case is given by Equations 7··16 and i ·47. 

Abutments of bridges and aqueducts, cofferdams with pumping and excavation within, 
and ordinary wells during sinking are instances of this case. It will also determine the 
stability of toe walls should erosion or scour ocour close to them. 

lfJo- - - - - --E 
9S ------------~ 

90 

8S 

so 

7o 

so 

40 ;J$ 30 25' 

Figure 9·4 
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STREAM Lrr<Es 

and 
Pressure Co11 lours. 

I,ength of pile=6 

Drop= s 

PHOTO !)-4 
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CAsE III 

Single Sheet Pile. No Aprons. Equal Fill. 

NO FLOOR 

- - -- - -- -- - -- 0 % 
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Figure 9·5 

STREAM LINES 

and 
Pressure Contours. 

The theoretical solution for this ca' e is given by Equations 7 ·48 ~ nd 7··19. 

Cofferdams are an instance of this case. 

CAsE IV 

Floor UJi lh Sheet Pile ?tot at End. 

Floor 
Cental Sheet Pile . 

70 cs t o ss s-o 4 S 4o a s .Jo 

Figure !H3 PHOTO 9·6 

70 6S oo 55 so 45 

Figure 9·6 (a) PHOTO 9·6(a) 

J2 

4 

The mathem:1tical solutions for this case are given by Equations 7·59, 7 ·60, 7·36, 7·37 and 
7·38. 

This is a common case. The curves of Plate VII/6 give graphically the pressures. at the 
points E, C and D. These curves will be frequently used for design. The allowance for the 
thickness of floor can be made by a combination of this with case VII of depressed floor. 
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CAsE V 

Floor wit lz Pilt: at Eud 

1~1 

PHOTO !)·7 

This is another common form for designs. The mathematical solutions are given by 
Equations 7·61, 7·62, and 7·63. The graphical solutions are given by curves of 'Plate VII/6. 
Floor thickness can be allowed for as in the previous case. 

The exit gradients for this case are given on Plate VII/5. 

CASE VI 

Simple Floor. - No pile li·n~. 1': 

Figure !)·8 

The solutions for this caoe are given by Equations 7·7, 7 ·64 and 7·68. 
.. 

This case is more or less of theoretical interest. This, however, is the fundamental fo1m 
of which all other forms are modifications. This will be rarely referred to for purpo:>es of design 
except if it be to demonstrate unstable forms of structures. 

CAsE VH 

Depressed Floc,r. No sheet pile. -
Impervious Floor Length 12 

"~~~~~~~~~~~~~~ 
to 

70 tl$ tiD ~$ 60 4$ 

Figure 9·9 PuoTo-9·9· •, 
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CAsE VII-contd. 

Depressed Floor. No Sheet pile. 
100 

Bo 

70 6S 60 55 50 45 40 35 30 

Figure 9 ·6 (a) PHOTO 9·9 (a) 

In practice this case is not common, but it occurs in combination with all other cases. 
It represents the thickness of the floor. The other application of this c·ase is for wells with 
considerable ba~e width. 

It will be noticed in Plate VII/6 that the pressure at points D and D' are greater than 
those at the bottom of sheet piles of the same depth, so that the pressures under the floor in 
this case are higher than if the same length were bounded by sheet piles of depth equal to 
the depression, the base length being the same in both cases. 

The solutions for this case are given by Equations 7·70 and 7·71. The curve of Plate VII/6 
for this case is derived from experiments a s well as from theory. The values are almost iden­
u.:al in both cases with those of Table IV. 3. 

CAsE VIII. 
Floor a•td Mttltiple Sheet Piles 

Thus far only such cases have been dealt with for which complete mathematical solu­

ions are available. The experimental work done on these forms served merely to give an 
experimental confirm ation of the m athematical formulae. Where calculations are laborious 
experimental results furnish a simple guide. 

But in actual design, the bulk of cases are either mathematically indeterminate or too 
involved, so that theoretical solutions are out of the question. These cases consist of com­
binations of floor with sheet piles. The greatest merit of experimental work lies in the solu­
tions of such cases. From any analysis of the experimental results for these cases it has 
been possible to derive simple rules (See Chapter X) which enable pressures under compli­
cated forms to be determined with a fair degree of accuracy. 

.. 

. · 

(a) FI.OOR WITH A SHEET PILE AT EI'l'HER END 

(1) E11d Piles Equal.* 

Length of U.S. Shee t Pile 
J4ength of D. S. Sheet Pile 
Length of Floor . 

,. • .,. 7t ... ,, 60 It •• 41 40 IIW 10 UIA 

Figure 9·10 

! 
t 

12 

• A solutiQn to this case has been derived by Malhotra, and compared ~ith ·experimental results. See 
Chapter VII, Appendix pp, 88·89. 
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floor length 
The pile lengths ranged from 0·5 to 6 and values of a - depth of pile from 24 to 2. 

The follwing tabl e giv~s the values at the corner points D, C, E and D1 with b=12. 

d i 

dl ! 

D 85·7 
c 79 ·7 
E 20·3 
Dl 15·2 

Figure 9·ll 

See Plate IX. 2. Figure 1 

1 

81 ·7 
74,-0 
26·4 
I8·9 

(2) 

1! 2 3 ~ 

1! 2 3 4 

78·7 76·6 73•2 71·7 
69·7 66·3 61 ·3 68·2 
30·7 3!•1 40·0 42·1 
21· 7 · 24 ·0 26·2 29·2 

Piles Uneqttal. 
Length of U · S. Sb.eet Pile 
Length of D. S. Sheet Pile 
Length of Floor 

PHOTO 9·ll 

3 
1 

12 

Here again the piles ranged from 0·5 to 6 and values of a from 24 to 2. The experi­
mental values for the corner points ar.e given in the table. 

d 

dl 

D 
c 
E 
D1 

100 

90 

so 

b=l2 

2 3 3 3 3 3 

1 1 2 3 4 5 

75•0 70•0 71 ·9 73·2 74•4 75·8 
6!·.; 57•7 69.1 61·3 63 ·4 6fi•2 
25•1 23 ·7 32•22 40•0 44•2 48·7 
18·1 16•8 22·0 26·2 29·7 32'9 

(b) FLOOR WITH PILES AT E~DS AND M1DDLE. 

12 

65 60 ss so-s so 45 40 

Figure 9·12 

See Plate IX. 2. Figur~s ~ & 3, 

tO 

3 

6 

77·0 
67•3 
M·!l 
35•0 

s 

10 

15 
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I ' 
Fr,OOR WITH Prr.~s AT ENDS AND MIDDI.£-CO~Jtd. 

PHOTO 9·12 

Th~ observa tions in this case Wi! re all carri2d out with th;'! end piles 2 units long and 

floor length of 12. 'fhe in term ~diJ.te piles ranged from 0·5 to 5 and were located at bf8, b/4 

3b /8 and b /2 from the downstream end. 
The results at the corner points are tabulated below:-

bJ!b=~. bl =9, b=l2. 

d = d2 2 2 2 2 2 2 2 

d, 0.5 I·O 1·5 2·0 3 ·0 4·0 5·0 

I}> at D 76·4 76•92 77·45 77"88 78·45 79·02 80·26 

I}> at c 66·5 66·50 66·62 67•18 68·79 69 ·72 71·67 

11> at E1 12.3 43•21 45•0 46·92 50·5 54 30 68 '59 

11> at D1 40•0 39•75 40·0 40 ·0 39·12 41•66 41·99 

<!l at c1 
38·3 36·12 34.8 32·58 28·9Z 26·10 23·33 

<I> at E 2 
33•25 32·10 31·82 30·34 27•88 25·00 2~ ·66 

11> at n 2 
23 '51 23•05 23·()8 22 •69 20'98 20•68 17•24 

b=lcJJgth of floor. 
b1 =distance of interm(' diate pile from upstream end. 

bdb=~ . bl =7.5, b=l2. 

I}> at n 7i·r- 77'17 77 ·28 77'20 77·92 79•24 so·oo 
<1> at c 66·8 ()6·75 67·06 67·52 68•70 70•48 72·13 

<I> at E1 
47·03 48·i8 50·SO 62·28 55'40 59•29 62 '60 

<1> at n1 
44·70 45·00 45•00 44'73 45·72 45·52 45·61 

ci> at c1 42 ·83 41·07 39·48 37·72 35·10 31•66 28•39 

<1> at E2 33•24 3'3·0!) 32·13 31 ' 68 29·53 27•89 25·62 

<J) at n 2 
2.H5 23·16 23.40 22·90 22·27 21·41 18·99 

bl/b=1 t. b1=6; b=l2. 

<l> at D 77·27 77•29 77·59 77·94 78·6 79·23 80.40 

<1> at c 66·5~ 67·32 67•32 67·90 69·3 71•43 72•97 

<1> at E 1 .j2·30 54·06 55·8.l 67·66 60·93 63·88 118·42 

cD at D 1 
no o liO·OO 50·00 50•00 5000 50 00 10·10 

ct>atc1 47·7!1 46·27 44•14 42·!l3 39·3 .3.6·56 33•8!1 

ct> at E2 33·67 33·30 3,2·80 32·60 30·92 29·07 27·48 

ci> at n 2 
2lHJtl 22·!)0 2'3·50 23·08 22·53 21·27 21•10 
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btfb=~· b1=10·5, b=l2. 

d-d. 2 2 2 2 2 2 2 

dl 0·5 1•0 1·5 2·o 3·0 4·0 5•0 

¢1 at D 77•0 76•96 .77•12 77·26 78·00 78•75 80•20 

¢1 at c 66•78 66•68 66·55. 67·0Q 67·90 70•00 71•42 

¢1 at E1 32•27 38·20 40•00 41~53 45•00 49•89 54•17 

¢1 at Dt 35•96 3i•70 34•03 33·QO .3!·25 36·17 38·19. 

¢1 at c1 
34•00 31•80 30•18·· 28•90 23·95 20•65 17•68 

¢1 at E2 
33•00 31•68 30·00 28•32 23•98 20•52 17"40 

¢1 at D1 
23·68 23·13 22•84 22·50 20•00 17•82 15"08 

(c) Fr,OOR WITH A PAIR Oil PILES NOT AT THE ENDS 
100 

60 60 53·'L 55 '53-1. So 45 40 35 ?IZ,S "!0 

Figure 9•13 

See Plate IX. 1. Figure 2 

This case consisted of a pair of piles each b/12 long and b/2 apart which were moved up 
and down along the floor. The results at the corner points are tabulated below :-

h=l2 and distance between piles= h/2 
d~d1= 1 1 1 1 1 
h,= 6 5! 5 4j 4 
E 58·8 60·7 65·2 67•9 
D 53·4 55 0 56•8 59·2 61·6 c 47.9 49·2 51·0 53·2 65·5 
E, 27"3 28•2 30 0 82•5 35•2 n, 19·9 21•3 23·4 25·9 28.4 c, 00.0 6·3 11"5 15 6 19·6 

h1=distance of pile from upstream end. 

1 
3 

40 0 

The hydraulic gradient diagrams of Plate IX, 1 and 2 show graphically the mutual in­
fluence of piles in various positions. One g~neral feature which is noticeable in each case is 
that tbe insertion of a pile anywh~re results in heading up or increase of pressure upstream 
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and a draw-down or reduction downstream, the increase or reduction being maximum at the 
pile dec~e1sing rapidly further out. The main influence is confined to a radius equal to 
the depth of the pile. At twice that radius the influence becomes negligible. The hydraulic 
gradient line between any two corners is very nearly a straight line; in any case, the depar-
ture from a straight line is small and ge,nerally negligible in designs.· 

The mathematical solutions of Chapter VII and the experimental results given in this 
chapter have' made it possible to frame empirical rules which will give the pressures at the 
various key points correct within about 2! per cent. These rules have been derived ancl 
their application to. designs are explained in the next chapter. 

----
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CHAPTER X 

Working Rules and General Principles of Design 

The fundamentals of sub-soil hydraulics and their applications to the design of structures 
resting on saturated soils have been fully dealt with in the previous chapters. This chapter 
will deal with the methods of design of new structures and of analysing the e:x:istlng ones 
with a view to ascertaining their stability. 

Water in its flow through the sub-soil under a weir or other hydraulic structures, loses head 
gradually aiong its passage till at the exit the head is reduced to zero. Thus, at each point 
under the weir floor,the water has a certain resid)fal pressure, and a certain pressure gradient, 
i.e., the rate at which this head is being dissipated. 

A~ has been shown before (Chapter VIII). the pressure gradient at any point represents 
the force which the sub-soil water exerts in the direction of flow. It follows that there a-re 
two forces which weirs have to withstand, firstly, the residual pressure which will tend to 
lift up the weir floor if the weight on the latter is less than the upward pressure of water at 
tha:t point, and secondly, the pressure gradient or the force of water acting along·the direcM 
tion of flow. This latter is of no moment except at the tail end where the water emerges 
from the sub-soil. If at this end the upward force of water is in excess of the restraining 
force of the sub-soil, viz., weight, internal friction, etc;, the surface soil will be lifted up 
followed by progressive disruption of that further down. This may result in undermining 
of the foundation soil and ultimate failure of the structure. 

The two essentials to be considered in weir design, therefore, are :­
(a) Residual or uplift pressure on the weir floor, and 
(b) Exit gradients. 

These two essentials are inter-connected. For any given foundation profile of a weir in 
a given class of soil, there will be a definite distribution of pressure and a definite exit 
gradient. To safeguard against undermining, the exit gradient must not be allowed to 
exceed a certain safe limit, generally 1/5 to 1{7. The uplift pressures must be kept as low 
as possible, consistent with safety at the exit, so as to keep the floor thickness at a minimum. 
The aim of this investigation is to determine designs which will ensure absolute safety with 
utmost economy. . . . 

Khosla's Method of Independent Variablesl jol' the Determination of Uplift Ptessures anil 
E%it Gradients · 

Before attempting to proceed with the discussion of actual designs, it is necessary to 
know the pressure distribution for any given foundation profile. 

Until recently the profession was wedded to the · so-called Bligh's Creep' Theory. In 
Chapter I, this theory has been shown to be incorrect. The very experiments· of Col. 
Clibborn, which are supposed to form the basis of this theory, go to disprove it. The field 
researches at the Upper Chenab Siphons (1926 to 1929)2'8 showed how the pressure gradient 
lines derived from this theory were entirely different from those given by actual obser­
vations at site. Since then intensive field and laboratory researches have been carried 
out in the Punjab with a view to discovering a simple, rational and correct basis for de­
sign, and thus to fill the blank created by the rejection of the Bligh Theory. 

A new method-the method of independent variables1-has now been evolved, which in 
conjunction with Plate VII·6 of Chapter VII, enables uplift pressures, under any compli­
cated weir sections to be determined with almost mathematical accuracy.· (See page 104 for 
equal sheet piles.) · 

In Chapter VII, we have complete solutions of :-
(a) A stepped horizontal floor with a pile line at the step but no depression of the 

former in the sub-soil. · 

(1) For mathematical justification of this method, see Punjab Irrigation Research Publications, Vol. II 
No.20 "Notes on Ki10sla's Principle of Independent Variables !-Mutual interference of equal piles at ends 
of a floor" and Vol. II No. 22 "Notes on .Khosla's Principle of Independent Variables IT-Pressure Distri­
bution under a floor with equal end piles and a varying intermediate pile", by J. K, Molhotra and E. 
McKenzie Taylor. 

(z) "Hydraulic Gradients in Sub-soil Water Flow" by A. N. Khosla, Paper No. 138, :Punjab Enghleering 
Congress ( 1030). · 

(3) "Stability of Weirs and Canal Works" by A. N. Khosla, Paper No• 142, Punjab Enginee:lng Congress 
{1930). 

129 
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(b) A horizontal floor (without step) with a pile line anywhere along it but no de· 
pression. 

(c) A horizontal floor with depression in the sub-soil but no pile line. I 
. (d) A horizontal floor with equal pile lines at either end QUt no depre11sion of. the 

former1 •. 

(e) 'A.horizontal floor with no piles and no. depression. 
(f) A sloping floor with no piles and no depression.ll 

• 1 (g) A vertical pile line with equal or unequal fills on the twp ~ides or no fill at all on 
the downstream side. 

These are the basic or elementary forms for which complete mathematical solutions are 
available. Solutions will become too involved or indeterminate if twll or more of these ele­
mt>ntary forms are grouped in a weir section. In general, the usual weir sections rarely con­
form to any 'one single ·elementary form. They consist of a combination of almost all the. 
fonns mentioned above.' They have the floor in one or more steps, one, two or more pile lint's 
of equal or unequat·tengths, and varying thicknesses of the floor dEpressed into the sub-soil. 
Any method, to be of universal application,must aim at a complete solution of any such com· 
plex combination of the elementary forms, Tke method of independent variables furmskes 
such a compl~te solution. . 

·In this method, a complex weir section is spilt up into its elementary standard forms,­
the 'entire let:~gth of the :f;loor with an,y one of the pile lines, etc,, making up one such form. 
Each elementary form is then treated as independent of the others. The pressures at the 
key points are the~ read off the 

1 

curves of Plate VII/6. These key points are the junction 
points of the floor and the pile line of that particular elementary form, the bottom point of 
that pile line and the bottom corners in the case of a depressed floor. · 
. The exit gradients can .be obtained from Plate VII/5. 

Th.e readings at the junction points are then corrected.for :­
, (~) the mutual interference of piles, 

(b) the floor thicknesses, 
(c) the slope ?£ the floor. 

For simplicity of working the pressure curves for the €Ssential forms, viz., a :floor with 
pile line not at the end or at the end and for a depressed floor, are all grouped in one' single 
plate-Piate VII/6. Great acturacy will be possible in some cases, with other relevant curves 
of Chapter VII, but the difference will rarely exceed 1 to 2· per cent. which may be ignored 
for all praCtical ·purposes. These other curves, however, form an excellent check. They 
have helped in establishing the validity of the method of independent variables. 

For an illustration take Figure 10·~ 

FIG./0·1 
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{1) Punjab Irrigation Research Institute Memoirs {under preparation) by J. K. Malhotra, M.A. 

. {2) "Uplift Pressures ~llder a sloping floor" by]. K. M~lhotr11. Punjab Irrigation Re§e!lrcll Publication, 
Vol, tt. No. 18. Bee Plate :X:·l. . 
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'!'his complex section will split up into .the followiO:g elementary forms, illustrated in 
Figures 10·2 to 10·5. 

F/G.IO·Z 

t . 
6

. i 
__ "JA . ------(/)-----------;~ 

tlo ---1------------------ -~sl __ _ 
Jr--------1--:- <a> ~· 
·P------ ---- D' 

Figure 10·2 resolves itself into two cases of depressed floor and no sheet piles .. 

Form (I). 

Ifa=dfb 

Read tpD' from curves of q>D' _(depressed floor)-right-hand diagram and' top-most 
curve (Plate VII/6). 

Form (z). 

Ifa=d' fb, 

Similarly read q>D' for this value of a. 

FIG./0·3 

J-ha----1 · . 
. .---------------6 ---~---:.... ---......j 

---,r-.:..-----"-·-----.-- _, 
l I " --'----- -----~----·--·-·~ ,_ I -r------- "' 

J I '--------- I ,, 
d, ' 

f l 

l 
' ,, 

" 
' ·' 

' ') ~ i ! 

-..,. 

.. -; 

Figure 10·3 represents a plain floor with a pile of depth d1 or d
2 

11t distance b
2 

from the 
d ' • upstream en . ! 

The base ratio b2!b remains unchanged but a has two values. 
. 1J b .. 
a=-and a=-

dl d2 

Read. the values' of r,oD2 for the two. cases from the right-hand bottob curves of 
Plate.VII/6. Where the fall is small compared with the depth .of piles the. two ;values of r,oD2 
will not differ very much. Otherwise the value of cpD1 obtained for a=bf'f/

1 
should be 

used for th.e part of the floor on the left and that for := ;
2 

for that on. the right of the pile 

line. 

Read cph:1 f~r. a= ;
1 
l 

1 
• _ 

~Curves of Plate VII/6. · 
' b J . ' . l 

r,oC2 fora=li; _ .· I '> 

tpl!:1 and cpC1 represent values at points on the fioor d1· and .d2 above the bottom of the 
pile respectively. . 1

1 
·'i.

1 

. . 



'l'o obtain 9'1':1' and rpCs' unde-r the floor, assume a proportional drop along the vertical 
E1D8 and D1C2• {['hen 

t>Et'=tplh -~(rpE1 - tpD2) for a=.!_ 
. dl dl 

d' b 
t>Ca' = tpCi+ d ( rpD1·- tpCs} fora= -d 

2 2 

tpC'2 will be further corrected for the interference of the pile line. This will be · 

explained later. 

Form (3). 

I 
1'--------.......... b --"-"---------lil 

l 
1---------1-- I 

. 1 ' . ---------- (/,' 
\ 

~·. 

L " b~ 
. .. d3 

.. 

' 
This case is similar to the above except that the floor of length b is assumed horizontal 

at the downstrt>am level and all pile lines except d3 are considered non-existent. 

Read tpEa and tpCs from the rpC curves, imd tpDa from the tpD curves (Plate VII/6) 

for a= ~3 and base ratio=b3/b. 

tpEa' and tpCa' can be determined as for case (b). These .have to be corrected for inter­

ference of piles d2 and a, respectively. 

•• t 

Form (4). 

't /) 

--~--------
,' . 

._._~-------------· b4--------------~ 

This case is similar to {3) except that all pile tines except d, are assumed as non-existent. 
' ' 

Read -tpl£4 and rpC4 from the tpC curves, and tpD4 from the tpD curves, for a=bfd4 and 

base ratio=b4 /b. · 
· Determine; tpF.4' and · ,c, '· a¢ before.' tpE,' will ~ave to be corrected for interference of 

pile da. 
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Mutual Interference of Piles. 

The mutual interference of piles is given by a simple formula :-

jJJ d+D 
C=l9 V -y · b 

(10·1) 
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where C-the correction to be applied as percentage of head, 
b'·=distance between the two piles, 
D=the depth of pile whose influence has to be determined on the neighbouring 

pile of depth (d), 
d=depth of pile on which the effect of .pile (D) is sought to be determined, and 
b=total floor length. 

FIG./0·6 .. 
If b 

1t 
b' 

lf. 
This corredion (C) is additive for points in the rear or back-water and subtractive for 

points forward in the direction of flow. This equation gives results within about 2! per cent 
of those obtained by experiments and almost exactly those obtained from theory by Malhotra 
for the case of two equal piles at either end (see Table VII/A/I of Appendix to Cb.apter VII). 

But this equation does not apply to the effect of an outer pile on an intermediate pile if 
I 

the latter is equal to or smaller than the former and is at a distance less than twice the 
length of the outer pile. Subject to these limitations1 the equation 10·1 can be applied to 
find the influence of outer piles on intermediate ones and. vice versa irrespective of their 
depth or spacing. 

The ~utual influence of piles is local as already stated in Chapter IX. It mainly ex­
tends to a distance equal to the depth of the pile beyond which it gradually falls off till the 
residual effect at twice that distance is negligible in most cases. Where the spacing is close 
and the depth of piles great, the residual effect may be considerable. The above equation 
gives this influence for all cases. It takes note of the depth of either pile, of tlte distance 
between the two and the floor length. 

Malhotra2 · has offered a mathematical justification for the formula of mutual inter­
ference and for the method of independent variables for the case of two equal piles at head 
and toe of a floor. 

The mutual interference of pile lines in the above case (Figu~e 10·1) will be as below:-

' / d3- d' (d2-d')+(da-d') 
at 0 2 ; C= + 19 .t!J bs-b

2
• b 

where d2 ~d'=C2'D2 

and d8- d'~E8'D8 • . . .u 
Where th~ floor ~~ level, this correction may as well he applied at Cz by taking the equation 

-'- d d 
C= + 19 I ds __rr_s 

\1, b8-b2 • b 

and then applying the correction for floor thickness to obtain pressure at C'
1

• The former 
method is, however, more suitable .. 

· (1) When such iimitations e:l<ist, the solution can be found from the Appendix to this Chnpter (p.l47), which 
·forms a summary of the Punjab Irrigation Research Publlcation, Vol. II, No. 22. •·Notes on Khosla's 
Principle of Independent Variables II-Pressure Di~ tribution ,under a floor with equal end piles and a 
varying intermediate pile" by J. K. Malhotra and E. McKenzie Taylor, 

(2) Memoir of the Punjab Irrigation Researcb, Institute, Vol. II, No. 20, by). K. Malhotra, and E. 
)JcKcnzle Taylor. "Notes on Khosla's Principle of Independent. Variables I-Mutu11l Interfereu~e !If equal 

· pllea at ends of a floot,' 1 See also pa~~:e 89 of.this Public!ltiou. · 
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Similarly, the correction for the point E 8' for interference ·of pile d1 will be 

· · / d2-d• (du-d')+(da-:i') 
C=:-19 .V1 ba-bz' b 

The correction· at C8' will be 

. Method of using Curves of Plate VII/6. 

Curves for 91c and ,~. 

It has been explained in Chapter IV that the stream lines and pressure lines will 
remain unaltered under a work whether the head is applied from the up5tream or the down­
stream end. The only change will be in the values to be assigned to the equi-pressure lines, 

If 91c= ~·X 100, be ~e pressure percentage at any point, with the flow reversed the pres-
, ' ,, ) I p I 

0 
') 

sure perce11tage at this point will become 100..-.~pC=.(l- H0)100, In other words an equi-

pressure line which indicated 5 per cent with normal flow will indicate (L00:._5)=95 p~r 
cent with: reversed flow~ This property of reversibility simplifies the work of plotting 
curves ... For example, assume the flow as in Figure 10·7 from A to ·B. The values of ~c can 

· be directly obtaine~ from the 91c c~rves of Plate VII/6~ for yalues of a,;·~ a11dbase ratio ~1 

FIG./0~7 
.j ,, ! 

