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FOREWORD

CENTRAL BOARD OF IRRIGATION,
SIMLA.

The Central Boafd of Irrigation published in December 1934 its eighth publication
under the title “Observation and record of Pressures below Works on Permeable Founda-
tions”, which#was edited by Rai Bahadur A.N. Khosla, I.S.E., B.A,, M.Am.S.C.E., AM.1.E.
(India). The object of that publication was, primarily, to set forth the factors involved in
the design of hydraulic works on permeable 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 of that
type. The Publication was given a widd distribution and recipients were asked to provide
the Boatd with any information likely to prove useful in further study of the prbblem.
Very little information has been received however, chiefly owing to the fact that few works
of this nature have recently been constructed and provided with the necessary observation

pipes. Fortunately, however, exhaustive investigations have been carried out by the
Authors of this new Publication, with the result that they are now ableto present a

complete solution to the problem, which is supported by data from prototypes in the field,
models in the laboratory, and by mathematical theory. The contents of this Publication -
are the result of an investigation in the Punjab TIrrigation Department over a period of
tine years, and the 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 faboratory
investigations and their application 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 Taylot. The theory
of subsoil flow and the mathematics of weir design is the work of Dr. N. K. Bose,

, . |

M. T. GIBLING,
_ A . Secretary,
I?ated Ist September, 1936, - Central Board of Irrigation.

(v)&(vi)



Il'l ’ RODUGI‘ION‘ i

i Thé Des1gu of Weus on Permeable Foundatlons was one of the first su\b;ectsJ taken up
for enquiry by the Central Board of Irrigation in theu’ first meetmg in November 1930
The flow of water through the subsoxl flow below Weirs, with its attendant hydrauhc .
gradients and uplift pressures, has been recognised as the determining factor in desngn, ‘ever
since 1895, when Col. Cllbbm/n carried out his classic expenments with Kharnki sand a.t
Roorkee. Until recently, the so-called Bhgh Creep Theory-— which was no more than an zm-
perfect adaptation of Col. Clibborn’s Work—held the field. It has been reallsed. eventually
that the subject is more complex than the simple formula. of Bhgh lndlca.ted
After somz considerable discussion at the Cantral Board meetmg of November 19332
the following resolutlon was adopted unanimously: — o
(2) that further mtenswe study of subsoil flow b=neath actual works: was' assentlal
(b) that in view of 1he active part already taken by Mr. Khosla, and his pubhshed
papers on the subject, the compilation of a comptehensive note otn the.”subJect
should be entrusted to him, E P S : B

(c) that Mr. Khosla should be supplied thh all ava1lable observatxons on the sub]ect
from India,

(d) that in order to secure uniformity of observatlons he should Pl'ePafe a note on, the
nature of observations required and the form in which they should be tabulated;

.. this note to be communicated to all interested, through the office of the Board.
. In compliance with item (d) of this resolution, Rai Bahadur A. N. Khosla, 1.S.E. “
: presented a note on the Observations and Record of Pressures below Works on Permeabie
Foundatlons, which was prmted in December, 1934, as Pubhcatxon T\To. 8 of the Central
Board of Irrigation, ) ‘ ‘ .

All available copies of thlS Publlcatlon were soon dlstrlbuted and there was demand for
thore. Tt was, at first, proposed to issue a reprint, but in view of the comsiderable advance

that had been made, in the meantime, on the study of the sub]ect both in thé field and in the
laboratory, the Executive Committee of the Central Board resblved (20th July, 1935) to have

the Publlcatmn No. 8 revised or to have a.new paper written on the subject. Sir Bernard
Darley in' his letter No. 0453, dated the 20th July, 1935 suggested that a tentative set of
rules for guidance in design be framed by Mr. Khosla and discussed at the- Novembe:_ 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 tlie
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 knowlledg'e to date, was presented by Mr. Khosla® at the meeting of the
Central Board held at Delhi in Novembez, 1935. . As a result of discussion 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 stressed the necessity for the revised Publi-
cation bzing complete in itself and not in any way supplzmentary to the first additiont.

The present publication incorporates the essence of Field Research in the Punjab since
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 history of development of the science of subsoil
hydraulics as related to the design 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.

{1y Proceedings of the Central Board of Irrigation, first meeting, Navember, 1030, page 8.