.A 8 

d 

! ' : 
D .·, 

To obtain the value of q~E, assume the flow to be reversed.'" The rear point C . 
will DOW become the facing point. 91E .will read the same as 91C With a base r~tio of 

,, b~b1 • But the head in· this case is negative. Hence ,~ for b~se ratio : 1 ,.;.100- ,c for 

b-bl base ratio -b-. 
: ,\ '! 

exactly 3ymmetrical with respect· to base.ratio : 1 =0 5. The curves of tpD are 

Hence to save ~pace only one-half of them have been plotted. For the base ratios 0·5 
to 1,. cpD can be read direct. For. those less than 0·5, ~pD can be determined from 
those curves· by· making use of the 'prinCiple of reversibility. Thus for base ratio 

b b . . . 
of zh=0·4, cpD s.houll\ be read ,at base ratio 1--{=0·6 and the reading subtracted 

from 100. The'same ·principle of reversibility helps in obtaining v~lues of ,c and fD for 
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the case where the pile line is at the downstream end and values of tpD', for the depressed 

.floor. (See curves at top right-hand of Plate VII/6.) 

The above instructions have been noted on Plate VII/6. 

T~bles X fi, X fz and X {3 show the comparative values of.. tp at the key points :-

(a) as read off the curves of plate VJ1f6, 

(b) as corrected by Equation 10·1, · 

(c) as ol)tained from theory by Malhotra for cases of equal piles at either end, 

(d) as obtained from the electric mode.~ by Vaidhianathari. 

The agreement between (b) and (d) is within very close limits except in cases which 
come under exceptions mentioned above ·in dealjng with the mutual interference of pile lines. 

For the cases of equal pile lines at either end which have beei1 theoretically worked out, 
the differences between the corrected and theoretical values are no more than 0·2 to 0·3 per 
cent whereas the differences between the theoretical and experimental values vary up to 2·5 
per cent. This shows that the corrected values, being in closer agreement with the theoreti­

cal ones, are more reliable than the experimental values. 

_tpC ' 
tp:E:z . 

------- --

i c 
d 

1 
D . 

FIG. IO·S 

b 
b, -'-... 

E, c, 

-· 

D, 
TABU Xfr. 

ba 

1' 

--. 

£2 i 
dl! 

1 
D .. 

Equal piles at ends, no pile in the middle. Case VIIIfa/1 of Chapt~r IX. 

b=l2. d1=0. d=d2• 

d=da=l· 

Curve Corrected Theoretical Experimental 

-

. . . . 

. . . 

(a) 

81•8 

18•2 

74•4 

25'6 

' 
' 

68•9 

81•1 

. 

I . 

(b) 

82•1 
! 

17'9 

' 75·3 

2!'7 

(c) 
I. 

82•2 

17•8 

70·8 

29•2 

-

(d) 

79·7 

20'3 

74>0 

26-4 
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tpC . 
rp:Ez . 

-
,c . 
rpEz . 

tpC . 
!fEz ' 

,~ . 
tpEa . 

tp'o! . 
tpEa . 

-

. . . 

. . 

DltSIGN 01" WniRS ON PnRMtABI.n IIOUNDATIONS 

Curve 

(a) 

64'4 

I 
35'6 

57•0 

43·0 

51•2 

48·8 

Correcteb 

(b) 

67•0 

33•0 

d=d2=3 

' 
61·g 

38'1 

d.:_d2=4 

I 58'5 

41•5 

TABLE Xfz 

Theoretical 

(c) 

67•1 

32•9 

58·6 

41·4 I 

Experimental 

(tl) 

66•3 

34•1 

61'3 

40·0 

58•2 

Unequal piles at ends, no pile in middle. Case VIII/a/2 of Chapter IX. 

Curve Corrected Exp~rimentall Curve Corrected Experimental 

(a) (b) . (dj • (a) (b) (tl) 

' ' ' 

. 64•4 65·8 64·5 I 57'0 58'8 57•7 

. 25•6 23•7 25•1 25·6 22•4 23•7 

d1=3, d=2 d3 =3, d=3 

. 57•0 60•2 59•1 57•0 61'8 I 61•3 

. 35•6 31'6 32·2 43•0 38•3 4o·o 
' 

d2=3, d=4 d1=3, d=5 

. 57•0 63•4 63•4 57•0 65'2 65•2 

. 48•8 '43•3 44'2 53'8 47·5 48·7 

d,=3, d=6 

. 57•0 67'1 67•3 .. .. .. 
57'6 50·5 52•9 .. .. .. 

-
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Table X/3 
Two equal piles at either end, a variable middle pile with varying base ratios, Case VIII (b) 

of Chapter IX 
b=12. d~d.=2 

dt=0·5 
blfb.=6f6 . 

Curve I Corrected Experimental Curve I Corrected /"""'"~~ -- (a) (b) ,(d) {a) {b) (d) 

-
tpC 64<4 65•5 66•5 64•4 66•3 67•3 

tpl!:l 52.4 50'1 52•3 55•5 52•8 5N 

tpCl 47•5 49'8 47•8 44•7 47'4 46•3 

rpl!:s 85•8 34'5 33'7 35•6 33•7 33•3 

d1=1·5 d,=2 
b,/b,-=:6/6 blfb.=6/6 

tpC 64•4 I 67'2 67•3 64·4 68•1 67•9 . 
tpE1 . 57•8 54•6 65•8 

' 
60•1 56•5 57•7 

'PCt 42'3 45·5 44•1 39•7 43·4 42'5 
: 

tpE2 . 36•6 32•8 32'8 35•6 32•0 . 32'6 
I 

d1=3 dt=4 
blfb.=6f6 blfb,=6/6 

-· 
tpC . 64•4 70~0 69•3 - 64•4 72'2 71'4 

tpEt . 6;1,-8 60•2 60•9 68'5 63•0 63•9 . . 
tpCI 36•0 39•6 39•3 31•0 36'5 36•6 

tpEa . . 35•6 30·o 30•9 35•6 27•9 29•1 

·-
dl=5 dl=0·5 

bifba=6f6 
' 

blfb2=7'5/4•5 
. 

I 

tpC . 6!•4 74•5 73•0 64•4 65'4 66•8 

tp~ . . 71•6 65'2 66•4 U·6 42'6 47•0 

tpCl 27•9 34•3 33'9 39•4 42•0 42•8 

rpEz . 35•6 I 25•5 . 27'5 35•6 34•3 33·2 

dl=l 
blfb,=7'5f4·5 

dl=l·5 
blfb2=1·5f4:5 

tpC . 64•4 66•1 68•8 64•4 66'9 67•1 

tpEl . 47•4 45'0 48•8 50·0 47'1 50'3 
' 

tpCl . 36•4 39•6 41'1 34•0 37•7 39•5 

rpE, 35•6 33•4 33'1 35•6 32•4 32'.1 

--\ 

dl=2 dl -3 
blfb2=7·5/4• 5 bl/b1=7·5f4.5 

cpC . . 64•4 67•7 67'5 64'4 69•4 ' 68'7 

tpEl . . 53•0 49•7 52•8 58•0 53•9 65 •4 
' 

t;Ct . . 81•8 36•0 37•7 27•6 32'9 35·1 

1 

I 

tpEa . 35•6 31'4 31·7 35'6 20'1 29•5 

2.Q 
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-J'a,ble }(/J-Contd. 

---
d1=4 d1 =5 

bx/h2=7 ·5/4 '5 bx/h2=7·5f4'5 

----
Cur\'e, Corrected. Experimental. Curve . Corrected. Experimental. 

. . 
(a) (b) (d) (a) (b) (d) 

I I 

·-· -
i t 

tpC 64•4 71'3 
.. 

IIH '70•5 73•0 . 72•1 

·' 62•3 57•4 59•3 66•5 60•8 62•6 tpEI 
I ' 31•7 : 

I" ex 2!•0 30•3 21·6 29'0 28.4 

'. 
) . " 

q>E2· 35'6 26•6 27•9 35•6 24•0 25•6 

dl=0'5 d1 =1 
blfb2=9/3 · bx/h2=9f3 

' 

q>C 6-1'4 65•3 66•5 I 64•4 66•0 66•5 

q>E1 . a6·3 34·4 42'3 39•5 37'3 . 43.2 

q>C, . 30•2 . ._ . . 33•4 38•3 27•3. 31•2 36•1 

' 
tpE2 35•6 i .. 34•0 33•3 ' 35•6 32·9 32•1. 

--- .. dl=l·5 
..... o; .• - - . -a;,;.2 --- ---

b1/h2=9/3 ' bxfb2=9f3 

- . 

tpC 
i 64•4 - 66•6 66·6 64-4, 67•3 67•2 

I 42•8 40·2 45'0 46·2 i 44'0 46•9 tpEl I 
tpCl I 

25•0 29·5 3-!.-8 22.9 28'9 32.6 

tpEz 35·6 . 31•7 31·8 35•6 
' 

30•4 . 30·3 

--
. dl=3 d1=4 

bl/b2=9/3 bJb2=9f3 
- ,. . 

q>C 
,. . --- 64'4 68·9· 68·8 64'4 70·7 . 69•7 

.'• ., ; ., ·' 
'PEx . 61'7 47•9 

' 
50•5 56•8 52•3 54•3 

19·2 . : 
25•7 28•9 16'5 

., 24·3 26•1 q>C, 
" 

q>Es . 35'6 . 27•7 27'9 35•6 24•7 25·0 

d1=5 tix=0·5 
blfb2=9f3 ' b1/h1 =10·5jl·5 

q>C 64•4 72'6 71'7 64'4 65•3 66•8 

I" Ex . 61•4 56•2 
' 

58•6 27•0 25•3 32·3 
,. 

. ; 18·8 • 
'l'cl ' . 14•8 23•9 23·3 23•4 33•0 

tpEz . . . 35•6 21•3 22.·_7 35.6 33•4 34•0 

d1=1 
.. ... 

d1=1·5 
b1fb2= 10·5jl·5 bxfb8 =10·5fl'5 . -

tpC 
I . 64•4 65·9 66•7 64'4 66•5 66·7 

If Ex 31•5 29'4 38•2 35·8 33·0 40'0 
. 

tpCl . . 16·3 21•8 31•7 14•0 20·4 30 0 

tpEa 
I 35·6 ' 31•8 31•8 35•6 30•1 30·2 . "' . • . . 
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Table X/3-Contd. 

.. 
d1=2 ac=3 

bl/b2= I0·5fl·5 b1fb2=10·5fl·5 ,, 

I 
. . 

Corrected Experimental curve Corrected ExJ;ledmental Curve --
(a) (b) (d) (a) (b) . (d) 

-

~c 64•4 67·2 67·0 64·4 68•6 67•9 . . 
/ 

r;EI 39·8 37•0 41·5 46·5 43·1 45•0 . . 
'Pel 12·4 19·7'. 28·3 10·2 

I 
,, 19•3 23·7 . 

rpEz 35•6 28·3 .. 28·9 35•6 24·4 24·0 

... -
dl=4 d1=5 

bdb2=10·5f1·5 bdb2=10·5jl·5 

-- -
~c 64·4 70·2 7o·o 64·4 72•0 71•4 -
~E1 52·3 48·2 49 9 57•0 52•2 54·2 

~c~ . 8·4 19·4 20·5 7•2 20•0 17•4 -
<pEa 35·6 20·1 20•7 35•6 15·4 17•7 

•' . 
'fable X/4 gives the comparative values of ~ at the corner points for a stepped floor. 

See general case of Chapter IX. The agreement in this case is as satisfactory as in the 
previous cases. 

T1ble X/4 

---
81 82 qE 'PD <pC 

a, b, b, Experi- As Experi- /compu- Compu- Experi- As 
d,-d. d,-d, d,-d, mental compu- mental ted. ted. mental C0111pUted 

ted lfrom U/S jfrom D/S 

----
4.0 4.0 0.0 77.0 77.0 43.4 45.8 

I. 
44.3 0.0 0.0 

4.0 4.0 1.0 77 .I 77.2 440 46 3 45-.0 . 6.8 '7.1 

4.0 4.0 2.0 77.4 77.5 45.6 47.0 46.0 12.9 13.8 

4.0 4.0 11.0 78.2 78.0 47.1 48.3 48.0 l!i. 7 20.0 

4.0 4.0 4.0 . 78.6 78.5 48.9 50.0 /50.0 24.2 24.9 

4.0 4.0 5.0 79.3 79.2 50.5 51.5 52.1 27.9 29.9 

4.0 4.0 6.0 79·9 79.7 53.3 53.3 53.8 31.9 33.1 

4.0 4.0 7.0 8<). 7 80.0 55.4 54.7 55.6 37.1 36.8 

4.0 4.0 ' 8.0 81.7 80.5 56.5 56.0 57.1 39.4 39.3 

0.0 7.0 7.0 56.7 54.6 53.7 so.o. 50,0 53.7 53.7 

0.9 7.0 7,0 58.4 56.8 ·52.0 50.0 50.0 48.2 47.8 

1.0 7.0 7.0 60~2 58.9 51.4 50.0 110.0 45.6 45.4 

1.5 7.9 7.0 62.1 
. 

61.0 51.0 

I 
GO.O 50.0 43.3 43.11 

2.0 7.0 7.0 63.2 63.0 50.6 50.0 50.0 40.4 41.2 

3.0 7.0 7.0 66.9 67.0 50.3 50.0 50.0 36.2 37 0 

4.0 7.0 7.0 69.7 70.0 49.8 50.0 50.6 32.3 33.0 
5.0 7.0 7.0 72.6 73.0 49.5 50.0 50.0 29.2 30.0 -:--

~~ 
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Sloping Floors 

Both theory and experiments have, so far, been confined to an investigation of 
horizontal floors and vertical she~t piles, as these are the elements of most common occur­
rence. .t\ theoretical investigation of the sloping floors or glacis has been made by 
Malhotra~ The results are plotted in Plate X.I. The general conclusion from these curves 

~ . .0. I . . 

is that the pressure percentages under a floor sloping down or sloping up in the direction 
of flow are respectively greater or ~ess than those under a horizontal floor for the same 
base ratios. · 

In the method of independent variables this can be allowed for by the application of 
a suitable percentage correction for the sloping glacis, the correction being plus for the 
down and minus for the up slopes following the dil:ection of flow. 

For a sloping floor the lengths of pile D in the equation 10·1 giving the mutu~l 
interferrnce of piles, will be the lengt~ below the level at pile (d) at which the interference 
is sought to be calculated. The corrections for a sloping floor will be best explained by 
an example. 

/q ,_ 1572·0 

6U •!i 

o, 
Figure 10.9. 

Correction for up slope C F. 

Up slope of underside of floor at C=1 : 1. 
From Fig. 3 Plate X.I for 1 : 1 slope correction=ll.2%. 
Length of slope=b3 (along horizontal). 
Spac.ing of piles=b1• • 

Corre.ction at.C & F=-b8 fb1 xll·2%. 

Correction for down slope G E1 l to I. 

Similarly correction at E1 & G= +b1 fb1 x6·5% as the correction fori: 1 slope is 6·3 ~ 
(Fig. 3 -Pl. X. I). . 

The influence of pile d' on: pile d is given by 

/Ji D'+d 
c=-19 - -b-V bl 

and that of pile don pile d' py 

fD D+d• 
c = + 19 if .bl ---,;--

The Method of Independent Variables in relation to Exit Gradient.'i. · 

The exit gradients can be simply determined from Plate VII.5 even though the lev.:!l 
of the pervious bed downstream of .the D. S. pile line may be below or above ,the level of 
the impervious floor. 

i 
u.s.w.t.. 

H 

J o.s.w.t.. ------ ----~----
A 

PERVIOUS Bf.D 

Figure 10.9 (a). 
(1) Punjab Irrigation Research Institute Me!D()ir1 Vol, u 1 No, 18. ••Uplift press-qres under a sloping 

floor" b;r /· K! ~al~o~r~1 

• 
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r-16•1 Figure 3 

11•2 
= 6•5 

At n 
""' ~~[2. 

'ir H ~I':' 
It 

201v 
1..191..19 I 
3 7 4 9 Slope 

0 

0 

0 

1.2 5 10 5 2 
I I ] 2 I 

0 234567 
o·r ,; o·2 o·3 o·4 o·s o·6 o·7 o·s 

·. Oistanc~ fro'i the upstream end +Total length of the n_oor (br ~b) 

PLATE X. I; Showing Pressure Distribution under 
floors with different slopes 

8 9 
0•9 

1,41 

C.B.I~&P. 

·, 

10 Hor. 
1·0 I.Ver. 
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Figure 10.9 (a) shows a typical section of a weir floor. Assume that the downstream 
bed has scoured down to a depth (d-d1). To find the exit gradient at B1 , assume the down-

stream pile line to be of depth d1 instead of d, and the floor length b as usual. Then a= d~ . 

Read value of ~ foi: this value of a~. The exit gradient at B1 will then be :-
?r'\jll, 

H 1 b 
G& at B1=-d . -=.for a~=-.· 

1 7rV' ,\ dl 
This exit gradient can be more accurately obtained from Plates Vl!/3C and VII/4 but 

the differedce is small and for all practical purposes, the simpler curves of Plate VII/5 will do. 
The r:kthod of independent variables, tltus offers a complete and accurate solution both 

I 

in respect of uplift pressures and exit gradients for any complicated foundation profile. The 
pressure under the floor at the key points of any component standard form expl·ained on page 
130, can be !;imply read off the curves of Plate VII/6 and corrected for the interference of the 
adjoining sheet piles or sloping fl~ors from Equation 10·1 and Plate Xf1 respectively. The 
exit gradient can be obtained from Plate VII/5. _ _ . . . 

Thus between Plates VIIfs, VI!/6 and X/I a'ICdEquation IO'I,it~snowpossibleto 
[. determine, wtth almost mathematical accuracy, the uplift pressnte under and exit ~radlrmts at 

the end of the floor of any c6mplicated weir section. 
the Application of the New Method to i1tvestigate pressures und,er some actual weirs. 
The following typical weir sections will be investigated:- · 

(a) Paujnad Weir. · 
(b) Khanki Weir-Bay 8, 

Case I.-Upstream apron pervious. 
Case II.:-Upstrearq apron impervious. 

· (c) Deg Escape Head. 
(d) Lloyd Barrage. 
(e) Proposed Kalabagh Weir (Indus River). 

• 

The actual and experimental values of uplift preestire under a, b, c and d have been 
compared in Chapter VI. · , 

The valttes of uplifts ha'v~ also been calculated for a large number of other cases includ­
ing several cases of the proposed Trhumu Weir. The experimental values have in all cases 
been obtained .by· the Electric Method by Vaidhianathan· and Gurd'ls Ram .. The agreement 
in all these cases is :.>s good as in the cases worked out in detail in the following pages. 

. I . 

' 
~----- ----------------- 1/0·~ --------------~ 

·Length of floor=b=l63'. 

Upstream pile tine. 

d,:JZ0-298=22', ' 
lfa~=22/163=0'135. 

1fD=77·7%. 
1fC=68%. 
1fD- ~pC=9'7% ~ 
·~c corrected=68+l·l+2' 9=72·0%. 

' - 1rs.~· 

. ·,. 

. I 320-317·5 
~pC correctlon for deptn = .,i2 X 9·7 

=+1•1%:' 
Interference of 2;td pile line 

D=d=317·5- 298=19·5'. 

C=l9 yf9-5J48 X I9·~t319·5 =+2·9%. 
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Intermediate pile li11e 
d=320-298=22', btd = 163/22=7·4=a 
h, =50,btfb=50f163 =0'307. 

't'E,. = 71·4%. 

<pD1=61•4%. 
'i'Ct=53'2%. 
'i'Bt- tpDl =10%. 
rpD1 - t;Ct=8'2%. 
\PEt corr<~cted=71·4-1·1-2·9=67'4;%. 
'i'c1 corrected=53·2+0·9+2'5 '--0·24=56'4%. 

., 

Downstream pile lii1e 

d=315-292=23'. 

320-317• 5 
'i'Et correction for ~cpth=-----22·--- X10. 

~-1'1%. 

,.c
1 

corr-ection for·d~pth=2'5f22x8·5 

=+0'9%. 

Interference of upstream pile line on 'I'~ 

=-2•9%, as the · t-wo pile lines are equal 
and placed at the same level. 

I;1terference of downftream pi!~. on cpC11 , 

D=:J17·5- 292=25'5.' 
d=317'5-298=19·5.' 

. ' . 
·-·.:· 

------- 25·5+19'5 ". 
C=19\f25'5fll0'5 X - 163 =+2·5%. 

,.c1 correction for slope. 

slope 1: 4, correction=-3·3%. 
·,1 . 

. . (Plate X.L Figu,re 3.), 
Length of slope 8' and spacing between piles 

=110'5'. 
Correction=8fl10·5x !f3= -0·24%. 

·-.I 

, 315-~11 · . ··I ... ' 
'I'Ez correct10u for depth= ··23~ x-10<· _ ... ·· .. • 

=-1·7%. 
·.:· 

1/a=d(b=23/163=0·i43. 

<pD2=23%. 

\! I Interference of intermediate pit"e lin~';· .. 
1', \.;. _. '•' 

D=311-298=13.' . . . '·. 
<pE2=33%. d=311- 292=21.' . , : r . . ._ .. 

tpE1 - 'I'Da=10%. 
<pEa eorrected=33-1'7-:-1·3=30%- '·• --

----- 13+21 
C=l9 yl3fU0·5x 163=-1·3%. 

\ 

Comparative Table 
' .. -
.\ . 

Middle File. .: .. D. S. ,, U.·S. File ' Pile. .. -- .. '. ' 
'I'D 'I'C .. 'i'ltl 'I'Dl I'Cl ' 'I'Itz·;,,_ tp~ l 

---...-
-· ,,·. .., .. 

Calculated . . .. .. .. 77•7 72·0 67'4 61'4 . 66·4 30•0 23•0 .·, :r ,,. . 
Experimental . . . .. .. 76•8 70·4 64,-0 58·7 54•2 30•8 .. I . 23•0 

-: 
' --- ---------- ---.. -__:. ~ .... - ~-~~-,-·-·· 0:~-Difie:ence .. .. .. .. I·9 . 1•6 . -· 3 .. 4. 2•7 2·2 

• This relatively large difie(ence is due to the actual pressure poiut tn the experiment being at R. 
~L. 316 instead of 317·5. This will redltCe the value of 9'D1by 1•2%, so that the actual difference Is no 

more tha11 2·4%· 

FIG . ./0·11. 
KHANK/ WEIR 

i------____,___ ---
APRON IMPERVIouS ---- '- - 71S 

~:::::[1=-:};R;·~L~-7~,o~~~~T~"~,..-;:=:::::=::==27r~o~~= ______ q_·_L_?_'_o__;, __ .--::=--:--~ 1~~::,_ 
,.,_. PUODL.£ ~ 

'· L sas---lll---•s s--~----..:.....-·~,os s .7a<5i;~s·-,,,. 
6~r.. . . .. ~. 689 . ·---;· .... ,i _ . ..:,.:.:.~~····· \· · ... ,: .... ~-.r.:~~\!.:~:; 1589 . ' ... . 

2. 0 6' 
----~------------------· ' " ' ,· ~ ' ' ' 

The upstream aprliln, in this case, though not part of the pet·man~nt concrete· floor,· is 
nevertheless hnpet viotts as the blocks rest on ~tone beded in puddle. The design of this 

weir is aiscussed later in the <:!hapter. 



144' DmiiGN Olf W~IRS ON Pl;:RMEABI,~ FOUNOATIONS 

\ . 
Bottom of upstYeam loe wall 
Depression=d=710-705=5'. 
1fa =dfb=5f206= •024, 
q>Dl=94%. 

' · · U~stream pile' line: .. 

d=710-691 =i'D'. 
a=206i19=10;S. 
bl/b=52•5f206=0'255, 
11'~=73%. 

q>D=65'6%. 
q>C=59•1%. 
q>lt-q>D=.'N%. 
q>D-fC=6·5o/c.. 
tp:E corrected= 73-2 . 71%. 

10c c~rrected=59;1+1·7 +1·6=62·4%. 
l 

¥ iddli pile ·lsne~ 

d=710-689=21,. .; 

a=206/21=9·8. 
bl/b=98f206~fN75;. 

t,oBt=58·3%. 
fD1=51•5% •. 
9'Cl=45·9%. 
,:s1 corrected=58·3-2·5=55·8%. 

~~~ corrected=45·1+1•7.;,..4'i·6%. 

Downstream Pil• li..e'. 

d=7lo;......ssg.:..:.21'.· 
1/a:.:::. 2lf2o6.:.0·1 .. 

· q>Ea=2B%. 

,»1=20%: . 
tp~..;...'Ds=8%. 
q>:Ei corrected=2s.:-1·5-1·1=25'4%. 

t,o:E correction for depth at R. L. 705. -

710-705 7'4- 2~' 
19 X -- to• 

10c correction for depth=5/19 x 6·5= + 1•7%. 
Influence of middle pile on 91c· 

D=70i-689= 16'. 

d=705-691= 14'. 

C=19"\f16/45'5X ~~t614=+1·6% 
.. 

No correction for depth necessary'in this 

case as top of pile is taken at R. r.. 710. 

Influence of upstream pile on 9'~· 
D=710-691=19'. · 
d=710-689=21'. 

C=19'\Y19/45•5 X 19+ 21=._2·50{, 206 /( 

Influence of D. S. pile on 11c1• 

D=710-689=21'=d. 

- j_ 21 21+21 . • 0 
C- 19 :~. 105:sx 200=+17}{,. 

9':2s correction for depth at R. L. 706=4/21 

XS=-1'5%,. 
Influence .of middle pile on 9':2s 

D=706-689=17'. 
d=706-689=17'. 

C=l9y17f105·5x ~~~7 
=-1·1%. 

ComparatHJe Table 

I 
Toe U.S. Pile Middle Pile p. S. Pile 

.. -· - - .. 
. 

9'D ' II':S 9'D 9'C 9':Ex 9'Dt 9'Cx 9'£z I'D I 

- - -- - -
~ 

c alculated . . 114•0 71•0 66'1 62•4 66'8 61'6 47'6 20•4 20•0 

etlmental • . 111•4 72•6 6N 62•7 68'6 i I_: I ·4N 26•6 20'0 
' 

- --- - - -
., 

1·5 I o·o ol& 1•6 1.8 0•8 2•8 o·s O•J ifierence . . . 
.. .. -· -··· . . .. -

D 

-
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FIG. 10•/2. 

R.L.670 
D£G ESCAPE: HEAD 

R.L. t1 ts.'!_.-c--\ 61 . ... - . 
jr.--- ~o· 

.. R·L·657 
R.L.fi54 

653 J 
I 

.. 
650 -' 

83 ' .. 
~ ~ 25 

H 0 

632 

)1---------------b•ll/------------<l 

Bottom of upstream toe wall. 
d=665-661=4'. 
1fa=dfb=4f11 1=0·036. 
tpD'=92%. 

Junction of upstream apron with drop u•tdl. 
d=665-632=3W. 
bl=20. 
a=l11/33=3·36. 
blfb= 20/111=0·18, 
tpF.' =87'0%. 
tpD=64'5%. 
tp1'.1-tpD=22•5%. 
tpF. correcte~=87·JI-1·4=85·6%. 

Upstream Pile line. 

d=657-632=25'. 
bl=25'. 
a= 111/25=4·44. 

blfb=25fl11=0·225; 

tpF.=81•7%. 
tpD=64•5o/o. 

tpC=51'5%. 
tpF.-tpD=17•2%. 
~pD-tpC=13•0%. 

~pF. corrected =81·7- 4·8=76·9%. 
tpC corrected =51·5t3·6tl·7=56'8%. 

Downstream pile line. 

d=657-640=17'. 

b1=108. 
a= 111/17=6·5. 
bl/b= 108/111 =0·973. 
lfF.l=34•8%. 
MD =24·301 
T 1 /Oo 

lfCt=3'0%. 
'I'F.1-IfD1 =10•5%. 
'I'Dl-9'C1=21'3%. 
9'C1 corrected=3·0t5=8%. 
9'F.1 corrected=31·~-2·5 -2·8=29·5%. 

<pF. correction for depth=2{33 X 22'1> 

=-1·4%. 

"'F. correction for depth 
657

- 650 x -17·2 
T 25 

....:...-4·8%. 
'IC correction for depth=7 f25x 13=+3·6%. 

Interference of downstream pile on lfC. 
D=650-640=10'. 
d=650-632=18'. 

C= f19 V ~0/8:! X 
1~i118= t1·7%. 

'IS1 correction for depth=4j17 X 10.5=-2·5% 

9'C1=correction for depth = 4/17 X2J:3 
.. •· .. : .. :+5.%. 

Influence of upstream pile on 9'F.l'· ' 
D=653-632=21'. 

d=653-640=13'. 

0=19•'21'83 . 21+13 =-2·80/ : . v. I X, Ill .. . to. 
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Comparative Table. 

U/S 
Toe, U, s; Pile, D. S. Pile, 

-
•· fD' 9'll' 9'D fJt 9'D 9'C 9'F:1 9'D1 . rpcl 

- -- - -
Calculated .. .. . . 92•0 85'6 64·5 76•9 64·5 56•8 29·5 24•3 8•0 

Experimental .. .. 93•0 83•9 64•9 78•4 64•9 55·9 32•6 23·6 8·2 

---· ---· --·-- -··- ---- --- ---- ---
Difference . . .. .. 1•0 ~·7 0·4 1'5 0•4 0•9 3'1 0•7 1•8 

-
F/G.I0•/3 

,LLOYD BARRAGE-

153 

. • 145 

For upstream and downstream toes of floor. 
d=6'. 
1/«=6/190=0·032, 
fD'=8%and 92%. 

• Upstream pile lin1, 
d=17l-153=18'. 
«=190/18=;=10·6 •. 
b~.',-5', blfb=5/190~·02Q. ' 
'~-96·3% •. ' . 

· 'In so·O%. 
·: ic-"72:2%. 

,-a ..... ,-o....:. 16·3%: 
tpD- I'C=7·8%. 

· 9'F: corrected=96·3-G•4=o96·9o/o. 
rpc cortected-72·2+2·6+2·3=77·1% . . . -

IS3 .. 153 

, 

,F: correction for thickness=6f18x 16·3 
.=-5·4%. 

rpc correction for thickness=6f18 X 7·8 
' +2·6%. 

. Influence of second pile on tp~.-
D=i65-145=20' . . . 

d=-165-153=12' 

c. 19V20f40•5 X 
20+ 12=~2·3%. . 190 

--

\.;-

IIF:1 correction for depth=6f26 X 11·5 
... =-2·7%. 

I'C1 correction for depth=6f26 X 8·5= +2%. 
Influence of 1st pile on rpF:1 

D=165-153=12' 
d=165-145=20' : 

C=19V12/40•5 x 12
1t;o '-J:S%. 

Influence of 3rd pile on rpC1 . 

D=12', d=20' . 

C=19""12f70X 
12

+
20 

+1·3°{., .v. •, 190 /~ 
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· Third pile line; 

d=171-I53= 18. 
b1 =115·5, a= 190/18= 10·6. 
bJtb=115·51190=0·61. 
IJ'E8=49·2%. 

IJ'S1 correction for depth=6/18 X 6= -2%. ', • 
IJ'C2 correction for depth=6/18 X 6·5= +2·2%• 

Effect of 2nd piie on cp~. 

IJ'D2=43·2%. 
IJ'C9=36·7%. 
9'E9 - 9'D8=6·0%. 

_.9'D8 -IJ'C2=6·5%. 
9'S2 corrected=49·2 -2-1·7 =45·5%. 

9'c2 corrected=36·7+2·2+1=39·9%. 

D=165- 145=20. 
d=165-I53=la'. 

C=19'\Y20/70X 
12+20 

= -1·7%. 
. 190 

Effect of 4th pile on 9'C2• 

. D=f'2, d=12. 

C=19"V12f70 
12

+
12 

v. X 190 

~-~-

Fourth pile line. 

9'C3~100-IJ'E=l00- 90·9=9·1%. 
IJ'Ds = 100- IJ'D = 100-80= 20%. 
9'E3--: 100- I}'C. 

Corrected for depth only=100-74·8 

=25·2%. 
Corrected for pile effect; 9'~1=25·2-1 

=24•2%. 

Effect of 3rd pile line on 9'E1• 

=19.V'I2/70x 
1~~12 -1%. 

• 

Comparative Table 

Toe I 
1st Pile I,lne · 2nd Pile I.lne 3rd Pile I.lne 4th Pile I,lne 

--
I}'D' 

' 
Calculated. 92•0 ·8·o 

E :r: peri- 94•0 6•4 
mental. ---·· _.., __ 
Diffe1ence. 2•0 1•6 

I ,i: I}'D IJ'C IJ'E:t IJ'Ds IJ'Cs 1}'111 

- - -- - - --
90'9 8o·o 77·1 '12·o 6o·o 60•3 45·o 

91•6 81•9 76·1 70•8 64•2 58•3 46'4 --- --- --- --- --- ---
o·7 1'9 . 1•0 1.7 1•3 2•0 0•9 

FIG./0•14 
KALA BAGH WEIR 

. (PROPOSED) . 

. 
IJ'Ea IJ'Cz IJ'~s - ----
43•2 39•9 24'2 

43•1 39'4 24•6 --- --- ---
O·l o·o · 9·3 

~--------------------~h=13'------------------1 

b=139'. 

Upstream toe of floor, 

4=682-677=5'. 
lfa=5Jl39=0·036. 
'D'=92.0%, 

fq' 

9'Da IJ'Ca 
-- -
20·0 9•1 

19•3 8•3 
--- --0·.7 .0·8 "·. 
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First pile li11e. 
cie682-667=15.' 
bl &:: 3{'. 

(110: 139/15=9·26. 

bt/b=:J.l/139=0·2-U. 
P£=74·7%. 
PD=66·3%. 

fC::o:::59·0%. 
,n- ro=8·4%. 
fD -fC=7·3%. 

Pit corrected=H·7-1·1=73·6%. 

PE correction for depth=2/l5x8·4=-1·1%. 
te correction for depth=3/l5x7·3=+1·5%. 
Influence of 2nd pile on pc. 

D=679-658=21'.­
d=679-667=12'. 

C=19y2lf50x 
1~t912 +3%. 

f'C correctioh for slope. 

fC corrected=59·0+1·5+3-0·9=62·6%. 

Slope 1 in 1.3 upwards. 
Correction= -9·2%. 

Proportional length=5J50= 1 flO. 

te correction~9·21 i0=-0·9%. 

S.xo11d pile line. 
d-:-672-658= l.l!. 

1>1=84. 
11=139/14=9·9 

bl/b=~!j139=0·6. 

·~=50·4%. 

· fD1=44%. 

~=37% .. 

fE:l-9'01=6·4%. 
PD1-tel=7%. 
p~1 corrected=50·4-2·7+3·4=51·2%­
fC1 corrected=37 +3+0·7 =40•7%. 

Tl1ird or DJS pik li11e. 
d=672-658=14'. 
Cf= 14/139=0·1. 

'El=28·3. 
9'02=19·6. 

P£-9'01=8•6%. 
fE= corrected=28·3-3·6-0·7=24·0%. 

f . 672-666 'S. correction or depth= 
14 

X 6'4 

. =-2·7%. 
te1 correction for depth=6/HX7=+3%. 
Effect of 1st pile on 'P~=nil, as the bottom 

• of the latter is at R. I,. 667 and 9'1>1 

relates to 666. 
f'~ correction for slope. 

Slope=1/1·4 upwards; correction=9%. 
Proportion of length=19}50. 

fE1 correction hr slope 9;
0
19 3'4%. 

Effect of 3d pile on te1• 
D=666-:658=8'. 
d=666-658=8' 

C=19 "Y. 8J52x ~t9~ 

f d h 672--666 8·6 fE, correction or ept 
14 

X 

=-3·6%. 
f_Et correction for 2nd pile line= -0·7%. 

Comparative Tabl~ 

. 

r 
Toe lst Pile '2nd pile 3rd Pile 

-- -
fD' u fD 'PC fE1 fD1 fC~ I fl>t I'DJ -- -- - - -

Calculaltd . . . 92'0 73·6 66·3 62·6 su H·O 40•'7 24•0 19·6 

' !!1'1 u~pcrlnacutal • . \H·S 7(·6 67"1 62·& 52·6 '7·0 43·3 27•0 

- - - - - -' 
Ddl~rcucc . . . 0•2 1·0 1·& 0·2 l·& ~·O 2·8 s·o 1•7 

. 'l'he above illustrations demonstrate the soundness of the method of independent vari­
ablea in determining uplift prcl!~Ut<a under weirs. 



\VORKING RUI.~S AND G~N~RAI. PRINCIPI.~S 01.1' D~SIGN 

Design of New Works ;.0 

As stated before there are two main factors for consideration in design of weirs :- • 
(a) Uplift Pressures, and 

(b) Exit Gradients, . _ 

The uplift pressures will be provided against by a suitable thickness of floor at different 
points and the exit gradients by a suitable depth of pile line at the downstream end of the• 

floor. 

The depth oj'the downstream. pile line will be determined from two considerations :-

(a) that with a suitable length of floor, it gives a safe exit gradient for a given head 
(Chapter VIII), and . · 

(b) that its bottom is nearly at or below the l'evel of normal flood scour for tha:t sec­
tion of the work for which the depth of piles is being determined. 

There are occasions when the flexible apron downstream of the downstream pile line and 
upstream of the upstream pile line may be washed away, and the scour may extend very 
close to the piles. If the bottom of these piles is at a high levt'l, the subsoil behind the 
piles may run out by simple earth pressure. This can happen at both the upstream and the 
downstream piles irrespective of any consideration of the exit gradients. 

The.failure (in 1895) of Bay1 of the Khanki Weir1 occurreo from upstream scour. The 
extensive damage to the Rasul Weir Bays 2, 3, 4 and 52 (August 1929) occurred mostly from • 
the same cause. The damage to the Deoha Barrage (September 1929) occurred presumably 
from a combinatian of scour upstream and undermining downstreams. The failure of the 
Islam Weir4 '(September 1929)occurred by the retrogression of the downstream river bed and 
flood scour at the downstream end which accelerated the undermining of the subsoill under 
the downstream floor. This floor ends in a shallow curtain wall and has no deep sheet piling, 

A typical cas~ of dangerous flood scour is shown in Figure 10·15. This occurred durin~ 
the record flood of 1928 in the Chel!ab River. 

FIG.IO·IS 
N£RALA WEIR S£PT:(t92B) 

PERVIOUS 

... _r -------------
' I 

IMPERVIOUS 

. 
ll----6o.oco'----'ifa~·":lo*----Jia·i----+8r----- 77···-----11 

PERVIOIJL 

The scour of September 1934 at- the Panjnad Weir (Bay 44) which extended right up to• 
the downstream line of wells was reproduced on a model and is shown by the Photograph 
10·1. If this scour had been more accentuated, it might have caused damage to the line of 
wells and perhaps to the inverted filter. 

Th~ magnitude of the scour ~pstream or downstream is obviously as important as that of 
the exit gradient: 

Depth of Scour. 

The depth of scour for any discharge per foot ·ruu may be worked out from Kennedy's 
silt formula. 

Vo=O·S4 dO 64 

• which applies to Punjab conditions. It can be modified to suit other grades of bed sands . 

. (1) H'story of Khanki Head works, Punjab Irrigation Branch Publicatio11, 

(2) "Repairs and Rem()delli11g of Rasul Weir (1929·1931)" by T. A. W. Foy, p, E. c. Paper No. 155 (1932). 

(3) ''Design and Col1struction of the Sarda Canal" by Sir Ber11ard Darley, Kt.,-c; I. E., Paper No. 4814, • 
Inatitute of Civil Engineers, London. 

• 
4) Report by the Islam Enquiry Committee Into the Failure of the Islam Weir, Punjnb Irrigation 

Branch Pu'Jli~atlon {1930), 



M.OD EL OF PAN JNAD EIR-
SCALE Yso 

Photo 10·1 : Showing scour down stream of Pan fnad Weir Bay {4· (Septem ber I 9J4) 
/ 



Plate X-2 
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·Q = Maximum flood discharge In lakh cuseca 
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d = Depth of scour (Kennedy critical depth) 

R = Depth of scour (Lacey H.M.II..) 

C.B.I.&P. 

Pw = Wetted perimeter t-----t 100 

Q = Maximum flood discharge 

q = Discharge per foot run 
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Rec. No. 762 HE (C) '54.0020155. 
Prlnced •• the Survey or India Olllces (H.L.O,J, 



WORKlNG' RU!.~S AND GRNJ;:RAI, PlHN'ClPI,E:S OF DRSIGN 

Let q=discharge per foot run, 

then q=:Vo d=0·84 d1
•6' 

151 

or d=l·llq0' 61 
-· 

(10·2) 

'Ihe criticaf depth d, which is also the depth to which scour will take place in normal 

flow, can be read off directly from Plate X. 2, Curve I. 

Another method of determining depth of scour is that given by Lacey1 

Qj2 } Vo=(:r-s) 
and R=0·7305 Vo2/ 

where V 0 =Critical velocity, 

R=Hydraulic mean depth, 

Q=Maximum flood discharge, 

/=Silt factor. 
' 

Hence--

R=0·7305 Vo2/ 

=0·7305 ( 3~/ )l •. (10·3) 

Plate X. 2,Curve H. 

R in this formula is the depth of scour correspo.nding to d in the Kennedy formula. 

The values of R can be read off the curve in Plate X·2, Curve II, for value~ of j=l. 

This relationship, however, is not directlyappticable to the design of weirs. 

For any given flood discharge Q, the minimum stable waterway is given by 

Pw=2·67yQ . 
The jlischarge per foot run is given by :- • 

q Q 
Pw 

Q-
2•67'-/Q 

. - (10·4) 
Plate X. 2, Curve III. 

(10:5) 

which is a unique value of discharge per foot run for a given maximum flood discharge 
·through the minh:p.um stable wat~rway .. 

Plate X. 2, Cu:ve IV. 

In a weir where the water-way differs materially from the minimum stable water-way 
given by the Equation (10·4),the depth of scour obtained by the Lacey formula will apply only 
to that section of the weir whose discharge per foot run equals that given by Equation (10·5). 
This depth of scour will also occur along the guide-banks should the whole river hug a parti­
cular bank and run in a width. equal to the minimum stable water-way. 

Combining Equations (10·3) and (10·5) we get a dir~ct relat~onship between the discharge 
per foot run and R the depth of scour. · 

From Equation (10·4) 

Q=(2•67q)2 

Substituting in Equation {10•3) we get 

R -o·73m5(2'67 q)N-_o·9(L)' - · (a·s JH- f 9" 
(10·6) 

The graphs of this equation are plotted in Plate X·3 for different values of (f). Curve V 
of Plate X·2 is the plot of this equation for f= l. 

Kennedy's formula gives_ the relation~ 

d=l·ll qo.oi (for standard sands only, withf=l (10·2) 

(Plate X·2, Curve 1.) 

(1) t.'1cey Ol St~ble Cbanaels in A.lluviulll, 1' .1per Na. i'i J6(L9:ll, 'I11stl t11.te af Civil ~nglneers, I.andou,\1a~te 
279, 



152 DESIGN or WEIRS PERMEAB!,J;! FOUNDATIONS 

Lacey's formula gives somew4at higher values than Kennedy's and may be accepted as 
beingon the safer side. " 

The curves of R for different values off are given in Plate X·3. . . . . . 
In a weir with undersluices,· the discharges per foot run are different in the weir and under­

sluice bays. The depth of scour for which the work has to be designed will, therefore, differ 
for the two cases. These depths obviously cannot be got from the Lacey formula (Equation 
10·3). The formula (10'6} will be the correct one to use with due allowance for the value of/if, 
Where there are no undersluices, that is, the crest is at one uniform level throughout the 
length of the weir, the formula (10•3) will still not apply as the maximum discharge per foot 
run is, generally speaking, much less than that required for minimum stable water-way, In 
t.his case, too, the formula (10·6) w~ll apply. 

Accor9ing to Springl, scours are classed as :-

(a} normal, caused by straight unobstructed currents, 

(b) abnormal, caused by deflected~ but neve~theless onward flowing currents, and 

(c) extraordinary, caused by swirls set up in non-forward moving water. 

Class-

(a} ranging 'be_tweet:i 30 and 40ft. 

(b) ranging betwee~ 60 and 100ft. 

·(c) ranging between 80 and 120ft. 

With good design, the extraordinary swirls should never occur but the normal and 
abnormal scours will have to be allowed for in the sections of the work where they are likely 

' • • I ' 

to occur. 

Lacey has given a clearer definition of the classes of scour which can be suitably adopted 
for designs. · · " 

Let R= depth of scour in a channel with a level bed, as forinstance the downstream 
apron of a weir. 

.. 

Class 4f. • ....:straight reach 

Class B.-Moderate bend 

Class C.-severe bend . 

Cla_ss D.-Right-angled bend 

1·25 R. (Lacey gives 
1•27.) 

1·50 R. 

1·75 R. 

2·oR: 
Class A is likely to _occur anywhere just below the loose aprons. 

Class B is like~y to occur anywhere along the aprons of guide-· banks in the straight 
reach and Classes C and D at and below the noses of guide banks: or at the loose weir aprons 
should heavy swirls set in for any reason. · 

For the design of sheet piles, it will be enough to take the piles to a depth of scour equal 
toR. For the design of loose aprons, upstream 'and downstream of the weir, the depth of. 
scour should be taken between 1·25 R and 2·0 R to suit local concentrations of flow. This 
will be discussed in greater detail in the next chapter, These scour depths will be rec~oned 
below .maximum flood level. 

At Khanki, during the dismantling of Bay 8 for conversion il)to undersluices, the original 
blocks and stones of the loose downstream apron were met with as low as R. L. 704 to 703 and_ 
of the upstream apron between R. Ls. 705 and 706. In 1895 when 100 ft. of the weir crest 

·subsided in Bay 1, scour depth toR. L. 701 was discovered upstream of the crest. To thb 
depth were the wells and wooden piles up. tream ·of the crest sunk and dtiven in 1896 and 
1897. The m·aximum flood level upstream is 738·0 and downstream 73•.1:6. 

Thus, scour uvstream=32 to 33 ft., and scour downstream=30'6 to 31·6 ft. 

(1) "River Training and Control", by F. J. Sprin~:, Technl-,al Publication 153, Governmell\ of I11dla, 
Chapter V, Pan. 'i (11103),. 
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WORKING RULltS AND GENERAL PRINCIPLii:S OF D~SIGN 

The discharge per foot run of weir is 145 cusecs, which gives R=25' (Equation."to·3). · < 
• . , I . 1 • f 

Normal Scour= 1·25 R for f=~ . . 

=25x1·25, 

=31·3 ft. 

'rbis fits in with 'the observed depths of scour. 
' '1' 

The new unders!uices have been designed for a discharge per foot run of 387 cusecs. For 
this R=48' nearly (for f =1). 

R. L. o£ likely scour hole b~low the. apron-734·6-:-:!8=686·6. 1 1 

Further down! the 'scour tnay•'be 4BX 1·25=60 ft. · The-"dowJistream sheet piles in the 
weir bays go down to 'about R. L. 700 e:Xcept where· the presence o.f clay beds necessitated 
otherwite. In Bay 8, the bottom of these piles is at about R." L. 689. ,. · · '" · · 

I ' ,. f, 1 !.; 'i; J 

The scour hole in. Bay 4 of Merala Weir (see Fig~re 10·15) during th,e•re<;ord flood Qf. 1928 
went down toR. L. 776·5 or 811·3~776:5=34·8 ft. below maximum,flo!>d level. .downstream. 
The discharge per foot run was .~~:bo~t 160 cusecs gi~ing R=26·5 and 1·25 ~ ... ;~a·( ft. , , ~t wi~l 
.be noticed that the downstream.,wells go dowa toR. L. 777'8 ,(top of. well curb)... . , 

. These scour hoies occur not only durlng floods under normal flow conditions; but a1s6 ~t 
lower stages 'if there is parallel flow along the weir eithet upstream or downstre'am,<!C i'f ·th.ere 

'are swirls.· · - · · · ···: _, · .. ·.: ' ~ · ;·~-· . · .:": ··. . 'j · .·· .. 
Depth of.Sheet Piling 

. - , r .• , , • . ; :. • . - ... 
Having decided on the dep~h ?f. scour below maxtmum flood level, the next step ts to 

ascertain the level of. the d.ownstreaill floor, 'such that the standing wav~ under the worst 
'conditions, does not form further downstream· thari~the toe of the glacis. Thic; latter ~specl: 
is d~alt with ~· th~ next chapter.' 'rThe depth oqhe .·pile line will 'theii 1be the depth below 

• I , , ,f 'I , •,, ,'' It - · I• [ , _ . 1 

the top of the dOWI!Stream floor to.tlie, botf;?~ of ,the hole due to n()rmal scout. , .This is a 
general 'indication but slight departures are' permissible to suit individual cases .. ' . . ' 

.!r.·· 

. ' I· ' . ' . . ; 1 • ' • • I ) ' • ~ ' 

. Piles at the Upstream and Downstream Ends Necessary 
. : tr . ' . • . . I I I t ' • ' • • II 

-· i ~ 

'It should be borne in mind that scour holes c~n ocj::ur. both upstream and downstream so 
that a pile line is requi:red .at the :upstream ,end of the floor. ,just .. !lS ~ucH, .as 11t the dow~~ 
stream end in' order to prevent failure by slipping of the. subsoil into the scour holes by 
simple earth pressure. · \ ,. 

' ; • ,_. f '!• • . . t •• 

. In the case of a scour hole at the upstream end, the flow of seepage water will tend to 
- r, · · - . . .. . . . 

keep the s~~·l in position as its force will oppo~e slippi~g due to ea.rth' 'pfessure. At ~h~ 
downstream end this force will assist and acc~l~r~~:te slipping dueto eart4 pressure ;ts the two 
forces will act together. This restraint against uri dermining at the upstream end ~nd' adcele: 
ration of it at the downstream end will in~rease in direct proportion to the ~pplied he~d. 
Failure at the upstrea.m end will generally occur at low heads when the restraint exercised by 
seepage flow against slipping is reduced and failures downstream will similarly occur at high 
heads when t,he acceleration imposed by the seepa~e is increased. . 

1 
, . , . , • , 

. , Tl).e deptll of the. upstream pile liue v.:ill be governed by th~ depth of scour only and -of' 
tlJ,e downstream one by the depth of scour and, exit gradient, . 

1
, ,.. • • . . , • , -~ • 

, • Under normal conditions the bottom of the sc~ur upstream will be higher thil.iithe bottoiri 
of the scour downstteam by ·the amount of afflux. or' difference be'tween upstream and' 
downstream levels in ·maximum flood. The sheet .piles at the upstream end can, therefore; , 
be higher than those at the .llownstteam end by that amount~ · · ' · · ,, , ' '' 

Th~ necessity for piles at the upstream ;~nd downstrea~ ends is ob~i~us., T~ey ~;~'t·~: 
protect the work against undermtning of the foundation soq, The pressures under the down­
s~ream fl~or increase ~s ~he. de~th of th,e do;wl!:stream pile line increases. The upst~ea~ pile 
hne has httle effect tn reductng these pressures as the spacing of these tn·o' 

1
• · ·11 . . . . . " . s .genera y 

much more than the ran.ge o~ iqflue~~e. C!f either •. ; ~t .mtt:s~ •. t)l~~~fote.,· P.t; ~lea,rly .under!!tood 

. ' . .· .... ,., ~ .. ·' ;2 D 

, 
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that the up~t,eam end pile has little influe,ce qn the uplijtpressures under the downstream /loot. 
Looked at from that point of view, the upstream pile should not be necessary. It will effect 
a reduction ·of pressures under the upstream floor. Such reduction is of no consequence in 
the case of weirs where the load of water ' on top of the upstream ftoot is much in excess of 
the uplift pressure. In the case of high dams the upstream pile line with consequent reduc­
tion of pressure at the upstream end, is of very gr_eat importance as it might effect consider· 
able economies in the mass of the structure. · ' · · 

' :-' .• r. 

Intermediate Piling 

The intermediate sheet pile line~ ~re' r~quired neith~r to prevent underminlJg of the floor 
at.the upsream nor ~t the downstream ~nd; no~: 4o they·materially altl!r the pressure distri­
bution to give less uplif~ pressures Ulldel:' the downstreaQl.f~oor, .But they act as important 
secondary lines of defence,s?,that. :evlln. if the p_acc4 (impervious) floo.r is damage~ at eithe.r 
the upstream or the downstr~am end by failure of the end piles under abnorm'll scour, the 
rest of the floor and the! supe~structure ·will be saved from collapse by the inte~mediate piles. 
The uplift pressures wi11· increase but the undermining·wiit :be arrested as the exit gradients 
will stiU be below' t'b.e ·criticlit 'value. · The structure will thus be ·so.ved from actual failure 
which on a major work would ·he di~astro1k £ very apt demonstration of the value of a pile 
line or a .line,,of, w~lls umler the. crest,. )VaS. #unis~ed. ·by: the Deoha Barragel,. The floor 
:colla:p~ed a~ one-poi!lt 1nP?~.re~~ an~ blew,: up -dovy~str;ean:J.!. The damage occurred _iJ;l.fottr 
bays and extended to another three. •• It was jortlmate that the main structure was. founde4 
on deep wells and thus remained undamaged," 

Opinions differ a.s to whether there should be.oneor more intermediate piles. The be~t 
value will be obtained with. one ~~p-pile line- .. directly under the .crest .. This has been.done 
in the central' 'and r1ght unC:i;;~stui~es ~£ ~b.e,~hanki wei.~. ,"~~ tha~ case if both the upstream 
and downstre~~o~ floors fait; buUliere is ~-ome lep,~th i~ft.upstream and downs_tream, the esse. 
ntial part of iiie-~tructure, viz., th~ ga'fes~an<,l ~eat:ing'~ will be. saved, -~ ~eei> pile line _by i~-

:· ~ · ., 1 ll.·Jl. : . . •• • • :) -· · .J ••• : - L • - _ · · ••. · ·- . .• . l. 

self ca11-
1
stand a la,r~e, l;t,ea,~. F~r a 20 ft .. hea<t an~ 3.0 .ft. depth of . pthng,_ vvlth. no upstream 

or .d?~1nstnia.m. ~loor;1~he ex~t .. !fta.~ie~~. ":it,~ p.e. G~:71/4;? which ~s mor~.~han four 'tJ!lle~. t~e 
w~. . 

. I 

The next best alternative is to have one intermediate pil~ between the upstream end and 
. ~ . . . ' :\ . :' .. ' '. '.. ~ ' ' 

the crest, and anothe·r between the downstream end and the crest, located under the upstream 
and downstream toes ofthe glacis. d The Sukkttt: Barrage' is· an inshnce· of· 'this combination. 
A similar combination is cont~n:iplated'at the proposed Ttimmu Wek · t'' ' ; ,.:: ; J; . 

~ :J.' ~ '.. ,, ,<(.;··-~ · .. l:,•.rl ~ r· .• ,, .. , ,, --~ ;,J'., u· i 

Xh~ recommendation (f), page 8 of.the islam Enqui~y Committ~e Report~. is ag~inst 
carrying a line of pilesverticaJly below the crest of a weir as it was considered that ·such a 
pile li~e might le~d to :unequal 's~ttlement and cra~ks. This reco~meridation appears t? be 
open't9 seriotts question. With a' deep pile,>line under the heavy gates and gearing; the floor 
coit~rete i:einfo~ced a~airi.st,tempe~ature ~nci'th~ :ba~e p~e~sure judicially spread, the chances 
of ~n~~~al settl~ment 'oi:''o(~f.acks. should.' be r~~ote; :'.. . . . 
. . . '- -. . 

I I . ,, 

Interlocked steel sheet piles should fn 'all cases :be preferred t6 wells, as the gaps between 
the individual wells can rarel'y be b!ocked·effectively all the way from top to bottom. ori the 
upstream side their use will be less objectionable as their function is to restrain the earth 
against slippaS._e in~o scour, 14oles, alt4ough, jf f.Pe gaps are npt properly blocked, some· slip­
page can occur, Q!l t~e qown~tream, §ide, the pse of wells is definitely risky as undermining 
of the sup soil can set in through il!!lY .o.f,the gaps if t~ey ,r~;main open :at any .place along the 
depth. Here the earth pressure an.~ ~~((.force of su]Jsoil watet-,~ct. together. .By themselve 11 

wells are more stable than sheet piles. . A suitable place for wells is just downstream of the 
inverted filter as at the Panjnad Weir. ' . 

· . · .. · .r · , ,_ 11 • • • • · • 

(1) •'Design end Consfruction of the Sar4a Canal" by Sir Bernard· Darley, Kt., C. I.~., Papet No. 481~, 
' llistitute of Civii nngineers, London: . · . . ' . · · . ' 

(2) Report by- 'the.rslam ~nquir:Y'comllliii~~ ittia t~e Failure ·on be I~la~ Weir, fllllJab rrri&a tloli 
·, ·Branch Publication (19301 
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' Examples ·of designs. 
-

15a 

The process of design will be best explained by an example. The newly- constructeq 
right undersluices of the Khanki Weir1 (Figure 10'11) afford a good example of how to 
proceed with a new design and how to analyse a given one. ., , 

H-total head=19 ft. 

H. F. L.=738.0 upstream. 

' 734,6 downstream, 

. Mflux=3.4 ft. 

q=discharge per foot run=387 ctisecs. -- i ' 

' 
Level of upstream and dOwnstream horizontal floor= 710'0; · This.was a~rived at from a 

consideration of the standing wave forming not lower than the toe of the g•acis, .R=depth of 
scour=48' (Plate X•2). : Bottom of scout hole downstream~734·6-48=6S6'6, Bottom of 
seour hole upstream=738-48=690·o; The bottom level of the downstream piles is actually 
at 689'0 and of the upstream piles at 691·0. 

a= depth of downstream Pile i"i~e' b~low floor 
• 

=710-689=21 ft. 
' ; :;• '1 'i . 

d1=depthof upstream pile line below floor 
~ ' I ' ' 

=710-691=19ft, 

H 
. -GE=Exit gradient = 11'4 y: 

71
. 

~ =19/21. 

If factor of safety is 6 so that Gt=l/6 . . 

1 21 X GE 21 X 1/6 
rr v 71 = 1"9""' "" 19 

=o=O·IS. 

1 ' 

•'" . 

1 
Fro_ m Plate VII·5, for a value of =0·18, 1Tv. 71 

a=5 • 
ThUs fo~ a 21ft. pile line, \the fJoor length to give :J.n exit gradient of 1/6 need not have 

been more than 5X21=105 ft. . I 

Th~ actual floor length= 156 ft. 
i ' 

This floor length was put in to give a long enou,gh passage for the standing wave to 
dissipate its destructive energy before getting on•to the pervious apron. 

, , . I 

The ac_tual exit gradient in this case works out as below :-

' ' a=156f21=7··i. i 
' I . I : 

~V 
71 

=0·16 (froni Curve, Plate VUJ~) 

Gt= ~X 11'-/ 71 =19~t16.,.1f7.:,'':, 
Thus the floor length is suitable. 

To determine the uplift pressure:, 

Upstream pile liue, 

b=156, 
1/a= 19/ 156=0'122. 
tpD=78'8%, 
tp~-69·0% 

tpD- tpC=9·8% 
· yc corrected 69·0+2·6+2··1=74%. 

·.····! 
I ·, , 

I · ·!I 
. tl ,.. '\ 

yC correction for depth at R, L. 705 
710-705 ' I 

. 19 . x9·s=,+2'6%. 

Effect of ~iddle pile pn tpC=l9yl6f45·o x 
' 16+ 14' +2•40/ " .. 

l56 = to• Li 
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Middle pile line. 

f=710~~89=7¥1Jt .. ; 

ll=l56J21=7·4.· ; .. 

No· correqtion for depth is necessary in this 

'btl'b =48J 156= ·308. 

1'£1=71·2. 

f1D1=61·7: 
tpC,=53·2%: 

p~1- !pD1 . 9·5%! 

PDt-9'C1=8·5%! 

.I. . 

I •: I 

t'E:i· corrected=71 i2~3•3=67·9%t- . 

t'c1 • cord:cted=53·2+2·2,.b 55 ·4%·: 

I ~ i ' 

I' I. 

c~e •. 

Effect of upstteam pile on '1'~. 

»=710-691=19' •. 

il=710-689=21'. 
• 'J ' ' . • .• \ . ~ 

·,I ; C=19 tt19f45·5 X 
1;'i:l -3·3%. 

'1 I.· Effec't'of downstream pile on 9'C1• 
/ 

•i D=710-689=21 '. 

. . : d=710-689=21'; 

• :I •. 
·rC=Ig V'21J~U5'5X 21 4- 21 =

1

~2·2o~ .· 
. 156 ' . /O 

. '·· 

_...,.. __ 
. ,. _,.· 

. I 

Downstream pile line: 

. do=710-689=2l; 

lfa=21Jl56=0·134. 

9'E8=32·5%! 
fDg=22:2% 

fE2 correcti~~ for depth·; 4/21 x 10·3=== -2%. 

'Effe~i ~f middle pile line. \ 

D=17', d=l7'.' 

C=l0 . .,;-117fl05'5X' 17+17 -. 1•50/ 
'I v· ·· 156 -- 10 ' 

I'E2 - 9'Dg= 10·3%. 

I'E1 corrected=32·5-2-1·5=29·0% 
,", I 

Comparati!Je l'able. 
. ·' 1'. . 

' 
·U.S. Pile . Middle Pile 

I 
,·! /. -- .. 

r I'D !pC fE1 
I 

fDt 9'C1 
' I .. I ' . , ., :' f 

" 
••; 

-
' j ~ . ': Calculahd 78•8 74·0 67•9 61·~ 55·4 . . . . 

,.; I ~~ f ofj Ill .I'' ,, 
' . " 

Jbperiwental .. . '• I 81·6·. 73•0 67·9 . 6t·a ' 63·7 

·; ": 

I ·' " Difference . . . . 2•8 1•0 o·o 0•4 1;7 
I; I ' 

j ., . r. , 

• . : ,1 -.< l'l , 

For a head of 19' the absolute uplift p'ressur~s woni out as below .- . 

Pc- 19x74 14·1'. 
- 100 

12·9'. 

Pc1=19X55·4 10·6' • 
. · .. li 100 .• ! I., 

19X29 • ·. '". 
P~s-:-:- 109 . -'-'5·5'. •: I 

" 

' 

D. s. 

fEa 
, 

: '29·o· · 

... 
29•6 

0•6 

I' . • 

Pile 

fD2 

'. 

22·2 

. 
22,2 

O·o 

;. ! 

'l'he floor thickness'' bel~w thei •middle pile line can now be calculated, taking the sub­

merged weight of stone masonary of conckete as 1·4 times that of water. The pressures fl.ld~g 
. . . ' . 

the floor . between the IJlidg~e _ and downstteam pile lines can be obtained ~y assuming a 

, .. li~ear .dr~pJrolU 10.6 t~ 5·5 ft~ ·~~op~ ~he1 len~~ b~t.~~~~ the.tvr~.pil~ lines.. . , ... 



Floor to act as one mass 
The designed thickness of floor obtained as above, will be adequate so long as the floor 

acts as one mass for the entire thickness. If this thickness is in layers and they separate, the· 
full-pressure can be transmitted through cracks under any one of the layers. The latter not 
being individually strong against the tot_al uplift pressure will be lifted and damage will 
result. It is, therefore, essential to ensure that unless the floor is laid en-masse in one layer, 
the various layers are tied to each other by steel reinforcement or otherwise so that they 
become inseparable. ' 

D"amage on 'account of separation of layers -occurred at Naroni1&2 (1898) at ':Merala8' 

1928 and 1929, at Rasul', Islam6, and Ferozepur in 1929. -
0~ ,the four weirs on the Sutlej Valley Scheme, the Ferozepur, Suleimanki. and Islam 

Weirs had the floor concrete laid in layers. The Panjnad Weir had it done in one mass. In 
all except the latter weir, there has been greater or less separation of layer~. .At Sule~manki 
the trouble arose during con~truction and was effectively set right. At Islam the trouble 
was acute al).d widespread and was one of the contributary causes of its failure in 1929. This 
point has been dealt with at length by Khosla in his paper on the reconstruction of the­
Khanki Weir6, and will be notice4 in the next chapter. 

-- ·The Inverted Filter _ 1 

It is usual and, indeed, necessary to provide a protection,' of graded ballast. and stone 
overlaid with heavy blocks for the bed soil immediately downstream of the impervious floor. 
The idea is to prevent erosion of this soil by the action of waves· and undermining by see­
~ge f:ow. This graded filter. petmits free movement of water but prevents the movement 
of sand. It consists of a la3"er of fine bajri or kankar resting directly on the bed soil, followed• 
by ballast of increasing grades and finally spawls and boulders,:· This filter bed of layers of 
increasing porosity, from bottom up, is- overlaid and protected by a series of hea.vy blocks 
(with open joints) against dislocation by the. action of surface flow. An alternative form of 
protective covering ~or the filter bed is a- slab of concrete or masonry perforated by a series 
of li!" G. I. pip£s which are hedd'ed into the filter 'bed. This latter Jpethod is generally less' 
satisfactory. ' 

The·use of the inverted filter is at present restricted to the tail end of the work but it 
c~n, with advantage, be extended in a less expensive form to the upstream end and to the 
aprons and slopes of guide banks which suffer damage by suction of the subsoil due to wave 
~~. ' ' 

The idea of the inverted filter originated with Mr. Beresford in 18997 and was used for 
the first time at theRasul Weir. , . , 

Pressure. Relief or Drai;,age . 
The idea of the inverted filter can he carried a step further and applied at suitable points 

under the impervious floor to reduce uplift'pressures, and thus economise in first cost. In. 
this connection it must be clearly understood and remembered that the effect of isolated ob· 
structions is purely local and has a limited radius of action·. Any system of drainage to be 
effective will have to be very elaborate and extensive. For weirs on shingle beds, drainage 
can be u£ed with a considerable degree of success but for those re'sting on fine sand drainage 
under the impervious floor is likely to be full of grave risks. There are two schools of thought 
those favouring drainage8 and those against it9, Tlie conditio.Js· necessary for permanent 
pressure relief have been given by Haighs as:-- · 

"(a) the pressure relief should he horizontal and should extend to the whole area to 
be relieved, 

. (b) the gradient in the underlying material should be safe, 
(c) the filter and its outlet .should be protected from any danger,, of choking from 

downstream." · . . 

( 1) Engineering Conference at Simla .. (11!13), Paper No. 7, by C. H. Hutton, Chief Engineet, 
(1) "Design of Irrigation Works" by W. G. Bligh, pages 185-193, 
(
1

) "Stability of Weirs and Canal. Works" by A. N. Khtsla.- Paper 142, P. E. t.' (1930) 

(
1

) Repairs and Remodelling tf Rasul Weir (1929-1931)" by T. A. W. Foy, P. J;;. c. Paper No, 155 (1932). 
(') Repor.t bJ: the Islam Enquiry Committee Into the Failure of the ·blam Weir Punjab Irrigation Branch 

Publ1cat10n (1930). , . 

(') "Re~onstruct~on of the Khnnki Wdr;,: by A. N, Khosla,_ P~njab Engineering Congress Pap~t No. 195 
(1936). ' ' ' ' . . ' ' 

(1) "iaiee~i:n•nts .c;>n the passage of watet through sal;ld," TechniQal Paper No, 97, Government of Ind'a, 

(
1

) ·~;~i~~~f Weirs on Sand Foundations" by F. F. HEigh, I.S.E., :M.I.C.E, Paper No. 182, P, E. c. (1S30) 

(') "(~:~!)ft and Seepage under Dams on Sand "by I,, F, Harza, M.Am, Soc. C.:&;. Paper 1920, Am.Soc,C.J:;;, 
• 2~ 



.. .Acaording.~o Haig~. ''the b~~~ f~~m of filter is ,%)\\yer of. pallast o.n .~ layer of. ~and,. the 
p~queab~!ity of w4ich is 10 ,tim~.s that of.the jland fquw~~~rtioJl, i,e.~ .. ~~verage grai)l, size is 
aj)out 3.time~ 1 as l~rge.: The,p,unwse of the ~.an_d Jay!lris to prQvide for any·l~cally excess~v~ 
gradients ~~jch might r~~u~t fr9.m the .placi~g of .t~~ b?-llast d~rectly on the ~ub-foundatlo~~; 
and .mig~~ c~us~, the.latter to. l?enet~ate .tp~ balla~t~, .. }'he baMast merely acto as a French 
drain to .preve,nt,th~ eSC3;~e. of san.d with the seepag~ ~~ow_.. Only;one. exit .~hould be w.ovide~ 
More th~n one olifice permits flow from outside through the filter with _consequent: silting •. 
The orifice should b.e arranged, to discharge.y.er~ically dpwnwards at the,site .of low~fi~ pre­
ssure 'and ~ight be provided with a silt trap; iP,,the thickness of the floor.~; ' : 'I f '.i1 J ' • ! 

, Whiie there is: no· question· that pressur~ relief by dridnage wilt lead to consiJetable . 
economy by reducing the uplift·ptessur~s and therefore the (lbtir thickness, ·its iittro'duc~io~ 
in the design'of major weir s·cannot'be recommended hi the: ·pte~~nt state of bui kriowledge; 
If allowance is made in design for reduced'upli:ft:pressul:es dlte 'fo drainage and if th't!'draifil 
age systefu gets SOmehOW fully Or ''J>artialiy Choked,1the'\Veidloor 1 Will haV't!' to'Lwithstatuf 
pressures much in.excess'of thosEHor which il: has been desigrleH and may give w:'ay. lf, od 
the other hand, some fault occurs in the fitt~r ~nd sand mciven:le'nf~t\ii-ts th~ wMk m~y :f~i1 
by underminin~., The use. ofpr.e,ssure. rellef :would bci tP~!ft;~tly, legi,ti~ate downstream of 
the impervious floor;· ···_: 1 • • ' · 1"· • ...... · · ,I· .;.., ' 1 

• -j I,,' I ' : ·, ' : I ' ~ • • -: I( ,1 ,-) ' I ; . I • ' I: I j ' • ~ ! i ~ ·, ! f { • • i ,-, : ' 
_ • • , 1, Design, of Fl«;nks . 1,, 

.,As a general. safe guide., the foundations. of abutments and flank walls between any ~pai~ 
of pile lines should go. down .to the. lev.el of the bottom oLthose pi'le lines. "·If these latteli 
are at difi.erent1 levels, the flank foundations can ,step down from. one :end, to, the othet td 

suit th,ese level11. Thb, in effect, means a complete bo:li:ing.in of the fouJ1,dations· of th~ entire 
weir .by UJ.eans of pile11ines of suitable: depth upst'rea,m, downstrerm·,. and on the two flanks. 
Wi:th such an arrangement of lev:els.for the flanki' foundations; th"e:uplifts under the weit· 
du~: to flank flow will not be more than those due to ,direct .flow .under the:w~ir. \The 'Panj-.. 
nad Annexe ~nd the reconstructed Bays 4 and 8 of the Khanki Weir are examples of·_ com-
plete'y boxed in foundations;· : . . ., . 

.. :.. Plate :X::'4 shows the pressures at either side of the flanks aFthe corresponding1pres~ 
poi'nts. Thle pres~ures :due to flank flow, by th1dime·they are transmitted'to the' weir flooc 
adjoining the flanks, will be no more than those from direct flow under the floor. The'lo~a:O: 
tion 'of pressute pipes of'the 'flank 'of Panjnad: Weir i~"give~ in; Plate V·fby ·ref~renfe to. 
which the results plotted in Figure 1, Plate X'4, Cfln be corre~tl; iiiteri>reted~' . . ! . ' 

• " " , ~-1 J • I 'I •. ) 
1 

\. 

: · ;T~E; i,?tip~ati~ns of.the, upst:J,"eaw ~nd down*eam. ):'.~t.urn Wf!.lill of}h,e flank ~honlcl J!imi­
larly go down tp tP,e levels of ,the bottoll1.Q~ .the upstr~am. and downstream ·J?~le.lines re!JP.ec~ 
tively. 1 ,.'fP,ese ~hotdd .Project into th~ bank by a lengtb, 1equal to twice the deptP,. of.the col'If7· 
spoqd,ing pile,Iine below the, floor lev,el. Thus if ~¥,upstream pile Une goes 20ft. belaw 
the upstrea111 f!oor leyel, the upstre~m Jeturjt sho11-ld have i~~ foundation 20 ft. balow-.tbat, 
le~el an~ sho~ld be 2 X 20=40 if .. i~ le~gtp. . 'l'h~!le prQjections 41!-v,e nothing to, qo, with the 
uplifts l!~der ~~e floor. They are t.o;p~~v~nt,out.fjapking d:u«;rto, s.~epage flow. which; if not, 
given suitable le~~th and J?roperl:r djr~~ed,, 111:ay ,!!Pd~.rmi~e the, ~ork from. t~e flank!l. . . .. 

The fill behind the flanks wit! be saturated up to the level·~ the pres.>ure gradfu>mrtt 
ljne. ~t .each point, .. These walls will.have to be designed to withstand earth• pr,essure due 
to the dry soil above the pressure gradient lint> and saturated scil below that: line.' Opi­
nions diff..:r as to the exact method •of determining the horizontal ·pressurE:' on• retaining 
walls due' to saturated . fills, 'and experimental. evidence on the subject is 'meagre and 
inconclusive. · ·"' · · " .' 

In designing_ the abutments and wing walls of hydraulic structures; three ~istinct types 
of pressures are met with. They are:-:".. : • .. ••.';' ' · ' · :. ·' · · ·- ,,. · r .... ·" • ' •- •' '· • 

(a);Fressureduetodr;soii.,.:.' ':,,
1 
... 

1 
••. ;.,, ·1. ·''·" ,., ., 

· {b) Pressure. due to saturated soil for the entire otpart of the depth, . ·, 
(c) Hyd~aulic press.ure acting in conjul'\ction with. ,~at\].rared so~~ press,1:1r~: the f~imeJT 

betog proportional to the depth of water in case of no downward flow or some• 
what less than this due to gradual loss of ht>ad in cast> there is downward flow;. 

' . 
\ ' , r . ,. ,, i ,, ' 
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DESIGN or WEIRS ON PERMEABI,E liOUNDA'tloNS, 

r, 

' 

Type (a) is easy of sol11tion. The horiiontal pressure is given by :-

1wh• 1.:... sin tp no surcharge, 
11 1 +&in tp ' 
:where w=weight of soil per c.ft, 

h=height of fill. . · 
tp=a~gle ~f repose of that· soil. 

Types (b) and 1c) occur together. They may be subdivided into four classes, __ 

.illustrated i~ Figures 10·16, 10·17, 10·18 and 10•19, below.' 
. f ' 

Case, 1. 

Case. 2. 

... 

.; 

F/G./0·16 
' . 

FIG. 10•17. 

.•'· 

B 

-*--.....,..-.-_ c;-11}-,---~·1 

F/G./0·18. 

'· ' ' ' ,. ' ' ' 
SATURATED ', 

SOIL ' 

' ':'' ~ c 

!4------~ at,J/h e -- ~~~--b---1--.!t<\ 
., 

- ·'. \ 
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Cases 1, 2 and 3 relate to abutments and wings ~f we~ts a~d othef~.struct~~e~-.~~~~n~: a~ 
impervious floor between the abutments.· ' · . , . . · .. . ,·, . ,. . iJt• , 

Case r.- The pressure diagram in this case ijs giv.~n by the ~me ~~G · (¥'1~~e ~0;16) ~ A~ 1 

B, the pressure is :-

( 
1-sin I' ) 

a=wl ht 1+sin I' . 

wilere w
1
=weight of dry soil per c. ft .. 

The pressure at the base is given by a+b+e. · 

( 
1-sin l't) 

Here b=w2 h2 l+sin l'i 

=pressure due to saturated' soil , 
·where w

2
=submerged weight of soil, ' 
=(2·65-1) (1-40/100}><62·5 r, 
=62·5 lbs: (approx.) for a soil o~ specific gravity 2·65 and' por~ ·spa<;:e.40%·;; 

l'l =angle of repose of ·saturated soil under water ; 
and c=Wo h where w=weight of 1 c. ft. of water=62•5 lbs, - ~ ·. . . 

Case a.-The pressure'lit;ie is given'by AB. (Figure 10•17) 

The pressure at base=b+c 

where b and c have the same significance'as in Case I, viz, 

b=w h ( 1-s~n l't) 
2

. 1+sm l'l 

t=wk:=full hydrostatic pressure. 

Case 3.-The pressure line is given by BC. (Figure lO!is) 

Pre~sure at A=·w h1 (hydrostatic pressure) 

Pressure at 

base=b+c 
· ( 1 :_sin ~p 1 )' 

where b=w2 hz l+sin 'Pl 

and c=w(h1+h2)=fu11 hydrostatic pressure. 

... 

Case 4 relates to aqueducts with per~ious floor between the abutments and to coffer­
dams and open wells, with inside levels of soil and water· below those outside. These latter 
cases are common in under-water foundations,· dredging and pumping. 

In cases 1 to 3 there is little downward flow. It is mostly paralled to the walls. In case 
4, there is downward flow so that the intensity of hydraulic pressure at any point will be 
less than the actual hydrostatic pressure at that point The actual pressure at any point 
can be determined as in the case of a single sheet pile with unequal fill on the two sides 
(Case 2 & II, Chapters VII and IX). ' · · ' . ' ·.· ' · ' " 

1 t ' J .. 

Opinions differ as to the value. of the a~gle of repo~epf sat;urated sands 1 below w~~rter, 
H. G. Husted1 accepts tp1 the angle of repose under water, to be greater ~han rp the angle of 
repose of dry material. . . . . . ' 1 . , '., ' ' , , • . 

According to the latest test carried out in Europe2 and America, a the value of tp1 is 
either equal to or a trifle less than tp' According to the exhaustiv~ tests of Pars~nss, the 

1 ' 1 ' ' . ., '' . .,, :. . . I 
value of Wz ( 1 +-s~~) is 25% of W1 ( l~s~n tp ) in case of sands and 43%in case of fine sm l'l . sm tp . .. 1 . 

gravels, or in other words ; the. total pressure on the· •retaining wall or sheet piling will be 
the full hydrostatic pressure plus 25% .of dry earth pressure i.Q. ca,se of sands an,d 43% of 
that pressure in case of fine gravels .. J enkin'sB tests, however, show that the pressure on 
the retaining wall will be made up of the full hydrostati'c .pressure plus half the drY earth 
pressure-the latter being the pressure due to S\lbmerged w~ight of sand which is nearly 
half that of dry sand (Specific gravity of sand taken as 2·65 ~nd pore space 40%). 

(1) Engineering News Record, Vol. 81, p. 441. 
1 

(2) "The pressure on Retaining walla" by C. F. Jenkin, Paper No. 4867 (1032-84), I11Stlt\lte of Clvi' E11gl· 
neers, London. · ;, ' · ' ; ,: · · 1

• :. 

(3) "Some Soli Prca~urc Teats" by H. De B. Parsons, Paper No. J881, Am, Soc. C. It, (10!11), pages 19 and 89. 
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11 
For, pur. poses of deliigns, it would be quite ,reasonable to take the pressure as made up 

of the full hydrostatic pressure plus 25% of the pressure due to dry earth. But for extra 
crRti?Pr-~~ way,be ~ake11 as the .fun hydrostatic pressure plus 50% of th: dry earth pr~_ssure, 
the hitter being the same as the earth pressure due to the submerged we1ght of the soli. . 
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wfL,;.fo,,~ ~fll-Pc 

, . ..... I ->! 

L -tl - jt-j~ 
w1 =I-SIN f/J . · 
. ,rt, It- ~IN (J) , 

:-,:,,,f ·.-. ,n ,,rr·- .. ,i :n, •·. . i' Case14 . .....:.(Figure 10·19). 

' ·d 'th~ dlstllbJl~o1n bi ·p~e~scires. ~nd ~h~ stresses ~~~·up in the ~all or sheet pile in this case 
are somewhat complicated but can b~ determined with fair approximation. 

_Ytit ':Fi~ure 1 10;I9:Ali'is th~ ''ro& of an a~uedu~t 'i~d BC th·~ side wall or a line of inter· 
16ck~d 'steetslieet piles.' BB''ts 'the poro'us sand surface, WTV' is the free water level above 
the aqueduct and w1 w1' the water level below. The difference between the two levels=H. 

ci rThe fo:ces bi:J the Hglli'of BC ~re':...:.. 
,,,:• . · J q j.- 1 , I , ·, , i , '1' ' 1/. - J 

' ' · 1. Hydrostati~ pressure (Pt)=wh. . . , . 
•If \ . J "! { ,·, ;_ < ,._, ' ' ': : ' • •: I: I;. ' ,-·, • ; r \ \ I 

· • ' · ' ~where w='weight of water=-=6!rs lbs. 
-,,_\ ' ''17 ·: i•r · •.: ,. · i: . ,. · h'=depth of the particular point below ww'. 

ir: .ThiS: pressure is givl!i:i by the horizontal intercepts between DE and BC. 
) ffiH ~ \ •f d.t ~ ' l' , , i' ·. ' 

-, .. 2;, Activ~ Part~o pressure (.Pi)=w2 h ( 1 -s~n 'P) 
•· · · - .. r.t .1-1 ' +s1n 

· · r r ' · 'P ~~ r ' I J ! ' I I ..-, ' , f ' I t I e 

, fhere. ~2=submerged weight of sotl 
' ', r r 

=62·5 lbs. per c. ft. as explained above. 
1p=Angle of repose of dry soil or of that under water. 

. . . h=depth of the point below AB. 
f 1, •' j .J 1, ',; '•f fj:' 11 I • ' ' J 

This pressure is given by the intercept between BC and BG. 

I 
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3. Since the water is at different levels above and below the aquequct tqe jpressure 
a-t any point due to water will be Ieos than the static. by ~h(;) amotmt of,head lost·b)l,w,ateF 1 

in flowing from BB' to that point. If PB=othe pressure at B 1(abqve Wt W'1) and Pc= 
pressure at C above the same datum, the loss in transit from B fo C=-PB~Pc. · '' 
On the diagram this loss is represented by · " ., ! . 

FE=(PB-Pc)w_ "J 

'' ,I i 

The hydraulic pressure line willnow be represented by the.cilrved lin~ DF. This force 
.:1ue to this lost head may be called {P3). '• ' · ' ·. ''~ · 

The resultant pressure line due to these thre~ forces is represented by the ~u~vcd'1in'e b'K 
. · · 1- sin rp . · ·• · · .. · · .l < 

whereFK=w2h81+sin~ -;-,CG '·' •.r·'· 

4. In addition to the forces due to eartii and wat~r pressu~es\here is yet another 
force (P4 ) which the water exerts in the direction of flow and which 'is ·pro.por­
tional to the pressure gradient at each• point · (See Figure 8·1, Chap. VIII). ·, A<>' the. 
flow is all downwards this force (P4) will act ·downwards ·and 'will 'bn the< average,r 

( 
PB-PC) . equal 0·8 hs w. lbs. per sq. ft. or . 

·., J J ;i. J 

(P4)=50 ( PBhPc) at ea~h poi~t. 
. 2 

In this case PB=H 
'. - .. • • -\. ' f . OJ= 

This force varies from point to point being mm1mum at Band maxim•1m at C. Thts 
force will produce additional hOrizontal thrust in the same way as a 'l!urcharge artd ~an be 
provided for by adding P 4 j:o the weight w2 of the soil which will now becom~ w2.:PP, f 
J?er C, ft. ' '' , ' 1 ' • ·' ' .· •• ,,,, 

. The' curved line DL represents the combined effe,ct of all the .above ~o~;, ~r~~ p~ r9:,ct~~: 
viz.:- '1 j,, '')• 11'/, I 

I. Water pressure {P1) 

2. Active earth pressure {P2) 

3. Loss of head in flow through subsoil (P8) •'l 

4. Force of flowing water along stream lines·(P4) · 1• - .. ,[ l' 

The centre of a~tion of each force can be worked out~ but for all prticti'cat 1purpt>!ks it 
will be enough to assume tbe forces P2, P3 and P4 to act at the centroid of the earth pressure• 
'rhe centre of action of P 1 (hydrostatic pressure) canbe easily worked oht: , · · :". · : 

. I ,I . ,.,·.I 
Similarly, the forces on the downstream side are:-:--;- , ,.. . . ,, 1 

1. Water pressure (P1')=wh'. 
where h' is the depth of any part below W1 W1'. 

This is given by line MN. 

2. Passive Earth pressure ,(P2') 

=w h' (_l+s~n I>' ) , 
. 

2 
. l - 5111 'P 

·'· t 

r. ·' 
.l 

\ ' tl 

,· ''l.t I 

These pressures are given ~Y the line RQ. ,. , , . , ., ~·: ., . " ... , ,_,( 
3. Force {P3') consequent on the water. b.eing in· flow. through th~ S)lbsoi) fro,m. 

~toR. ,.,,,, 1,., , ;.r.T 

If Pc=Pressure at C and w ha the hydr~static pressu.r~ 19.~ ,WI\}~r,,tthen. flt point C 
P8'=Pc-w h3 . , , ; •. 

The combined pressures due to 1 and 3 are given by the "urved line OT. 
. ' . \ I ,J, l t '' • 'e~ I J 

4. The force (P4') due to upward flow of water throagh the ,subsoi_l,wpl itHhis .,~as7U 
act upward, thus reducing the submerged 'Yeight of the soil Wa,,bY, ·!:'+' uri.:,. ,1:he, ;Ne't 
weight of the soil at the downstream end will th~s be (w1 ~P~') p~r1 cubiS foot, ,

1
1'he 

value of this force will be on the average ~ ; , . ,. 

(N)=0·8. (Pc-PR) Xw=IJO.PC-PR=IJO. Pc, ,, '. ,, , 
h, h, 1~, 

as in this case PR=O 
,, . 

The reduction in the weight of the soil in this case, can as a rough t:ute; '~e 'allowea for 
by taking the effertive submerged weight of soil as } w, so that tlie passive earth pressure~ 

I+~n<p · J,ecomes • w · · · · ·· · 
lJ 2 1 ~sin tp' 

The curved line TS represents the collective effect of the nbove four forces. 



5. There is yet another force which tends to disturb the stability of the fill at the 
toe and that is' the upward heave by earth pressure. of the fill on the right hand. This 

, · " ( 1-sin 'P )a This if desired can b<! all~wed for in the same way as 
is given by w2h8 - l+sin IP • 

the pressure of water due to its flow through subsoil. It is, however, recommended that this· 

. Th . h . b h' ( l+sin 'P ) may be ignored in calculatton:;. e passtve eart pressure as gtven Y W 2 . 1 l-sin 'P 

is shown by exp~ri'm~nts1 to be very much on , the low side. It works out in actual practice· 

to very nearly twice that value . 
.. I . ' " . . . ' 

The pressures PB, Pc etc., at any point can be worked out by the method of indepen-
dent variables explained in the earlier pages.. · 

.: , . Strert-gth of Sheet piles at the upstream and downstream ends of a weir floor . 
As :in the above case of.abutments of an aqueduct, the sheet piles upstream and down-· 

~tream of a weir floor where the soil in front has been scoured or eroded (thus leaving 
the tops of_ the pile!l exposed) wil_l be subjected to the same four forces..,..Pv P 8, Pa and P~. 

Upstream piles 
On the upstream face_the water pressure will be given by P 1 -P8 'and the ~arth pres-

sure by P 2+P4. , , 
On the downstream face the water pressure will be given by P 1' +Ps' and earth pres-

sure by P~'-:-P4'.. , 

... on'theup~tr~am face of the upstream piles due to downwa~d flow of water the hydrau­
li~_pre~~re will be less than the static and the weight of soil will be gr10ater than the· 
submerged weight due tci the downward .force of water acting in the dire~tion of {low. On 
the downstream face of the upstream piles, the water _pressure will be more than t1}e static' 
but the weight of the' soil will· be reduced' due to the upward force of flowiog water: The 
two sets of conditions tend toward stabtlity. 

Downstream piles 

The forces on their upstream face will be P1 --P8 and P 2+P4 • 

Those on the downstream face will be P 1' + P 3 ' and P 8'-P 4'. 
·' The st~Jbility of .the piles may now be calculated. The factors to be provided against 

• 1 o '• t ' I ' 

are.!-. ~ J c . .. • , . .' · ,. . ; · · • 

1: Spewing or forward movement of the soil in front of the sheet piles where scour has 
taken place. " · · · · · · 

2. Failure of the pile ltne as a beam in the unsupported length between the bottom of 
floor and earth fill (at the scoured end) or as cati~ilever at its junction with the 
floor. ' · 

3, Failure of the floor slab at its junction with the sheet piles due to tan til ever action, 
Figure 10•19 (a) represents a downstream end pile line (depth d1) with the soil in front 

tcoured to a depth (da) leaving a depth of bedding=d1-d8=d2• 

The forces acting on the two sides of the pile line :ue shown in Figure 10·19 (a). They 
have the same significance as explained before. The static water p~essures P 1 and P 1•; being 
the same on the two sides will cancel out. 

Taking moments of the forces about E, 
; MR=Moments on the right=Psxt+(Pz+P,)xll 
MI.=Mom~nts on the left=(P2'+P8'-P4') x8 

If MR.> Mi. th~ 'toe of the pile will have a tendency to move out but will be restrained 
by the re~istiuic~ moment of the pile 'acting as a cantilever at E. The pile must be strong 
en(>ugli to resi'st this moment otherwise it will fail. 

<i If Z=section modulus of the pile 
and f safe tensile stress 

then, for stability 

. MR- Mx. must be less than f Z 

. pr Z nlUst.be greater than MRJ,Mx.. 

For steel sheet piles, f=16,000 lbs. per square inch, 

{l) "Design of B11lkheads" by Pa11l BallmiUlll, Paper No. ~908, Americian Society of Civil Engineers (1930) • 

.2F 
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W3= addition lo su6mer!J.ed Ws =addition to submerged 
we(Jizt of soil due to .force P;. weight oJ soil due to Ps.' 

Figure 10·19(a) 
If MR is equal to or less th~n ML, the maximum bending moment in the pile will occur 

at some point x bel'ow the bottom of the floor slab. The value of x can be determined by 
taking moments about the point of maximum B. M. and differentiating for x. The value 
of maximum B. M. can then be determined and the section of th~ sheet piles tested for·· 
strength. ' ,' 

The floor slab to which the steel sheet pile is tied should also be tested for shear and ten- · 
sion. Suitable reinforcement should be provided at the bottom and top so that the slab is 
at least as strong as the sheet pile at the junction, 

The value of 'P in case of sand may be taken as 35° 

1-sin 'P -0·271 or----
1 +sin 'P 

and !±~~11 !=3·52 
1- Sill tp 
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Magnitude of Upltft Pressure for Design of Floor 'l'hiclmess 

Opfnions differ as to whether the eff~ctive pressure at any point under the floor is th~ 
full indicated p•essure or only a fraction of it. One school of thought considers that as th~ 
water and soil cannot be in contact with the underside of the floor at one and the same time 
hmce the full indicated pressure will act only on that part of the surface which is not in 
contact with the soil. The other school contends that water will exert full indicated pressure 
on the entire area directly or through th~ soil grains as t~e case may be. The problem is 
snnilar to that of retaining walls with saturated fills and as in that case, the experimental 

I 
evidence is meagre and inconclusive. But the general indication 28 24 is in favour of the 
assumption that the full indicated pressure acts on the entire surface. 

. A safe policy appears to be to design the floor thickness for the total indicated pressure 
at the various points acting on the entire base area. This assumption appears to be the only 

1 . . 

sound one, as local settlements of the subsoil are not unlikely under certain parts of the floor 
where the enttre area will be in direct contact with the water. · 

The floor should be designed as a purely gravity section at' each point. The tension of 
the floor concrete or masonry will be an additional safeguard and afford a useful factor of 
safety which, in a well-designed sfructure, should never be needed. Cases of sudden 
application of head due to an unstable standing wave do occur but theses hould be foreseen 
and fully provided for in design. Cases are, however, on record iu which a floor has been saved 
from blowing tip or collapse due to its action as a beam. 

The floor may as well be designed as a reinforced concrete slab held down by the weight 
of piers. The surface reinforcement for temperature will also partially take the tension due 
to uplift pressures. Where these pressures are high requiring great thickness of floor and 
consequ~ntly excessive pumping and expensive ex<;avation, the reinforced concrete design 
may be actually cheaper and more convenient in construction. But unless the difference in 
cost is pronounced or constructional difficulties are great, the gravity design with temper­
ature reinforcement on the surface is much to be preferred. 

Great economies may be possible in a· reinforced concrete design by treating the floor 
a~ a "flexible "raft, so that the "ma~imum pressure intensities occur under and Joining the 
piers thus reducing, considerably, the bending moments in the middle of the slab which 
would occur if the distribution were uniform along the entire span between the piers. The 
load of the. piers has to be considend in conjunction with the uplift pressures. At· and 
downstream of the crest where the piers are made heavy to carry the load of the gates, 
superstruCture and the road bridge, the pressure intensities under the fioor slab will be 
governed more by the weight of the piers and th~ superimposed loads· than by uplift pres­
sures. But the design must take into accou:t.t both factors togetner and provide for the worst 
conditions at each section. 

·Time Lag 

. Cases have come to light where the floor thickness was much less than that required to 
withstand the uplift pressures as indicated by pressure pipes. In some cases like tne Narora 
Weir failure occurred, but in others like the Merala Weir, the floor stood. The latter can be 
due to:-

(a) The full hydrostatic pressure not acting on the entire area, but on a fraction of it. 
(b) Beam action in the floor slab in which the tension of the masonry comes into play 

and withstands the movement due to uplift in excess of that balanced by the 
gravity section. 

(c) Time lag between the application of the excesstve he a~ and its effect at the section 
of the floor U!lder consideration. 

Items (a) and (b) have been dealt with above. The beam action is a consid::rable factor 
depending on the material used and the workmanship. 

The phenomenon· of tim~ lag has already been discussed in Chapter VI. The effect of a~y 
application of head is felt throughout the structure almost instantaneously or within a ~ery 
short space of time, so that this factor is of no material assistance in saving an ptherwis~ 
weak floor. ~'o conclusive experimental data exist on this subject in relation to weirs. Son\e 
observations were made at the Panjnad Weir in 1!!32 to inv.:stigate the time lag in the 

(23) "Hydtostatlc Uplift In Pervious Soils." By H. De D. Par>ons, M. Am. Soc. C.~ .• Paper No. 1713 of 
American Soc. of Civil Engineers (1929). • · 

(24) " Slmplo Tests Determine Hydtostatlc Uplift", by Karl Terzaghl, Engineering News Record, Jun Cl 

18, ~936, pp. 872-76. F 2 F 
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response of pressure pipes to an application or withdrawal of head. The results have b~en 
plotted in Plate X·4, Figure 3. 

Exp;riments were recent)y carried out by Dr. Vaidhianathan with an apparatus shown in 
.Figure 10·20. Th~ reservoir about 2" in diam~ter was filled with sand saturated with water. 
The leak· tight conr of the reservoir was a thin brass plate which simulated the impervious 

masonry of the weir. One arm B of an optical lever rest€d on this plate and the two other 
arms on a brass strip A which was indep;ndent of the movement of B. Any microscopic dis­
placem~nt of B would obviously cause a tilt of the mirror which was capable of measure­
m~nt by a b~am of light reflected from the mirror of the optical lever. When the pressure 
head was changed the optical lever responded instantaneously whereas the manometer 
showed considerable time lag due to its comparatively large bore. This experiment showed 
that th~ response of th~ subsoil to chang<! of pre3sure was instantaneous although the pressure 
pip~s might take som~ time to reflect it. 

While evidence on the point is .inconclusive, it will b~ safe and fairly correct to ignore 
the time lag as of no consequence in influencing the stability of a weir floor under sudden 
application of excessive heads. 

F/G./0·20 

SATVFIAT£0 
SAND 

MA/'IOMETER 

-ro THE !-IVORAUL.tC 
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APPENDIX TO CHAPTER X 

An empirical Jorm1,la* Jor the pressttre percentages at the joins of a variable intermediate pile.to 
· a floor, which is also provided with equal end-P~les. · 

This formula has been evolved to supplement the correction formu.lated by Khosla for 
the mutual interference of piles in such cases flS gave . results departing· widely from h1s 

"cor~~cted" values .. It will apply' so long as the distance _between the inner pile and either 

one of the outer pil~_s is not less than one-eighth of the floor length. (See pag~ 133). 

· For end-piles each equal to ~ of the floor length, with the inner pile under the down­
'stream half of the floor, the formula giving the percentage pressures at the points E 1 and 

cl is-
. X 42D 

IPE1, Cl=50-40 ~±b (10-A. 1) 

where xis the distance.of t4e top oUhe inner pile· ;from the centre, D is the length of the 
pile and b is the floor length. 

This formula fits the expe:imenal data with a maximum difference of about 1·5 per cent. 

Below are shown some values: experimental, Khosla's, and those given by this f~rmula :-
. 

IPE1 cpcl 

xlb Dfb 
Expt . (10-A 1) Khosla Expt (10-A. I) Khosla 

1/8 IJ24 47•0 46~8 42•6 42'8 43'2 42•0 

1/8 1/12 48•8 48'5 45•0 41'1• 41•5 39·6 

1/8 1/8 50•3 . 50·2 47·1 39'5 39·8 37•7 

1/4 IJ24 42·3 41•8 34'4 -38'3 38•2 33•4 

1J4:. 1/12 43•2 43'5 37•3 36·1 36·5 31•2 

1/4 1/8 46·0 45·2 40•2 34'8 34·8 29•5 

3/8 IJ24 37·3 36·8 25·3 34·0 33·2 23·4 

3/8 lfl2 38•2 38•5 

I 
29•4 31•8 31'5 21·8 

3/8 1/8 40•0 40·2 33•0 30•2 29•8 20•4 

The basis of this fonnula is the assumption that the inner pile is a disturbing factor in 
- the distribu~ion set up by ·the equal end-piles, and that the pressure cut off by a pile is pro­

portional to its length. The distribution values with no inner pile for the case of equal 

end-piles each i of the floor length could be very nearly taken as 50-40-~ , and it only 

remained to· apply the correction for the inner pile. 

For end-piles not equal to 1- of· the floor leHgth, but not more than lth of it, the 
following modified ·formula may be found useful. 

1P:Et,C1=50-63 (1-2d/b) (x/b=FDjb) (10-A. 2) 

where d is the depth of either one of the outer piles. 

*By J. K, Malhotra, Officiating Mathematical Officer, Punjab Irrigation Research Institute, Lahore, 
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C,HAPTER XI 

Design of Weirs In relation to Surface Flow 

In Chapter X the principles governing the design of weirs ~n relation to the flow of 
water through the permeable sub-soil have been discussed. The principles governing these 
designs in relation to the flow of water over the surface, will be dealt with in this _Chapter. 

With the extensive and comprehens-ive fie:d and laboratory researche.s in the Punjab, it 

has been possible to reach a stage of finality iJJ the treatment of the subject with regard to 
sub-sudace flow for which the controlling faJtors in designs can now be determined with a 

-fair degree of accuracy, and correct designs can be worked out with the help of simple rules. 
But the subject of surface flow suff~rs from a partial lack of such r.esearch~s. The materiai 
discussed in this Chapter represents the accumulated experience in the field sltpplemented in 
certain instances by a limited amount of experimental inve.>tigation. The recommendations 

made as a result of the study of the materiai at:e tentative, but probably represent t4~.l?es~ 
practice at the p:esent time. These· recommendations will no doubt haye to be. modified 

somewhat when the subjects discussed have been more thoroughly investigated }?oth in the 
• :fl ' 

field and in the laboratory. · 

For the present it will be desirable to deal only with those aspects of the subject which 
have a direct and intimate bearing on the general problem and a discussion of which will 

lead to an elucidation of the fundamentals of design. The questions of the· selection of site,. 
flood investigation, pond level and silt exclusion though of ·vital importance 'in the loca­

tion and design of headworks, fall outside the scope of this, work which essentially deals 
with the factors governing the designs and stability of such works and the determination of• 

the safest and most econ()mical sections for them. In subsurface flow, these governing 
factors have been shown to be the exit gradients and uplift pressa.res which depend. on the 
total head and the foundation profile of the work. In surface flow ~here is the additional 
factor of the dynamic impact, and the designs in this respect will depend en (1) the affiux, 

(2) the changes in. the regime of the river caused by the construction of a weir, (3) the dis­

charge per foot run, (4) flood scour, ~nd (5) the positfon and depth of ~he trough· of the 
standing wave. 

AIIIILUX 

By affiux is meant the ri~e in maximum flood level of the river upstream of the weir as a 

result of its const1uction. As will be shown later on, this afflux thongh'confined in the 

beginning, to a short length of the river above the weir, extends gradually very far up till 

the final slope of the river upstream of the w~ir is much the same as it w.1s before the con. 

struction of the weir. In the. design of weirs founded on alluvial sands, the aftlux is 
limited to between 3 and 4 feet-more commonly, three feet. In v~ry steep reaches of the 
rivers with boulders or rock bed, the afflux may safely be considerably higher .. 

The amount of afflux will determine the top levels of guide banks ~nd their lengths, and 

the top levels and sections of a flood protection bttnds. It will govern the d}'lnamic action, 
as the greater the afflux: or fall of levels from upstr~-1111 to dow'nstream the ~renter will be 
the action. It will also control the depth and location of the st'anP.i~g 'wave;' 

By providing a high afflux, the width of weir can be narrowed but the cost.oftraiuing 
works will go up and the risk of failure by outflanking will increase, The discharge per foot 

run, the depth of scour and, therefore, the section of the loose protections upstream dhd 
downstream, as well as the depths of piles at either end will also increase. · 
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Table Xl·l 

The following table shows the afflux at the variou.s weirs in the Punjab :-= 

' 
Maximum Flood Levels. Maximum 

l ·Name of Welt. Afllux. flood 

I I. U/S. l DJS. 
Discharge, 

.. ' . . 

- . .. - . - .. . .... 
' 

ltupar 
!.;, I .. ... ' . . .. .. .877•0 872·5 4•11 315,500 

PeroEepur • ~ 
.. " ,. 651•11 648·5 3·o 450,000 .. .. .. .. .. 

Suleimankl .. .. .. .. .. 572·0 569•0 s·o 325,000 

lslam .. .. .. .. 457•0 455·0 2.0 275,000 . . .. 
Panjnad .. .. .. .. .. 341•5 338·5 3·0 700,000 . . : 
Meta Ia •• ... .. . .. .. .. 814•1 8ll·l 3·0 718,000 

Khanki .. .. .. . ' .... .. .. 738·0 735·0 3•0 750,000 

r : I '1 .. •'. 724•2 723.5 0•7 875,000 Rasul .. .. .. .. ' ... 
i~ab~ib.1 '(p'xoposedi' '. .. .. 699'0 694'0 5·0 1,200,000 .. .. 

Absolute 
maximum • 

.0 '· r.! 3·0 . 900,000 
' -•' ,. Possible 

' " ' 
. , .. ' ' 

maximum. 

., 
, - ·TH~ E~~EC't 0~ CONSTRUCTION OF W~IRS ON TH~ ROOIM~ OF A RIV~R 

· · In the initial stages: the effects of the construction of a weir and the withdrawals of water 
by the off-taking canals, are :-

.(a) The-slope r of the river upstream of the: weir flattens due to the ponding up of 
. , , supP.lies. . . · . 

' (b) An in~rease in tortuosity, as a result of ponding up, as the bulk of the silt charge 
'' ' of the river w.ater deposits in the pond, leading to the formation of irregular 

-1 •• ,: . , shoals _ _. ... 

(c) A progressive degradation or retrogression of bed levels downstream, due to the 
picking up of bed silt by the relatively silt-free water escapmg over the 
weir. 

(d) These effects continue for the first few years after which as a result of continuous 
silting up of the pond and increasing tortuosity, the bed levels upstream will 

'-' · .tend to ·rise as the,bed levels at the weir are fixed. This can be explained by 
the fact that the water will need greater head to overcome the increased dis­
htitce over'wliich it has to travel. An increase in tortuosity will necessarily 
enhance the rise of levels due to weir afflux with the result that this rise will 

• be felt higher up the river than would otherwise be the case. As a result of this 
progressive rise of bed levels, there will be a tendency on the part of the river 
to regain its original ' slope. · 

(e) .A'st-~ge will be ~eacli.ed whe'n the upstream pond will absorb no further silt bur­
den. Owing to the off-taking canals withdrawing comparatively silt-free 
water, the excess of silt will go downstream of the weir, while the amount 
of water passing over the tweh will be below the normal due to canal with­
drawals. The river below the weir will, thus, have to carry an excessive silt 
charge with a lower discharge. This will result in progressive silting up 
downstream, an increase in tortuostty and, the1efore, a recov~ry of bed levels 
downstream. ' 

.The final bed levels: downstream may actually be higher than those existing before the 
wetr was constructed. This re-adjustment may take 20 to 30 years. Below Khanki, this rise 
is of the order of 2 feet and is still continuing. 

' . ' 

In passing, it may be mentioned that the bed silt of rivers gets finer and the surface 
slope flatter as the sea is approached. This progressive reduction in the grade of silt is not 
due to the silt being worn down by attrition but due to the silt selective behaviour of flow. 
As the rivers emerge from the hills, the coarser particles are dropped and the finer alluvium 
is picked up. This process extends down the river constantly and continuously. 

The r~gime of any ?ne river of an alluvial system will alter in sympathy with any 
chang~s tn any oth~r nver of t~at ~ystem due to the withdrawal of water by canals. A 
lowertn~ of .levels t,n .any alluvtal •n":er l~ads to a retrogression of levels proceeding up. 
stream tn a nver of Btmtlar character whtch JOins it. 
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EFFtC'.l' OF RtGIMt CHANGtS ON WEIR DtSIGN 

The changes in the regim~ of a river caused by the construction ~fa weir and the ~ith­
drawals by th ~ off-taking canals, have an important· b~aring on design. ·There has been 
serious trouble in the past due to a lack of proper appreciation of these effects. 

(a) Retrogression of Levels ' 
In the first few y~ars after the construction·of a weir, the• retrogression of bed levels 

downstream is rapid and progressive. In the case of the Punjab weirs this has ranged between 
4 and. 7 feet. This lowering of the bed levels in the early stages if not duly allowed fo,r in 
design may result in a failure like th.at of the Islam Weir in 1929. This retrogression may 

. undermine the stability of a work by an increase in tb.e exit gradient beyond the safe limits. 
_It will in cr~ase the destructive action of the standing wave as with the increased fall . and 
decreased depth of downstream water due to the lowering of the water levels at that end, 
the wave will tend to travel down t~ the block and loose protection area. · 

I . . , 

As a result of the retrogression in bed levels, while the low water levels have been 
found to drop from 4 to 7 feet, the maximum flood levels have not been known to have 
dropped by more than 1 to 1·5 ft. . 

(b) Restoration of the original slope upstream of the weir 
In course of time, the weir upstream will regain its original slope which implies that the 

effect of afflux due to the construction of the weir will· not be confined in magnitude and 
length to the usually accepted distance of double the length of the pond. it will travel very 
far up and will be felt in full all that distance. In other ·words, the entire bed of the river 
will ultimately rise uniformly throughout the zone of protection and training works. As, 
however, the full effect will not be felt until after a lapse of many years, the free-boa;d 
may, in the first instance, be reckoned above the H. F. L. as determined by the ba.ck-water 
curves. 

(c) Recovery of downstream bed levels 
The process of recovery of downstream bed levels after the initial retrogression is slow 

but steady. It may take 20 to 30 years but the bed levels may rise higher than those before 
the construction of the weir. At Khanki the rise above the original bedlevel has been of 
tlie order of 2 feet. A rise in the downstream bed levels niay lead to loss of control of' the 
river in respect of silt regulation, making it necessary to raise the weir crest. Khanki and 
Merala are instances of such raising. The Khanki Weir crest was raised by two feet in 1910-
11 in Bays 4, 5 and 6 and in 1911 in the remaining bays. It was again raised by a further 2 

feet in 1920-22. Merala was raised by 2 feet in 1925-26 in order to obtain control of the river 
and to improve silt conditions in the Main Line. These facts point to the necessity of 
designing for a pond level sufficiently above the full supply level in the .canal so as to leave 
ample margin even after the rise in the downstream bed has taken place. . . 

The subJect of changes in regime of rivers has been dealt with exhaustively by Messrs. 
Nicholson and Trench in their Report on the Bhakra Dam Storage.1 

DISCHARGt PER FOOT RUN AND WA'.l'ER-WAY 

In the Punjab weirs founded on the alluvial sands, the safe rule bas bee.n to provide suffi· 
cient water-way to pass the maximum flood discharge with an afflux not exceeding 3 feet; 
In shingle beds a bigger afflux may be permissible. · 

A likely figure to adopt for width of water-way would be the mit.timum stable width for 
the maximum flood discharge given by the Lacey formula 

p, "" 2·67 Qi ' 

where Pw = minimum stable width in feet, 
and Q = maximum flood discharge in cusecs. 

But the river discharges vary through a very considerable range-from a few hundred 
cusecs in winter to a f(:w hundred thousand cusecs in the monsoon. The minimum stable 
width that will suit one set of conditions will not suit anoth~r. There are two schoois of 
tho:ught in this respect. One school advocates a width of th~ weir nearly equal to the 
minimum stable width nquired for the maximum flood discharge. The argument advimc~d in 
favour,of this is that with a restricted width of water-way the shoaling upstream can be 
mostly eliminated and a nearly straight and stable approach to the weir secured; But as has 
been explained above und(!r regime changes, there must be shoaling and an increase in 
tortuosity as a result of the ponding up. The Sutlej Valley weirs are examples of restricted 
width of water-way. The shoals pers1st at all of them and in no case a straight stable' channel 
has been secured and maintained. 

(1) Rcpor't "f the Committee of Superln tending Engineers on the probable effects of the :Phnkrn Dam o~ 
lmm<lation canal~ on the Jndns (1931}. ~rioted at the C, M, G, :rr.e~s, ~~~~~~~~· 2 Q 
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' The second school advocates, what may b.e called, a loose weir, with a relatively greater 

width and shallower depth of water over the crest. In this case, the discharge per foot run 
over the weir wili be relittively smaller and as the dynamic action of water and the depth of 
scour are governed by th~ di~charg~ per foot run, the length and thickness of the impervious 
and pe1vious flobrs can .be made smaller. With an 1ncrease in the ·discharge per foot run, 
the d~pth·overthe crest and; th~:tefore, the cost of gates will increase, so that what is saved 
on account of reduced width may ·be used up by the h~avier section of the floor and loose 
prot.ection aud·by the additional quantity of steelwork. The possibility of damage due to 

_ local concentrat10n of flow will, obviously, by greater· with a. higher discharge per foot run. 
In using the P, Q formula in connection with determiniz,g the water-way, it must be 

- remembered that this formula applies to regime channels whose bed and slope profile must 
conform to an ellipse. The construction of a weir with a level crest alters the regtme condi­
tions and the only formula th.~t can apply in this case will be_ the one based on a discharge 

' per foot run as against the total discharge. 
The necessary water-way may be provided at one level over a barrage having a uniform 

crest level or partly at a low level through the undersluices and partly at a higher level over 

the weir cre~t-. ,!n the latter case, ,the relative capacity of the undersluices and their depth 
below the weir crest will need careful consideration. 

Table XI-2 
Showing Water-way, Discharge per foot run, etc., on Various Weirs 

RIVER I 
SUTLEJ 

IJHELUM. 
·cHENAB 

Rupar F(lO~~- Sulel- Ialam Trlmmu I . Name of Weir pore · mauki Rasul Morala Khankl (Proposed) PanJnad 

--- ---
Upstream H. F. L. . 877•00 651'50 572.00 547'00 724.00 814'10 738•00 493"50 341'60 

--- ---r Weir ·• - • 866•50 633'50 660'00 441'00 711"50 802•00 727•00 477•60 325'00 

Crest Lev~ls • . i. Undersluices 
-

. 857'00 633•60 652'00 436'60 701•00 792'00 715•00 472•00 325'00 
~~ 

' 
Width between abutments (B) 2663 1956 2223 162~ 4400 H75 4414 8022 3400 

---
-· J Weir • • 2292 1200 1440 921 4000 4000 . 3000 2220 2820 

--- --
Length of clear Undersluices. 240 540 480 480 240 240 1!60 420 240 
water·way. I 

L TOJ'AL 2532 1740 1920 1401 4240 4240 3960 2640 8060 

Designed maximum flood discharge 
(Q) 

315,500 450,000 325,000 276,000 875,000 718,0JO 750,000 645,000 700,000 

. f Weir . 251,60 310,000 210,000 218,000 771,000 647,000 435,000 602,000 640,500 

I ---
Max. discharging~ Under sluices 63,900 140,000 115,000 170,000 104,000 80,000 372,000 143,000 69,600 capacity. · 1 . 

. LTOTAL • 
--- --

315,500 450,000 850,000 388,000 875,000 786,000 807,000 645,000 700,000 

·-
Mini mum stable width =Pw = 1500 1784 1520 1400 2501 2263 2312 2140 2230 

2•67yQ 

B 
Ratio Pw . 1•7 1'10 1'47. 1'1& 1"76 1•08 1'01 1'41 1'66 

-
(Weir. 110 148 146 208 193 160 145 226 248 

. r~etwe~n i -- ----
. piers. l Under- 266 260 240 342 433 857 887 340 

Dlschar· t sluices. 
248 

ge per 
root run Oub!lde r Weir , 108 133 t 126 186 165 167 142 '208 222 piers. 

~ Undorslul ·-l ces. 213 237 206 203 870 285 309 805 222 

--- -.. J Weir 20.7 84 23'6 29'6 26'8 26 24'4 31'0 32 

DPpfb of Rrour ---
bPI ow Jt. }'. ).,. l Underslulcfs 32 94 I 31•3 3U•7 40•3 38'6 
( II) fnr 'f = 1. 41'0 40'6 32 

N u ' U DERSZ. ICES 
The main functions of the undersluices are to provide and maintain a definite and deep 

approach channel to the canal head regulators and to conttol the entry of silt into the canal 
by pr'lvi<ling a deep and relatively still-water pond in front of the he<\(\ r~~-~lators. the crest 

I IN DUB 

Sukknr 
Barrage 

201'00 

177"00 

176'00 

4725 

3240 

---
720 

3060 

1,500,000 

1,230,000 

270,000 

1,500,000 

3260 

1'45 

880 

880 

840 

840 

48'6 

48•6 
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, , level of the undersluices, their sluicing capacity and their distribution along the weir will be 

governed mainly by the above two considerations. The ;Khanki Weir has three sets of under­

sluices, viz., 12 spans of 20 feet on the left adjoining the canal head regulator, 18 spans of 20 

feet in the middle of the weir (Bay 4) and 18 spans of 20 feet on the extreme right. The latter 

two-the middle and the right- were added during tht> reconstruction of 1933-35.1 The 
probable low water discharge of the river at the time of diversion over the completed weir, 
which will have to be passed through the unders!uices with as little heading up as possible 

shou'd be taken into consideration hi determining their capacity. The floor of the under­
sl uice3 should be placed as low as possible subject to the limi~ imposed by a consideration of 

the cost of foundations and floor, and the difficulties of pumping during constiuction. A 

low floo1 level in the undersluices will be of very great help and may mean a large saving in 

cost should heavy repairs become subseqnently mcessary in any pa1t of the weir, as it will 

be possible to pass winter freshets at a level seve7al feet lower than would otherwise be the 

case, thus greatly reducing the cost and risk involved in pumping. 
As stated before, the river bed upstream will rise due to the affinx during floods, the 

ponding up of supplies during the low water period and the withdrawals of comparatively 

silt-free water into the canal. The depression of the floor and the sluicing capacity of 

the undersluices will not altogether arrest this rise. 
The discharge per foot run through the undersluices will be obviously high necessitating 

a considerably thicker section of floor and heavier protections upstream and downstream. 

W~IR 

The level of the crest of the weir will be determined by the permissible afflux during 

the maximum flood, the discharge per foot run and the p<>ud level. The latter can be 
maintained by a perm·lllent masonry crest with its top at pond level as at Rasul1 or one at 

a lower level supplemented t>Y falling shutters as at Khanki and Mera'a, or counterbalanced 

gates as at Suleimanki and Islam. 
The experience at Rasul indicates that a permanently raised crest is likely to result 

in a loss of control in training the river. Unless there are strong reasons to the contrary 

in any particular case, this type would aprear to be unsuitable. The choice between a 

weir with shutters and one with counterbalanced gates is largely a matter of cost and 

convenience of working. A sliuttered weir will generally be cheaper but will lack the speed 

and effective control possible with a gated weir. With the latter type, a roadway can be 

constructed across the river at small cost. Where cost permits and means of communica­

tions across the river are desirable, a gate controlled weir will naturally suggest itself. 

Modern practice favours this course. 
BARRAG:S 

A barrage is a gate controlled weir nght across the river with the crest at one uniform 

level. Ferozepur and Panjnad Weirs are examples of this. The rise of bed levels 

upstream, the retrogression of levels downstream and subsequent recovery will take place 

irrespective of whether it is a barrage or a weir with undersluices, but the latter will afford 

better control of the approach channel to the canal regulators and' better facilities for ins­

pection and repairs of the weir flo~r, more particularly the upstream part. Where silt 

trouble is hkely to be acute a barrage will possibly be less effective in silt exclusion. 

Ferozepur and Panjnad Weirs are of the b:trrage type. The so-called unders!uices are 

just a part of the barrage sep.:uated from the rest by a divide wall to form a pocket in front 
of the ugulators. 

Islam weir was originally constructed as a barrage but a set of depressed undersluices 
were added during reconstruction after the 1929 failure. . 

Depth of Scour a1td Section of AProns 

The method of determining flood scour and the various classes of scour have been 
dealt with in Chapter X. The depth of scour is given by 

R= 0·9 (q2ff)k 
where R= depth of scour, 

(Eqn. 10·6) 

q =discharge per foot run, at ends of impervious floor (outside the piers), 
and/ =Lacey's silt factor. 

(l) "Recomtructlon of the ~han~! Weir" by R,lj,j\.N K4osltl PntJer No 106 »nul•1b Euglneerfug 
Congress, lU36, · · 1 

• ' " • ' ' " 1 ' ·. ~ G ~ 
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'!'he Lacey formula has been accepted in preference to that of Kennedy as the former is 

hydrodynamically more rational and takes n~te of different grades of bed material. 

The values of R for the different values of q and/ can be obtained from the Plates 

X.2 and X. 3. The values off can be obtained from Lacey's formula cannecting Q, slope and 
f. )'he total discharge and slope at that discharge for any site can be observed and there. 

fore f can be determined. 

The relationship is given by 
1 p 

S= 1788 xQ; 
where S= slope, 

f = silt factor, 
and .Q= total di~charge. 

This formula can be re-written in te.··ms of q the discharge per foot run. for 

Pw=~if([ 

Q =Pwxq' ~yQXq. (This applies where width is large compared to-depth). 

Or y'Q=~q. so that 

1 . 1 f5 )' . 1 ( f5 ) 1 

S= 178S X (~)t. ( q lr= 2480 7 q 1r 

The relation of the depth of flood scour and the depths of sheet piling at the upstream 

and downstream ends of the pacca: floor, has been di~cussed in the last chapter. The lengths 

and depths of pervious protections to the pacca floor will now be considered in relation to 

flood scour. 

According to Spring1 the qu:~ntity of. stone in the aprons shou!d be sufficient to afford 
approximately 3 feet cover over a slope of 2 : 1 below the level at which the apron is o;igin . 

. ally laid to the bottom of the deepest scour that is likely to occur at the particular locality. 

WEIR ANu GUfO£ BANK APRONS 

~- ------

. .t---~~~----:::-:-::~==~~---._l:.'J:.J:...---
0 <~'<0 ~UBIC CI'NTt.Nn'.,PF } · "? IIPRON PER FOOT f<'UN = 70 ·rJ 

""·.s-· - ·- ----1·5 0 -- .. --+1 0 ,J -... · ~~»~-z---1---, ---------· 
...... , ......... ""'o ; I : I 

..... ..... ..... •1-,.....>: \ .... , ............ o. \ t£\ . ' ...... ~<1-·,o,... 1 ;x R:D+'J 
ll= o-9(.-::l ........ (EaN::o-c) ... -::·:-..>~~"' \ 0 I . J./ ' ...... ,<r- \ . ..... ~-/- ..... '<"·"' ' I . 

', 'v)'! ' ....... .... .... o ...... ' . 

............ :: ... ~~! j" . 
~£§:?,[~~!!~1_4~~~~<;_m!i ::-:.~.£.'_ ... ____ -·~ 

•· _ . Figure 11.0 
If T. bethe thickness of stone on th~ slope (see Figure ll·O), the depth of covering over 

. the slope made by the falling apron due to scour should, accotding to Springl, be 1·24 T.. 

In the Punjab weirs, T. is generally 2·5' so that 1·24 T.=3·1'. 

·The following-Table2_ gives the thickness of. stone pitching necessary to protect sand 
surfaces for various grades of sands and slopes of rivers. 

Fall pet mile in inches 
Sand Classification. 

Very Coarse 

Coarse 

Medium 

Fine 
Very fine 

.. •. '•. 

3 9 12 18 

Thickness of Stone Pitching in inches. 
16 19 22 25 28 

22 25 28 31 34 

28 . 31 34 37 40 

34 37 40 43 46 

40 43 46 49 62 

(1) Technical Paper No. 11i3. Government of India (1903). "River 'l"rainbtg and Control o~ tqe 
Guide Bank System", Ly F. ) . 1;. Sprinf:, C1 I, E, (Plate ?CX), 

~) Page ~1 of a]Jove, 
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"B the hand packing and careful gradation of the stone, that is by keeping the smaller 
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y · k· t th s nd nd the large 80 to 160 lb3. stone stuff such as quarry refuse are even bnc :s nex e a a 
' f 1 d b 6" t 9'' all round " for the outside these thicknesse3 may perhap~ b~ sa ely rer uce Y 0 

• 

According to S~ringi the design of apron should ue based on the unreduced thickness of the 
slope stone and that ~ny reduction d\1~ to graded packi~g should b~ co~fi~Ied to the slope 
stone only. The gradation of stone will be as de3irable In the aprons as It IS on the slop.es, 
as by this means, the suction of sand from between the interstices of stone, by the high 

velocity jets, will be reduced to a minimum. . . . d h 
Now, if D be the depth of scour below the level at wh1ch the apron stone lS lal • t. e 

. 

length of sand face to be covered on a slope of 2 : l.will be "if5 D=2·23 D. 
The necessary quantity of stone per foot run Wlll be 

(ll·O). 
3·1 x2·236 D=6·93 D, say 7 D · • 

1 
f 

Before attempting to d€termine values D, it will be desirable. to deci~e the c ass 0 

scour that is likely to be met with at different places along the we1r and gUide ~~nks. The 
following values are offered as a provisional guide which may have to be modified subse­

quently as a result of more exact knowledge. 
DePth of scour for Design of AProns 

·---· Range Mean Locality 

1. Upstream of Pacca floor . . 1·25Rto1·75R 1'5 R .. .. .. 

2. Downstream of Pacca floor 1·75 R to 2'25 R 2·0 R .. .. .. .. 

3. Noses of Guide Banks •• .. .. .. .. 2'00 R to 2·5 R 2·25 R 

4. Transition from Nose to straight .. 1·25 R to 1•75 R 1•5 R: .. .. 
. 

5. Straight reaches of Gnide Banks .. .. .. 1·0Rtol·5R I 1·25R 

The value of R is calculated on th-! norm1l discharge per foot run at the section con­
cern~d, without allowing for any concentration of flow. If the usual 20% is allowed for 
concP.ntration th~ ~bove coefficients \vill need to be reduced correspondingly. 

The values of D can now be determined from . 

D=.xR-(High flood level-floor level)=.xR-Y 
where xis the multiplier in the.above table,and R is given by equation {10·6). 

At the upstream end a further protection of blo'cks over loose stone should be given so 
as to protect the soil adjoining the upstream end of the pacca floor. The length of this 
protection should be nearly equal to D and the thickness the same as that of the stone apron 

-at thi~ end. It is generally 4 feet in the major Punjab weirs and consists of 2 feet deep 
concrete blocks over 2 feet of graded stone. 

At. the downstream end, there should be an area of inve,ted filter of length equal to 
1·5D to 2D and depth equal to that of the downstream stone apron. This should be made 
up of deep blocks {3 to 4 feet over 2 feet of graded filter bed made up of fine bajri laid over 
the sand of the bed. Wide shallow block;; are apt to be carried away by the current of 
water. Deep blocks get wedged in and resist dislocation. This has been discussed in the 
Islam Enquiry Commitee Report2 and in a paper on the reconstruction of the Khanki Weir.s 
The interstices between the blocks are filled up with bajri. 

The total quantity of material per foot run in the pervious protections up,tream and 
downstream, comprising the loose stone, blocks, and inve. ted filter sections, may suitably be 
equal to lOD as against 7D for 'the loo£e stone protection only, . 

The upstream block protection and the downstream filter area are meant. to be immov­
ab!e. They are flexible and are supposed to adj~1st themselves to slight subsidence but they 
are not intended to fall in the same way as the loose ap:-ons. Whenever the~e protections 
are damaged they should be maae good at once. Their existence, intact, will be a definite 
safeguar .1 against any damage to pace a floor. 

The fpllowing Tab!e give3 the discharges pe: foot run over the various weirs and the pro­
tection~_:s provided and as calculated by the above method. 

(1) Techuical Paper No. 153. Government of Illdia (1903). "River Training and Control on the Guide 
Bank SJit<·m'' by F. J. E. Spring, C. I. E. (Plate XX). Page 49. 

(2) Report of the Islam Enquiry Committee Into the Falluxe of Islam Weir In s~ptember 1029. 
(3) "Reconstruction of the Kb,anki Welt," by R. B. A. N. Khosla, Paper No. 105 of Punjab Engineering 

Congrcss(l936). Page 9. 
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Table Xli3 

Analysing stone in aprons in relation to discharge per foot run 

RIVER SUTLEJ JHELUM CHKNAB INDUS 

Name of weir Rupar Feroze· 8ulel· Islam Rasul :Me raJa Kbankl Trlmmu 
Panjnad 8ukkur pore mankl (Proposed) Barrage 

---. 

( U/S 877"00 651·50 572"00 457"00 724•20 814•10 738•00 403•50 341•50 201•00 

H.F.L. .. . - .. -< -
L D/8 872•50 648•50 569"00 456•00 723•50 810•00 735"00 490•50 338•50 198•00 

-J Weir 
20•7 34•0 23•6 29"5 26•8 26•0 24"4 81•0 32•0 43•6 

Deptb of scour (R) below - --- -
H. F. for/=1- l U d 38•6 

I 
n er· 32"0 34•0 31"3 39•7 46•3 41•0 40"5 32·0 43•6 

sluices. 

( U/8 857•00 630•50 552·0~ 438•00 702•00 792•10 722·0~ I 470•00 320•00 171·00 

I -- - ~ 

I y 20•0 21•0 20•0 19•0 22•2 22"0 16 23•5 21•5 30 

Weir floor level •• .. -< -- - ---
703•83 

I D/8 857•0,0 626•50 540·0o 434"00 701"21) 789·83· 715"00 470"00 316•00 171•00 

I ---- ---16•17 

L y 15"5 22•0 20"0 21•0 22·3 20·17- 20•05 20"5 222·5 27 

f.-( U/8 857•00 630"50 552"00 438•00 701•00 792•10 710•00 
468•00 320•00 

I -
I y 20"1 21•0 20•0 10"0 23•2 22•0 28·0 25"5 21•5 0 

Underslalce floor level •• -{ --
I D/S 857•00 626•50 549"00 4U·OO 701•00 792•10 710•00 464•00 315·00 175•05 

l-y 
---

15"5 22•0 20"0 21"0 22•5 17•9 25"5 26"5 23•5 22•95 

---
{_:"_ 120 92 45 72 120" 160 120 200 154 380 r Weir 

D/S .. 192 120 93•6 150 200 300 300 192 I 670 
Quantity of 
atone per foot i ·---run in ap· 
rons=7 D. f lJ/S 620 92 Paved 72 '120 760 136 250 154 -. 

LUnder· --
sluices. l 620 192 200 117 140 215 480 36u 425 D/S 950 

-
-

{~ 
17•1 13·1 6•4 10-3 17"1 23•0 17•1 28•6 22•0 64•3 r Weir 

---
Deptb of sco- D/:3 .. 27•4 17•1 13•4 21"4 28•6 42•9 43•0 27·4 96·0 
nr (D) wbleh 
these quanti- i 
ties of stoue 
will effec· 88•6 13•1 .. 10•3 17•1 108·6 19•4 36•0 22·0 

"~'' ro•"• { UI• 
. . 

LUnder- --'-- --- ---
sluices. 

ss·6 28•6 20•0 30•7 os·6 51•4 60·7 D/8 27•4 16•7 135•7 

--- --- ---
( U/8 1•79 1·0 1"12 0:99 1"47 1•73 1"36 1•68 1•36 1•93 

(Weir i_:; ---
0"74 1"45 ]•57 1•17 1"62 

1·70 2•60 2•05 1•56 2·82 
X=D+y I i.-;ss· 

.. i {"" 
--- -B. 

3"40 1·oo 0"64 0•74 o·e7 3·39 1•15 1•52 1•36 O·tl 

Under- -- ---
l!dutcea 3·.24 1"45 ]•55 o·o6 o·92 1•26 2•28 1•90 2·63 a·u D/S 

- ---

{~ 
120 178 45 140 120 280 324 200 242 380 

( Weir --- --
D/8 .. 

I 
469 260 368 280 320 ,74 •o5 453 1182 

Block• and i --- ---

-:;-' 
-1tone protec· 

460 U2 
<ooo ~'""· { U/0 

620 178 .. 140 120 823 .. 
~Under· -

sluices. 620 469 "' 391 400 615 720 I 7SO 693 U06 D/8 
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Tteble XlJJ-contd. ..,.,. 

Analysing stone in aprons in relation to discharge per·foot run-coned. 

RIVER . 

Name of weir 

---
t U/8 

, (. Weir i_-
•r:th ofoeoor · 

D)»>~ t D/0 

D 

th 
t 
B 
ef 
eo 

ese quanti• 
lea of block• 
nd otone will J U /B fectively · 
ve1. 

Under- -
slulcea, l 

D/8' 

{"" r Weir --' 

I D/8 

BUTLBJ 

Rupar Foro••·/ Bulel· 
pur. manki 

--- ---
12 17'8 4•6' 

-
' .. 46'9 26 

62 17.8 .. 
-·I 

62 46.9 44'4 

--. 
1'55 1'i4 1•04 

0'75 2·03 '1'99 

IJ'HELUH CHENHB 

-·--
I Jam Rasul rala Khankl Trlmmu 

IPropoaed) 

--
14'9 12 28 82'4.' 20 . 

----
' 

86'8 28 32 47'4 40•5 

u 12 82'8 88•6 46 

I 
89'1 40 51'5 72'0 78 

i 

1'15 1'27 ' 1'92 2'0 1'4 

i-96 
1'86 

1'70 2"o7· 2•77 1'94 

' 

Paojnad 

24'2 

---
45•3 

24•2 

59'8 

1'43 

---
2•12 

X =D+y 

~ { UJO 
R 2'68 1'14 0'64 0•82 0•76 2'7 i·& 1'76 1'43 l Un!ler· --

I 
---

Jllllces. . 
D/8 2'40 z·o8 2'06 1•52 1'35 1'80 2'36 2'58 2•59' 

Downstream of the _invertedfilter area, the Islam Enquiry Committeei recommended a line 
of wells 20 feet deep. This recommendation was given effect to in the design of.the Panjnad 
Weir Annexe and deserves consideration in designing any new maJor weir·. The recommen· 
dation _(g) of the Committee reads as follows :- · . 

"A line of piles or wells should always be provided at the end of .the. permeable floor. 
This is the mJst vulnerable point iri the work and failure to hold it places the 
whole weir in danger." 

177 

INDUS 

-
lukkur '· 

Barrage 

B8·0 

-
118•2 

.. 

15G·& 

1•58 

3•28 

0'6 

4'11 

In considering the discharge per foot run and the relative dep;;h of scour, it must be • 
remembered· that what may be suitable for a bridge on deep well foundations will, in gen~ral, 
not be suitable for a weir with comparatively shallow foundations. A heavy concentration 
of flow may pass harmlessly by the· deep wells of the bridge but it may work havoc on a· 
weir. In a bridge, the narrowing' can be done to very nearly the minimum stable width, 
but such narrowing in the case of a weir will expose it to serious dsks. 

Length, Shape and Free-board of Guide BR.nks · .. 
A detailed-discussion of these will be outside the scope of this work but the following. 

quotatiol'.ls fr,Qm Spring2 and the Islam Enquiry Committee Report• are given for ready. re" 
ference as they seem to embody modern practice. 

According to SpringD-

"{i) The choice between parallelism, convergence and divergence must be dictated 
by the condition of the bed of the river, for construction purposes, during the 
working season. For it is better, if possible, not to be obliged to lay the apron 
in deep water. · · 

{ii) But, if practicable, it is better that the guide banks should approach each other · 
near their upper ends, before their upper curves begin •. The· amount of· con~ 
traction may be, say, anything up to double the combined thicknesses of the 
bridge piers below low water." 

.''' I 

NO'J:B.- ·The guide banks at the Suleimanki Weir are curved inwards, as they run upstream, to form 
"' bottleneck, the width between the noses being 1,600 feet compared with 2,223 feet on the weir. The 
object was tu Induce ce~tral flow and prevent the formation of Shoals within the guide banks an object 
which has n•)t been attaiJied.• · · 

(1) Page 8 of the Islam Enquiry Committee Report. 

(2) Chu.ptcr VIII, para. 12, p. 41. 

(3) Re•:ommendatlon (b), p. 9. 

(4) ColnplctloA Report of Sutlej Valley l'roject : 10311. page •2. 
,,. .... 

'' 
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"(iii) The length of the upstream part . of the guide banks may be made equal to, or 
say up to a tenth longer than the bridge. . But due attention should be paid to 
the possibility of the river bending round above one guide bank into the still­
water area at the back of it, .and ·eroding the main approach bank. In specially 
wide Khadirs this may involve the use of very long guide banks. 

(iv) The iength pf the ·downstream part of the gui4e bank may be a tenth to a fifth of 
the length <;1f the bridge, according to the judgment that may be formed as to the 
activity of the swirl or disturbance likely to be caused by the splaying out of the 
water on leaving the bddge. For the swlrl-if there is one-must be kept far 
enough away not to endanger the approach banks. . 

(v) The radius of the curve of the downstream ~nd of the guide bank may be such as 

the main line. trains can run on, say 300 to 600 feet because it i!j,convenient to 
take the stone service line by this route. 

· (vt) The radius of the upstream curved part of the guide bank may be anything from 
· 500 to 1,000 feet according to the estimate that may be formed of the probable 

velocity of the current past it. The curve should· be carried well round to the 
back;, fully 120° to 140°." , '-.. . 

On account of the afflufC caused by the' constr:tction of a wier, the length of guide banks 
will have t~ be somewpat greater than that recommended under (iii). _ 

Recommendation (b) of the Islam Committee1 runs as f~llows :- . 

- "We consider that curved guide banks, as adopted In the Panjnad design,· are, pro-_ 
videdthat a sufficient length of straight stem is given, for preferable to the 

. straight banks constructed at Ferozepur, Stileimanki and Islam. When the river. 
avproaches the work at an angle, as it almost invariably does, a strajght guide 
bank on the side fro~ which the river comes acts as a· spur, and, besides induc­
ing. heavy action round its own nose, forces the current across to the ,opposite 
bank ; and not only is the guide bank on that side attacked, but a large shoal 
is fo~med 'on the near side·, which extends d~wn~tteam almost to the weir, cont-

. racting the channel, which .thus scours excessively .. Curved banks not only guide 
the· water more smoothly to the weir, but are Jikely to prove far less expensive 
inmaintenance than the siraight type.," · · · 

-1h~ following. Table· gives the lengths of guide b1nks, the distance between them and 
qu;tntity of stone,, .etc., at the various Pu~jab weirs, and at the Lloyed Barrage (Sukkur); 

Table Xl/4 . . ' ' 

I Ia lam Solei· Feroze· Merala Nam~ of Headworks Panjnad mankl wre 
.. ' 

Bokknr 

. 
I u is H; :F i. 1 · 34.1'50 ·457'00. 572'00 651'50 814'1 .. .. .. .. .. .. . 

443'00 558'00. 633•75 I 8os·oo I R. L. or apo1n (at noae and at shank) · .. .. 892'5 .. . 
201 

186 

'Left. I Right;' 

( 
. 3000 3600 8500 2700 8500 

Normai dlatance of noae from Upstream:_ --·-·1--:::::--l----::-:-:::-·l--:::::-+"""'"-:-::~l------:---::-:: 
C; L; _o! weir · .. .. .. Downatream 600 830 1125 600 1575 

13850 I • 59so----
1625 1625 

__ 8_7_00--·l--3~6~0~0~r~S~675o~·---::2~80-0·-I---::S7~0~0-.-I-~~-I---= 
Length along guide b•nkll from [-U~ps_tr_ea_m_. __ • -'------l---:::::-;:--ll-=:~- :--:-cc--1---::=-1·---,:--·1--::: c. L. or weir.. .. .; -:: •- 88~ 112• 651) 1575 

. Downstream 650 u 

, ,. ,. ". •• 
1
, .. _.-••.. ~606·6_1 1717 I 1600 -~~ 2200 II 

--
14850 . 6050 ---1800 1800 

U75 50ol0 Width betweon guide banks • • _ 

"'' D:-e-i""ig-Ded-,-,in,..a-:-i<-. """n,..oo_d_d_ls-cba--rg-e""'·<-::Q:-) --- 'l'oo,ooo. 275,000 826,0001_ 450,000 --::7:-:18=-,o~o~o-1-----:::...:::7::-:;:: 
,-,..=:-1----~~ 

(approx.) 

1,500,0~0 

Dlacbarge per root rnn (q} .. ... .. .. 194 160 203 I 205 I 160 
Dn:. e::p~th:-o:if:-:aco:::::n:-r.~be:'rto::w:-.H~. F~.";"L-. "<R~):-:~;:oor:-;-Cd-:-:-1-• ......;.·1-_:3.0::_:':_5_ 26"-:6-l--3~1.-::0-~ 31'0 .26' 5 

( 1/) •• .. \ .. 
Quanl!ty of stone per foot run=.7D[ A~!~·­
. At shank• 

14 ru.75 o·l 
24o 1 400 . 455 

75 1 oo 275 

12 . . 14 I ----1 
800 240 

-iiS" ---go-1 

800 

40'8 
I 15 - 225 

225 
---u- 84•8 I 34"8 I 57•1 • 65 

.. .. ·:[-.At ~~~ ~=1 ~3-.l~o·7 '--~-s---:---::-39:-.:-8-•,.-----:-:::-::­
·At ahant 

--x-=""";D~+_::v;-"-.. --.................. -•. ·-=f:..;.::;:Ai-t::::n:.:o::se:.... 1·8 t·82 _I t·66 . 2·u 1·8 

R At shank• o·e2 1'02 1 o·oo 0'99 1'81 

--~~~~~~~~~~--~---- -------------

82"1 

82'1 

1'16 

1.16 

(D) 

The quantlhes of stone at the nose of most quide banks have been subsequently found 
inadequate. More or less serious damage occurred at these and much larger quantities 
had to be' added. The value of X at the nose should not be less than 2·0 and at shanks 

-

not less than 1·25. · · · 

(lJ Recommendation (b), p, 9 of the Repo_rt of the lslam Enquiry Committe~ jpto failure of Islam ' 
Weir.' . 
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·A free-board of six feet is allowed at the guide banks and the portio,ns of the marginal 
bunds in the neighbourhood of the weir. Beyond that a free-b:>ard of'3 feet is considered 
sufficient. As explained earlier, this free-board will ultimately' have to be 9:bove the high· 
est flood levels at each site raised by the amount of afflux over the. weir. 

THE STANDING WAVE 

As stated before, and as will be explained later, the thickness and length of the down­
' stream floor depend also on the position ·and height of the standing wave. The latter, in 

turn, depends on the discharge per foot ·run, the afflux, the shape of the glacis and the level 

of the downstream floor. 
A detailed discussion of the standing wave or hydraulic jump is contained in the Central 

Board of Inigation Publication No. 71 and relevant extracts are reproduced below. This 
brief exposition will.help tn visualising the exa~t significance of this phenomenon in weir 

design. 
"When a shallow stream moving with a high velocity, strikes water of sufficient depth 

there is commonly produced a striking phenomenon which has been appropriately called the 
Hydraulic Jump (or the ''5tanding wave). It consists of an abrupt rise in the surface in the 
region of impact betwe~n the rapidly moving stream and the more slowly moving wall of 
water, accompanied by a great tumbling of the commingling water, and the production of a 
white foamy condition throughout the moving mass. Under suitable conditions this stand­
ing wave remains steadily in one ,position. The surface at tlie beginning of ihe abrupt rise 
is constantly falling against the on-coming stream moving at high velocity, and farther 
along in the jump, masses of water are continually boilillg to the surface from greater depths. 
So much foam is produced that some time must elapse before it can all rise to the surface 
and the water again become .cteac. This phenomenon is constantly illustrated ip the surf 
of the sea-shore. 

The Mamentttm Formula 

.The theory of the standtng-wave may be concisely stated as ,follows :-

-
o,v,~ 

BED 

Figure 11·1 

Let Rbfe (Figure 11·1) rc:present a mass of water moving through a standing wave. In a 
short intervpl of time it is supposed to move to the po~ition cdhg. The standing wave has 
the following characteristics :- · 

(a) The water entering at ab ha-s a nearly uniform steady high velocity and is trans­
parent. 

(b) The water leaving. at gh has a fairly uniform but relativeiy low velocity and is 
transparent. · · 

(c) Between 1 and e the surface rises rapidly and is much disturbed by spraying and 
spattering. Much of the surface water appears to be moving down the slope 
The whole mass is so milky as to suggest the presence of uitich internlll impact. 

, The milky condition of the water reduces its specific gravity and . accordingly 
the surface at the top of the rise is above the · nori:nal level, but ~s soon as 
all the air bubbles reach the surface, so that the water is again transparent, the 
surface becomes smooth and fevel .. 

The moving mass of water loses much momentum in passing from the position (lbfe to 
the position cdhg. AccorCling to Newton's Second Law of Motion, the rate of!03S of momen­
tum must be equal to the unbalanced force acti'ng on the moving mass to retard its motion. 

~gainst the face ab is the static pressure of the water acting towards the right. Opposed 
to th1s force are the static pre3sure acting against the fd.ce ef and the surface friction along 
the bottom bf. The latter is 'mall and may be neglected. ' · · ' · 

· I 11) "The Standing Wave or H~draullc Jump." C. B. I, Publication N:o. 1 ""A.M.a. Montagu, I: 6. J:C,' 
M, . C. B., etc. l · . • o~. .• . . 
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Other assumptions made in the following analysis are as follows :­

(a) _the "jump'' is assumed to take place instantaneously • 

. (b) stream line flow immediately before and after the wave, 

(c) friction is neglected, 

(d) parallel side constraints, 

(e) horizontal bed. 

In Figure 11·2 I,et q bethe discharge in cusecs 'Jier unit width of the st"ream, 
D

1 
be the depth of stream entering the standing-wave, 

. ' . 

v~ be the velocity of the same stream, 

P1 be the total pressure over the vertical section of unit width, 
' . I . . 

D2 be the depth of stream leaving the standing-wave, 

V 2 . be the velocity of the same stream, 

• P2 ··be the total pressure over the-vertical section of unit width. 
' I ., ,.f 

v,o,: 

Then q=V1 • D1=V2• D1 

w 
· Mass per second=:--q . . g . 

I 
I 

.J Va o,. 
I 
l .. 
I 
I 

Figure 11·2 

.BE.D 

. w 
and change of momentum per second=g:-q (V1 - V1) 

change of pressuni=!W (D: -D~) 

r•, D•-D•=..!q (V -V) 
. • o ~ 1 g l I 

··This is the fundamental momentum equation for the standing-wave. 

Substituting qfD for V 

·JJii .... 2 .( f'JJ . JD) ... ·-f-J .. gq q 1-:""q ~ . . . ·. 

.. .. .. .. 

.. (11•1) 

.. (11-2) 

By substituting the product V D for q, the equation (2) can be thrown. into other useful 
forms, thus :....... . · · 

. . .. ' 2 . . 
· Dl.D2(Dl+Da)=-.v~.D! ' ' g 

' ' '2 
.. _D:-:tDI.D2 . g' ·V~.Dl 

~·~ v':+Dl.DaHD~=f.v~.D1+!D~ 

·. ..Da+!D1= ±~L!.n.D1+!D~ 
I I • J g 

• 
. . ,~2~~--

~· ,' D1= -!D~ ±,iY;. y·V~,D~ +tD: .... •• (11·3) 

. or, by eliminating vl r .. 

-=-J.D1±~: ·t: +iD: -· - (11·3·A) 
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Alternatively 

D1.D~(D• +D2)= _!_, V~.D~ 
\ . g 
'whence 

· D1=-lDz±·r/ ~.v:.Dz+!D1 (11·4) 

.. 
. I 2 q2 

=-!D2±\1g· -v-;+iD; 
(11·4-A) 

Equations (11·3-'\.) and (H·4.A) can of course also b ~ obtained direct from Equation 

11·2. 

Clearly, only the plus value of the ex pre ;sion below the root sign can be used, as D1 

and D8 must always be positive. 

The applications of the above equations to•a standing-wave on a sloping glacis, involves 
not only the assumptions (a) to (d) on page 180 but also neglect of , the component of 

gravity parallel to the bed (Figure 11·3) 
I 

P,va , ,. • I 

e .... .. _______ --

Figure 11·3 StaiJding wave on Incli1Jed Glacis 

In this connection, Bakhmeteff1 (pp. 233} remarks :-
"The advantage of considering the jump in a c~nal with a horizontal bottom, lies 

specifically in the fact that the effect of gravity·is eliminated. .In case the bottom were riot 
honzontal, as in Figure 11•3, one would have to ad'd to the forces contributing to the .change 
of the momentum, the gravity component w sin 8 where w is the weight of the.liquid body . 
abed. That would require knowing the length and the form of the jump, unless, as do he by 
many authors in the past, the effect of the weight component is simply·. neglected. Such 
an lipproximation, however, is scarcely permis:"ible and, as observations have shown, leads 
to serious incongruencies". . . ' 

For a full treatment of the. standing-wave in all its aspects, the advanced student 
is referred to this Author,l Nevertheless, p.:ovided that the slqpe of the glacis is nqt too 
pronounced, neglect of the gravity component is· justified on the grounds th.at the erro~ so 
introduced is practically cancelled by the error involved in the other assumptions. Model 
tests made adhoc, show that the simplified treatment rendered possible by the neglect of 
the gravity compone11t on a sloping glacis, produces results which are well within the limits 
of accuracy required by the practical engineer. 

For purposes of this note, therefore, this approximation is accepted and the simple 
equations derived for the case of a standing· wave on horizontal bed are applied to the case 
of the gently sloping glacis. · 

(1) "Hydraulics of Open Channels" by Boris A, Bakhmeteff, M. Am. Soc, C, ~. (1982). 
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The loss of energy in the standing-wave can be computed thus :-. 

T. E .l-in#, hyper- critica.£ --~--- ~---~,------1-
. I - H 

I . 1.. . . 
I _[T.£. iine, sub-c,.iti.ca/, · fj, ~ ------,----

--'It 

'I v, D, 
• t 

Figure 11·4 

Let Hr. be the loss of energy, 
En be the energy Of flow above the wav_e, 
Er2 be the energy of flow below the wave. 

.. .. 

I 
r 
I V~D I ~ 2 

I 
I 
I 
~ 

1 
I 
I 

£ 
I :II! 
I 
I 
I 
I 
,~tED 

•· (11·5) 

This is the. fundamental equation for loss of energy in the standing-wave. 

Eith~r D1 or D 2. can be eliminated by the substitution of the val'-'es given by Eq:uations 
11·4-A), or (11·3-A) •. 

Rewriting equation (11·5) 

Ht,=D1+-~i 'D~ -Dz- ;; ·i: 
> 

Sub3titute the values given in_ Equation (il·2) for the quantity qsf2g, 
.then 

Hr.=D
1
-D

2
+D1.Da4D(Dl+D1) _Dt.D1 (Dt+D2) 

· · • 4D• 
. 1 ' ' il 

which, upon reduction, simplifies to :-

(Dz:_DJ)3 
= 4D1 • D~ .. • -(11·6) 

It is now necessary to examine the relationship of ~ and D
2 

to De the critical depth 
for the discharge q. · 

· By definiti~n,_wa:ter is flowing at critical d~pth and veloc;:lty when the energy of flow is 
a minimum. · · · 

From any text.book on Hydro-dynamics, 

q=Vc. Da 
VI • 

and--~ = 1 D 2g l! a 

••• Vc=V g. D. 
and q=\lg•D03 

or D0=3y qKjg_ 
From equattion (11•2). 

D1·Da (D1 +Da)=.!qt 
. g 

' -2D,• 
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Divide through by D.a and the above equation can be written 

, D1 D9 (Pt + Da ).:....2• 
~De' De De De 

Then xy(x+y)=2 • • · • 

which is a dimensionless equation. 

Let x=D1iDo 

andy=D2/Dc 

... 

The relationship of Hr., to De is found as follows :-

Put z=HL/Dc. ... 
and divide equation (6) through by D •• then·:,....;. 

(y-x)S, . 
z= • 

' 4xy 

183 

(11•7) 

(11-8) 

This particular analysis is due to E. S. Crump who utilised it to determine the position 

of the standing-wave, when Hr., ~nd q are known." 

STANDING-WAY~ AND D~srGN oF DowNS'tR~AM Fr,ooR 

In connection with the standing-wave the following facts which have an intimate bearing 
on designs, should be carefully noted and· remembered. These are :- . 

(a) On a level floor with low friction, the position of the standing-wave is unstable. 
For a slight change in the depth or velocity, the posttion of the standing-wave 
will vary through a wide range. . The position of the jump on a horizontal and 
smooth floor cannot, therefore, be closely predicted. 

(b) On a ·sloping glacis, the positipn of the standing-wave is definite and can be closely . 
predicted. 

(c) 'the length of thl;! jump is approximately five times the height. While the beginning 
of the jump is fairly definite, its lower end is indefinite. In estimating the length, 
the lower end is taken as the place where the water surface becomes and 
remains. sensiply level, The position , of this is variable and difficult to locate. 

The exact significance of the above three characteristics of the standtng-wave wlU b~ 
best explained by a: reference to Plate XI.3, I<igures 1 and 2. ' 

Figure 2 (Plate XI. 3) shows the water profiles over the weir with varying discharges. 
Profile 1 represents conditions with the max- flood discharge and the original downstream' 
bed levels, Curve 2 represents the profile of the wa~er surface for the niaxtmum flood dis­
charge with a foot or so lowering of downstream flood level due to retrogression of river bed. 
Curves 3 arid 4 show the water profiles with smailer dis

1

charges per foot run. In the case of 
Curve 4, the standing-wave forms nearly at the toe of the glacis. 

Curve 5 shows a hypothetical case where owing to heavy retrogression of bed levels, the 
standing-wave forms on the permeable flo·or. 

. The dotted Curves 1, 2, 3 and 4represent the pres$~re gradient lines under the condi-
tions of flow of the full cur~es 1, 2, 3 and 4 respectively. 

The dotted Curve 6 is the pressure gradient line for the maximum head when there is no 
flow downstream and the pond is fully up. 

The uplift pressures, at any point of the weir, due to sub-surface flow are given by -the 
vertical intercepts between the pressure gradient lines and the respective downstream wate1 
levels or

1 
the weir floor level where the latter is higher than the downstream water level. 

The maximum uplifts due to this cause will occur when the pond is fully up and there is no 
water on the downstream floor. ' 

But the standing-wave superimpo~es a new set of conditions. For instance, during the 
maxilpum flood when the total head over the weir ib no more than 3 feet, the uplift pressures 
at any point of the weir due to sub-surface flow cannot exceed 3 feet. But the standing" 
waves have troughs of 9.4' and 11•2' which represent the unbalanced heads or uplift pressures 
at these troughs. The floor thickness will have to be designed to withstand these pressures 
of 9"4 to 11·2 ft. Again, the standmg-wave is not stationary. It moves downstrenlll with 
the retrogression 9£ levels and reduction of discharge per foot run, The depths of trough in 
all cases are about 10 ft. so that in the region of the standing-wave the floor will have to be: 

to withstand these uplifts, with d\1e ~J.I!owan~e 'Qr spread, 
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Thus, the filial thickness of the section at each point will ha~e to be designed fot the 
uplift due to sub-surface flow or the standing-wave, whichever is higher. '!he th1'ckness of 
the sloping floor could be very small if only the seepage flow were . considered. But due to 
the standing-wave it has to be as big as, if not at plac~s bigger than, that of the horizontal 

floor. 
Next consider the case of Curve 5, the standing-wave forming on the permeable apron. 

tt.'he unbalanced head in this case may be about 6 feet. This head will suck out Si!.rtd !rom 
beneath the loose stone and, to a smallet extent, from below the filter bed and will soon lead 
to undermining of the floor with consequent risk to the structure. It has been stated above 
that the position of the standing-wave forming on a sm:>oth horizontal floor is unstable. It 
can form on the pacca horizontal floor or can travel down to the pervious floor downstream 
with its attendant dangers mentioned above. For a structure to be safe, the standing-wave 
should, thPrdore, be confined to the sloping glacis and not permitted to form on th~ 
horizontal. A most essential condition for a safe design, therefore, is that thJ standing-wave 
shfJuld not form lower down than the be of the glacis. 

Thickness of floor as determined by the Standing-wave 

In determining the thickness of the floor for the trough of the hydraulic jump, it should 

be remembered that :-

(a) The actual position of the standing-wave is somewhat upstream of the calculated 
position by a di~tance approximately equal to (D1-D1). (See Figure 11.5.)1. This 
is a ptovisional figure which experimental evidence may confirm or modify, 

0·0 
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(,"' . 
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..... ;~ ./TAIL WAT£R --,-.....--T--. ----

1 I ....... ..._ __ 

I 
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DIAGRAM SHOWING OBSERVED AND 
COMPUn:D POSITIONS OF THE HYDRAULIC JUMP 

Figure 11·5 

(b) Due to the forward movement of the upstream end of the jump, the actual depth 
of trough will be somewhat smaller than calculated. 

(c) The uplift due to the maximum depth at the trough will operate only a.t the 
deepest point of the trough. It will become smaller on either side, Since the 
floor slab has always got some beam action, it may be designed in sections for 
the average uplift over each section. This point is of great importance as the 
standing-wave can form all over the glacis in different stages of supply and if no 
allowance is made for spread, the entire length will have to be designed for the 
very maximum uplifts-a course which would be wasteful. · 

(d) At the toe of the glacis and some distance above and below, the jet of water 
flowing down the glacis will exert a downward force on the floor equal to the 
rate of change of momentum in the vertical direction. At the toe this force is 
considerable and may be as much as two thirds the thickness of jet. It becomes 
smaller at points removed upstream of the toe. It can be easily calculated for 
the straight glacis as well as for a curved one. In the latter case acceleration 
equals V2/R where V is the velocity of th~ jet and R the radius of curvature of 
the glacis near the horizontal floor. · 

Due to this downward force the thickness of the floor at the toe and some 
distance above and below can be corre;pondingly reduced. . 

(i) "Theory of the Hydraulic Jump and Backwater Curves" by Slw:;na11 ~. WllOdward, U.S. A. (1017), P· 8'1 
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Length of Horizwtal Floor as determined by:the Standing-wave 

It has been laid down above that for a safe design the standing-wave· should on no 
accourit form lower down than the toe of the glacis. It has also been stated that the main 
disturbance of the standing-wave dies out at a distance from the point of formation equal 
to five times the jump or 5(D9-D1). In order, therefore, that the filter area and the stone 
protection be immune from the main. turbulence of' the standing-wave, the ·length _of_: the 
-horizontal floor sb,ould be nearly 5(D2 -D1), where 

· D
1 

·. depth of water just upstream of the point of formation of the wave, 
·and D

2
=depth of water just downstream of the point of formation of the wave. 

THJ~ Gr.ACIS 

The design of the glacis, its slope and s~ap_e, do not seem to have received much atten; 
.,tion so far. .Thlil older .weirs were generally designed on a slope of 1/15 so as to follow the 
.B_ligh gradient line of 1 : 15 and thus require a comparatively small thickness of floor to 
withstand the small uplift pressures·· resulting with such a design. No consideration was 
given to the standing-wave. From actual' observations at site and from calculations it has·. 
however, been found that the flatter the· glacis, the lnore·intense the wave and the greater 

'the range of -~e· trough; requiring heavy thicknesses along a much greater .length of the 
floor. (Plate XI.3, Figure 1). The steeper the floor, the less the range and depth of tile 

. trough of the wave and therefore, the sho~ter the length and thickness of the glacis. (Plate 
XI.3, ,Figure 2). . .. . ' . . . . . ' 

• · , · slopes of betweep l : a_ and ~-: 5 for: the glacis. are considered to be the _·most suitable 
both for the maximum. dissipation 'of . energy ami' econ~my. . . 

Montagu1 has dealt with the design of the gla~is profile from a new aspect.· According 
to him, the whole theory of a standing-wave postulates a horizontal velocity and it· 
is during the change of' this horizontal velocity from· the hyper-critical to the sub-critical 
stage that the destruction of surplus' energy takes place •. 

The fa<:t that all water moving .down a glacis has a vertical component of velocity 
seems to have been lost sight of so far., The high speed jet which .so often persists be­
low a standiD:g~ave is the outcome of. this vertical component of velocity, the energy of 
which is unaffected by the occurrence of' the standing-wave. He suggest~ that the profile 
of the glacis should be so designed that tlie maximum horizontal acceleration is im­
parted to th~ stream at all stages of discharge~ · · .. 

Bose1 has, similarly; worked out ·a fo~ of glacis which will give the flowing 
stream the maximum horizontal acceleration. 

The profiles as given by Montagu · and Bose are being tested in the Punjab Irri­
gation Research Institu~e _and it is. as yet. premature to pronounce on their merits. 

Level_ of Downstream floor as determin~cl by_ the S!a_nding-wave. 
An essential condition for safety. i.s that the standing-wave shall not form lower 

.. d~wn than t~e toe .of _the glacis. For ·a maximum flood, the do~nstream level, the afflux 
. and the discharge per foot run 'are known.. The loss of head LH will be appreeiably the 
same as the afflux. Whete necessary, co·rrection for velocity of approa~h upstream and 

;vefocity of recess. d~wnstr~am, may be :all'owed. · · · 

T •. £. i.'ll•l£ UPSTREAM -K' 
" ' . ---r-. 

H 

Figure 11•6 
NoviLH=Efl..:..EJs· , (11·5) 

where lii11=Energy of flow just upstream of the point of formation of the wave, 
and E,2=Energy. of flow just 4ownstream of that point. 

(1) ''lrti~ation Canal Falls,'' Appendix VI.B, Central Board of Irrigation Publication, No. 10 {1936). 
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The profile of water flowing over the weir can be easily worked out from Mon· 

tagu'sl hydraulic diagrams' which have be;n extended by Kanwar · Sain and are repro­

duced as Plate XI. I. For instance, at a point [( on the glacis the total energy of 

flow is [([(',i.e. the vertical intercept between the total ene·gy line upstream and the point·· 

on. the glacis.. Given the discharge per foot run (q) and the total energy at th,e point 

(KK'), the depth of the jet at that paint can be read off directly from these curves. 

Thus for E11 =20 and discharge = 240 es, the depth D1 (Figure 11·6) at, hyper-critical flow 

will be = 9 feet and that at sub-critical flow (D2) = 16-8 ft. Upstream of the 

wave there is hyper-critical flow. Downstream of it, there is sub-critical flow. It should 

be remembered in this connection that the total energy for any point upstream of the 

standing-wave should be taken below the upstream T. E. Line and that jpr points down-
' stream of the standing-wave, below the downstream T. E. Line." · 

Now, given the discharge per foot run and LH, the afflux, the energy of fl?w (E~s) 

below the standiug-wave can be directly read off the curves of Plate XI. 2;· These 

curves have been prepared by Klmwar Sain, I. S. E., and are an extension of .Blench's 
• curvesz. 

Thus for an afflux of 3 · feet and discharge per foot run of 300 cusecs w_e get 

from Plate XI.2, Efz=24·64 .. From Plate· XI. 1, fo1 discharge per foot run q=300 and 

EF24·64, we get D2=216. · · 

The level of the downstream floor for these conditions will be-

= Downstream max. flood length-D2 

=Downstream max. fl~~d level-21·6 
·' 

The do_wnstream level so obtained should be tested for other· c"onditions of flo~ when 

th~ dischtlrge per foot run is lower and the effect of retrogression of down-stream bed levels 

of the river fully operative. It should be noticed in th,is 'connection that while~·in low 

supplie~ the water lev~l may go down by as muc:h ~s ~ 'to 7 .. feet due to retrogre;sion of 

the downstream river bed, the maximum flood levels will. not be materially altered, a 

reduction ·of about a foot or so being the maximum th~t might be expected. -: 

The discharge per foot run over the downst~(;a~ floor should be calculated ·9n the 

width of the floor at the point under consideration. inclusive or exclusive of the·: width 

of piers according as the wave forms downstream of or between the piers. Another . . . 
point to consider in the designs is the velocity'with which the water passes over the 

loose stone· apron. The one-man stone c_omr~10nly used in the aprons will ord;inarily 

not be shifted with velocities as high as 18' per seconds, but it would be best to."_ limit 

these velocities to about 10 feet per second. 

· _Having determined the le11:g;t!1 .. 9f the horizontal floor and its level, a~d havipg got 

the crest level; the slope of the glacis and th,e working head, we can complete the ·aesign 

with reference to. sub. surface flow. One o;. more trials may be necessary ~to wqi:k out 
the mo~t economical design; -- · - .. - · :_.; 

The effect of the reduction of the lengtli of the downstream horizontal . floor,· other 
factors remaining unchanged, is best illustrated by Plate XI,4. (proposed Trimmu Weir). 

A reduction in. length reduces uplift pressures and increases the exit gradients. If the 

exit gradient is fixed, the · length of the horizontal floor will be determined by the 

ratio a=b fa required to give that v~iu~ of exit gradie11t. fo.r. the giv!ln)l~.a4 .. 1!~~--£l~.lltl;l ___ _ 

of piling (d). The length so obtained· will have to be increased if it' is f!)nnd to 

be in~ufficient for the requirement of the standing-wave. ... ' I 

(1) "Hydra)llic Diagrams.'' by A. M, R. Montagu, M.I,.C.E., &c., c,B.I. P11blicntion No.4, 

(2) C.B.I. Publicntian No.7, "Hydrnulic Jump," Plnte V (lOBi), 

(3) Page 43. ''River Trnlniug and Contiol" by F. J. n. Spring (1903). 
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MStGN oil- WEiR iN lbttATION 'l'ci su~Aclt Ii'r.dw tS.'l 
. SUMMARY OF PROCF;DUR!i; IN DF;SIGN 

Rnowtl :--
1. Maximum flood discharge. 
2. Maximum flood level. 
3, Minimum water· level; 
4. River bed level at Weir site •. 

To decide :- · 
I. Afflux. • (P .' 169) • 
2. Pot1d Level. This will be determined from a consideration of the full' supply . 

levels in the off-taking canals at1d of wittter (low dis~harge period) 
storage, if any. 

3. Discharge per foot rU11 
4. Letlgth of water-way 
5, Type of Weir, viz-, Barrage or weir and Utlderslttices 
6. Crest level~ · 

To determine :-
1. Total tetlgth of impervious flo<.r, and depth and toea tiou of sheet piles 
2. Exit gradient at the end of the impervious floor 
a. Depth of sheet piles in relation to exit gradient and flood scour • 
4. Level and let1gth of horizotltal part of the downstream impervious floor • 

5. Thicktless of downstream impervious floor:­
(a) With refernece to uplift pressures 

(b) With referetlee to stat1dlt1g-wave 
6, Design of flanks 

• 7. Length at1d thickness of upstream and downstream aprons 
8. Inverted filter • , , , 
11. Let1gth, shape and free board of guide banks · 

. . lpp; 171·i72) :· 
• (pp. 171-172). 
. ! (P~· 172.1 '73) 
• (pp. 172-173) 

(pp. 142-156) 
(pp. 140-142) 
(pp. 152-154) 

, , (pp, rl86-187) 

(~p,' 142-156 & 
166)! 

(p. l85) .. J 

(pp. 158-165) 
. (pp.173-177) 
(p. :157) 

. . • (pp, 177-179) 

' 
The details of designs of weir section with reference to flow of water through the 

subsoll have been illustrated by examples in Chapter X. The following will 'give ·a 
general outline of the procedure ~or a complete design in respect' of subsoil_ and sur-
face flow :- · 

Jhe first step is to fix the total length of the impervious floor and the depths 
of the vertical cut offs, namely, the upstream and the downstream end pilell and the 
intermediate piles if any, with reference to uplift pre~sutes, exit gradient, ~arth pr~s­
sures and flood scour. The detail of designs for exit gradient and uplift pressures due.to sub. 
soil flow have b~en fully illustrated on page.s · 155, 156 &.166. The stability o{ en~ piles 
against earth pressure and scour have been dealt with on pages 164-165. The · design 
of piles with reference to flood scour has been dealt with on pages 153.154~ 

Next refer to Figure 11-6. . The downstream 'total Energy Line is the maximum 
flood level at the weir site before the construction of the weir, plus the head due to 
velocity of approach. The affiux is fixed as stated on page 169. This is generally 3 
feet. The upstream Total Energy Line will therefore be the. downstream Total Energy 
Line plus this affiux. Now, having decided discharge per foot run, q (pages 171-172), 
the c:est level can be worked out as below :- · 

Fro11,1 . the weir formula 
' .. 

q=CKSfl 
Where C=3·0!J (theoretical value) 

and 
K=H+Ha or the total head including velocity heaclr. 

' ,· 

'The crest level can now be obtained by subtracting K from the ~pstrea~' ·'l'ot~l 
·Energy Line. 

Refer agai~ to Figure 11·6. The cre.>t level having been determined, ·the upstream 
Total Energy Lme will remain fixed for a given value of q. The downstream Total 
Energy Line will ~o,wever h_ave to be .somewhat lowered, for purposes of designs, to 
allow for a posstb.e drop 10 the maxtmum flood level after the construction of the Weir 
due to ~etrogression of t~e downstre~m. river-bed levels. (See page 171.) A' lowering of 
approxtm~tely ~ ft. ~111 be suffictent in most cases. 'l'hus while the u!?stream Total 
Energy Lme wtll rematn unaffected by a retrogression in bed levels the downstream 
Total Energy Line will be depressed by approximately ~one foot, so that the difference 
between the two will become Hr.. (Loss of head)=afflux +I £oot=4 feet, where afflux is 
assumecl 3 feet. 



1M 

Now, the upstream and the downstream Total Energy I,ines have been fixed · for 
the final design. 

· I,et us next consider a point on the glacis where. it is decided that the stand. 
· ing wave sh~uld form. In Figure 11·6, E11 is tbe depth of this point below the up­
stream Total ~nergy I,ine and. E12 is its .depth. bela~ the downstre~m Total Energy .. 

I,ine depressed by 1 ft. as explained above). If this point is to be the toe· of the glacis, 
· the level of the downstream floor will be the same as the level of this point. Now 
.we know the disc~arge per fqot run q, ·and t~e loss of. head Hr.. The value of E12 

can then be. directly read off the curves of Plate XI/2 against a value of Hr.=affiux 
+I ( 4ft. hi general). · The. downstream floor level, which will fulfil. the essential 
co.ndition for. safety that the· standing waves does ~at form iower down than the toe 
of the glacis, can now be found out by subtracting. this value of Ei2 from the down­
strea;:w Total. Energy I,ine. 

The next step is to ·find the depth of the standing wave, as this will determine the 
length of the horizontal floor (page 186), and the thickness of this part of the fiooi and the 

glacis (paget85). Now Ef1.:.the depth of the po~nt of formation~ of the standing wave below the 

upstream Total Energy I,ine· is known, being=E,2+Hr.. The depths D1 and D1 (Figure 11·6) 
for that gfv~n val~e of q can be directly obtained from Plate XIfl, D1 an_d D2 being th; 
hype1critical.and subcritical depths of .water. upstream and downstream, respectively, 
of the point ·of formation of the standing· wave. Now, the height of the standing wave 

is given by D2-D1• The length of the horizontal ~oar will therefore be 5 (D2-D1). (See 
J>llge 186.) 

The next step is· to detetmine the floor thicknesses with reference to. the 
standing wave page 185). For this it is necessary to work out the complete profiie of the. 

standing wave and the hydraulic· gradient due to the particular difference in the. upstream 

·and downstream levels for the given value of q. The.intercept between these two lines 

will give the unbalanced head for which the floor has to be designed. · (See Plate 

'XI-3.) The profile of the standing wave can be determined as explain~d on page 1S7. 
The thicknesses so obtained should now be tested for the maximum uplift pressures which 
will occ~r with the maximum pond level upstream and no escapage downstream under 
conditions of maximum retrogression of bed levels. The determination of these latter 

pressures has been dealt with in Chapter X (pages 142-156, 166.) 

The semi-pervious floor and the loose aprons upstream and downst1eam can now be 

.designed as explained on pages 157, 173·177. 

The design flanks ~an similarly be worked out as explained on pages .158-~65. 

:This completes the design of the weir section and its protections. The training 
works can be designed as. explained on pages 177-178. 

It should be carefully noted that if the discharge per foot ·run q is the normal 
figure obtained by div1ding the total discharge in a· particular section of the weir by the 
length of crest in that section, the details of design w~rked out above will have· to be suit· 
ably modified to allow for a possible concentration of flow in any particular section. 
On .any major weir it is usual to allow an additional 20 per .cent. for such · concen~ 

'tration. A.simple way of dealing with this. ~oncentration is to take the active discharge 

per foot run as q+.ao pet cent.=s/4 q. (See page 175. The details of design as worked 
out for this increased figure can the~ be taken'' as . definitely suitabl~ and adequate. 

'•! 

E~RGY DISSIPATION AND PR~V~NTION OF DANG~ROUS SCOUR DoWNSTR~AM OF APRONS. 

The 'length of the downst:eam horizontal floor can be redu:ed with a corresponding 
s~ving in cost, if the range . of turbulence of the standing wave can be re3tricted and 
the normal steady level of the downstream watea" obtained in a distance less than five 
~time~ the jump from the toe of the glacis. A number. of devices for restricting the range 
of turbulence hl:\ve been. tried 'with . varying deg:rees , of success in preventing dangerous 

bed erosion downstream of the aprons. 



DJ;;SIGN OJ! W:SIRS IN.Rl!:T.ATION '.1'0 .SURFACE J!T.OW 191 

Before proceeding to a discussion of the devices for the dissipation ~f energy,. it will 
be desirable to refer briefly to the various factors leading to bed eros10n downstream of 

weirs. 

The bed erosion below weirs is due ·to the formation of vortices in the e!Jluent water. 
These verticesl may be horizontal or vertical. The horizontal vortices may be positive 
or negative according as they cause accretion or erosion of the bed sand at the toe of the 
apron. ; ! 

.. 
NEGATIVE OR EROSIVE VORTEX 

Figure 11.7 

POSITIVE OR ACCRESIVE VORTEX 

Figure 11 ·s 
In the case of positive vortices, the currents along the bed tend to move the eroded 

material back towards the toe of the apron thus preventing dangerous scour holes occurring 
fn the adjoinig bed of the channel. In this case the lines of maximum velocity of the efflu­
ent w·ater at the toe have an upward trend.rJ • 

In the negative vortices, the eroded material of the bed is carried forward along the 
stream and scour progressively increases. The bed adjoining the apron becomes unstable 
and deep scour holes form. These conditions are dangerous to the stability of the work. 
The lines of maximum velocity of the effluent water at the end of the apron have in this 
case a downward trend . 

. ' 
Vertical vortices have a boring action. The high velocity jets dig out the bep 

material which is thrown up and carried forward with the current. The scour holes due to 
·vertical vortices or "swirls" can go very deep indeed and if unchecked can be very 
dangerous. These vortices may be caused by {a) oblique flow, i.e., the flow over .the weir 
being at an angle instead of normal, due to an oblique approach of the river; {b) unequal 
discharge per foot lUll passing through adjoining bays, due to Utle11ua~ openings of .the gl!-tes 
in case of a level crest or to a difference in crest levels4-as in/ a weir bay adjoining an 
undersluice bay. · ' · · · 

These vortices are met with at the noses of guide banks· ancl divide groynes and' at 
'every ~hange of. level in floor 1f not separated by a suitable length'of divide wail. The 

" f;:dlrires ofthe upstream nose of the river guide bank at Suleimanki in 19~5 ~np of the RasuJI, 

(I) ''The Causes and Prevention af Bed Erosion, with special refrrertce ta the Protect! art of Strn~tures 
·controJlirtg Rivers and Cartals'', by A. D. :p. Butcher, C B.E., and ]. D. Atkinsort, M.I.C.E., Paper 
No. 486~ of The Institute of Civil Ertglneers, (Londort), . 

(2J "Repairs aud Rcmodclllus of Rasul Weir (1029-31)"1 pase 127, Paper No, 155, Punjab Jl:ugineerlng 
ton&reas, 10<12. . . 
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Weir. )n. i929 we~e _.due to. cause (a), Instances of damage caused by running very 
unequal discharges per foot run in adjoining bays not separated by divide walls, can be 
found at many of the Punjab weirs . 

. ;'. tt9 pr_event bed er~~}on~ it will ~he~efore, be n~~essary to prev<!nt the occurrence of the 
verticaf and :qegat~vejhorizontal vortices; 'rhe former can be provided against by:-

(a) Constructing suitable lengths of divide walls at every appreciable change in 
crest levels. 

(b) Maintaining as far as possible a uniform discharge per foot run over the c•·est 
except in special cases which should be dealt with on their merits. 

The negative horizontal vortices can be prevented by a number of devices each one of 

which is designed to give an upward bend to the high velocity jets of the effluent water. 
These devices-generally known as energy-dissipating devices- may take any of the following 
forms and may be located somewhere at the tail end of the floor depending upon the local 

characteristics. 

{a) A continuous dwarf wall, such as, 
1. a baffie, biff or !ip wall, or 
2. Rehbock's dentated sills. 

(b) Arrows. 
(c) Raised blocks. 
(d) A roughened or toothed floor. 
(e) A combination of two or more of the above forms. 

The baffie wall has been diftUsfed at length by Inglis1 • Figure 11.9 shows a baffie 
acting effectively. 

'BAFFLE ACTING E.FFE.CTIVELY • J ' 

; '.cl ...... =· . . 

Figure 11,9 

The denta.ted sill is best 'described by a quotation from Rehbocks l-

"!t is necessary to deflect the largest velocities to the surface and to diminish the bot-
. tom vel~pities. After . many experiments with mor~ than twenty devices, the author (Dr. 
Theodor Rehbock) ·succeeded in fit; ding in the "dentated sill" the desired solution. The 
dentated sill is a flat .roof-like sill on whicli are placed teeth (dentates) with their vertical 
faces upstream and with gently sloping faces on the downstream side. By means of such 
• dentated sills, the height of which need be only one-tenth of the height of the overfall, the 
bottom velocities are inah:rially diminifbed and the depth of scour of the bed decreased to 

·a fraction of its f~rnier amount. Fig we 11·10 shows the arraJJgem.ent and mode of operation of 
the dentated slll. 'Ibe stream of wlter is lifted from the bed of the stream by the sill and 

, is prevented by the. filam~nts of water flowing between the teeth from dropping suddenly to 
the.· bottom •. 'Ihe water filaments dhected upwards increase the surface velocities while the 
.bqttcr:q velocities are ·diminished even beyond the roller, by the ground roller formed below 
the dentated sill." 

(1) "The Dissipation of Energy below Falls'' by C. C. Inglis, M.I.C.E,, and D. Joglekar. Bombay 
Technical Paper No. 44 {1933). 

(2j ''Hydraulic Laboratory Practice," by John R, 1-'reemaJI·, (1929) page I 85, published by the AmerJ. 
can Society of McchcnicaJ Engineers, 
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ARRANGEMt;;NT OF DENTATED SILL 
LOOKING UPS 

SCHE.MATIC DIAGRAM SHOWING EFFECT 
\ · OF DENTATED SILL --~· 

LONGITUDINAl.. SECTION TH~OUGH FLaOD-DISC.HARG£ 

STRUCTURE ATTH£ FRIEDLAND POWER S.TATION 

ARRAt-./GEMENT OF DENTATED SILl. 

8E.LOW .SL.UICI!: 
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CONFIGURATION OF TH~ RIVER BED-LEVEL CONFIGURATION OF" THE RIVER BED-LEVEl 

USING AN APRON WITHOUT DENTATED SIJ.L USING AN APRON WITH DENTATED SILL. 
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Figure ll·lO 

The ar1ows and raised blocks have been used below Khanki Weir (Reconstructed1) 

with considerable success . . They b :eak up the high velocity bottom jets and direct them one 
' 

against the other. They also deflect them upward so that only the positive vortices can 

f >rm. They are illustrated in Photograph No. 11 ·1. 

Photo ll'l 

Showing arrows and blocks downstream of Bay 8 .of f(Jzanki Weif 

(1) P ages 117 and 133. Punjab Euginccriug COU!,'l'ess, Paper No. 102, "Rccoustructiou of Khankl Weh•' 

by A,N. Khosla. (1036). 
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· Failures of Dams andltheir Lessons 

Jt would be highiy desirable to add a chapter analysing the main features of design of 
I 

the various existing weirs and dams mcluding cases of failures and their causes. An analysis 
of this nature based on the general principles of design laid down in this pub1ication would 
be of immense value as it would draw a_ttention to features which have led ·to waste or 

instability and those that have resulted in economy and added stability, It would also 
show how vast sums of money could have been saved in first cost and many a disaster 
averted. by a knowledge of the fundamentals outlined in these chapters. 

The Bat1oki Weir is a typical_example of a wasteful de3ig~.' The floor. length is about 

300 feet for a head of about 14 feet.. The proposed Trimmu Weir, which in design had the 
advantage of the above know!edge, is to have no more· than ab~ut 160 feet length.of floor 

for a tot~l head of 26 feet. 

The failures of the Khanki Weir in 1895 and of the Narora Weir i~ 1898 paved the 
v;ay ~or a thorough investigation of the factors governing the design of hydraulic works 

re~ting on permeable foundations. The failures of the .Islam Weir · ( Punjab ) and 0 £ the 

Deoha Barrage (U. P.} fn 1929 and damagetothe Anderson Weir ( Bengal} in 1935, estab­
lished the necessity for piles at the upstream and downstream ends of the impervious floors. 
The existence o£ deep wells under the. crest of ·the Deoha Barrag~ which saved the gates 

and gearing from collapse showed that a deep line of pile; or wells under the gates were an 
importa.nt second tine of defence. The failure of the Rasul· Weir. itt 1929 and the damage 

to the Merala Weir in 1928 pointed to the necessity for providing against bed ~cour and 
the unbalanced head at t~e trough of standing wave during floods. These, along with the 
failure at Islam· and damage at Ferozepur, showed that, for safety, the entire thickness 

of the imperious floor must act as one mass as the separation of laye:s might result in disas­
ter. The Islam failure also called attention to the dangerous consequer!~es of a retrogression 

of downstream bed levels if not adequately provided against in the original design. 

As, however; the material available for such an analysis is limited, a detailed 
· discus~ion .. must neceSsarily be_left out for the present. But it is hoped that engineers 
,conp_ecte~ with the. des~gn and maintenance of works of ·this nature will analyse their 
.s~ructures . in tqe _light of the fundamentals set forth above and furnish the results to the 
.Cent~alBo~rd.of ir~igati~n, ·so tliat if of suffi~ient value, they can be incorporated in the 
next edition of this publication, ; 

Need for further Research 

As has been stated earlier, the experiment-it work on the surface flow in relation to 
weir design has beeh meagre and of"a fragmentary nature, and at best qualitative. Future, 
research in this direction must aim at obtaining quantitative results. The nuc~eus.for this 
already exi~ts •. Co-ordinated effort is required to bring together what has already been 
done and to cover new ground on a carefully thought-out pl~n, so as to make the· investi­
gation complete and comprehensive. Field an.d laboratory. work must, as in the case of 
sub-surface flow, proceed . in close collaboration. The model work in this. case will be 
somewhat !p.ore difficult, as the scale factor which is linear in the case of sub surface flow 

. will assume different proportions in different aspects of surface flow. 

Large economies will be possible in first construction and in subsequent-· maintenance 
as a result of precise knowledge and unde·shnding of the various factors governing design. 
The small sums spent in research in the fie:.d and on models will be more thl1n repaid in 
one sing!e new major work. We have paid heavily in the past for our ignorance. 
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