(2) Minutes of the Proceedings of the 4th Annual Meeting of the Central Board of Irrigation held in
Lahore, 13-16 November, 1833, page 12,

(3). Appendix II, Central Board of Irrigation, Publication No. 11, Annual Report 1934-35.

{4) Publication No, 11, page 50. (vii)
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Fhe publication has been divided into a number of self-contained ChapterS. Of these
Chapter VI is more or less a reproduction of the relevant matter in Publication No. 8. The
remaining Chapters contain mostly new matter. - The entire mathematics has been collected
in one Chapter, No. VII Chapter VHI on exit gradients, deals with some fundamental
pnnc:ples in design. P

" The Plates, Diagrams, Equations and Tables in each Chapter bear the number of tha.t

Chapter in addition to their own distinctive numbers. Thus Plate VIL. 6 indicates Plate
No. 6 of Chapter VII. Similarly Equation No. 10. 2 indicates Equation No. 2 of Chapter X.
Every _effort- has been made to make the _pubhcatron complete in itself, so that desxgns
can be worked out in complete detail without much reference to outside literature. The in-
corporation in Chapter XI, of the essentfal diagrams relating to Energy of Flow and Stand-
ing Wave, originally prepared by Messrs. Montagu and Crump and modified to suit specia-
problems by Mt. Kanwar Sain, will consrderably facilitate the work of the designer. . -

‘While it can now bé claimed that the desrgn of Weirs on sand foundations in relation

to flow of water through thé 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

- telation to flow over the surface still depends mainly on empiricism.- This latter aspect of

the subject is dealt with in Chapter XI and calls for further intensive study in the field and
more partrcularly fn the Laboratory .

. . ' . Ackuowledgments

Dr. Valdhranathan, Head of the Physics Section, Punjab Irrrgatmn Research Instrtute,
: d.eveloped the technique of the Electrical Method used for determination of uplift pressures.
‘The Authors are 1ndebted to him andto hrs Assrstant Mr. Gurdas Ram, for the valuable
investigations that they have carried out’in’ connection with this paper.

The - Authors are also indebted to Mr. Harbans Lal of the Hydraulies Sectlon for the
investigation he carried out on the Hydrauhc Models, the results of Wh1ch form an essent1al
part of this paper.

. The Aitthors wish to thank Bhai Naran]an Singh, Subordmate, for the careful observas

-tions and record of field data at Panjnad and Khanki,

The Authors ate indebted to Mr. A. Murphy, O. B. E.; Mr. J. B. G. Smith C. I E. and
Sit Bernard Darley, Kt., C.L.LE., whose keen interest in the subject has been of very matenal
nssistatice, and to Messrs. Kanwar Sain, Montagu "and Haigh, for the:r valuable suggestlons
in Chapters X and XI. . ’
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Design of Weirs on Permeable Foundations.

CHAPTER 1 N

- (RPN

Hlstory ol Development of the Sclenoa ‘of Sub-s0ii Hydraulms in Relation to tha Design
of Weirs on Permeable Foundatlons : ‘

The law of flow of water through pzrmeable soils was enuncxated for the first time in 1856
by H. Darcy! who, as a result of experiments, found that the velocity of flow vaned directly
as the head and mvetsely as the length- of the path of flow. This law is expressed by the.
equatlon ) . _ .

H
V=K3-

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 capxllanes, enun-
ciated by Poiseuille in 1841-42,

The validity of this law in relation to weir de51gn was tested by Col. Clibborn in 1896 in
connection with the proposals for repairs to the demage, in 1895, to the Khank1 Weir? on the
Chenab River. This Weir which feeds the Lower-Chenab Canal, was completed in February
1892. In January 1895, 100 ft. of the weir crest in Bay Nol subsided about 2 ft. 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 for thought to the engineers responsible
for its construction and maintenance. 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 Govei’nment of India ordereds, in their letter No. 851
dated the 19th March 1893, that a series of expzriments b2 carried out with Khanki sand at
the Civil Engineering Colleg2, 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, 1.8.C., Prmc1pal 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 expzriments
between velocity, h2ad and length of path of flow, was in keepmg 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 Benton, Messrs. Beresford; Kennedy, Gordon, etec., is printed up inl the
Technical Publication No. 979 (1902). The discussions contained in it refer to the relative
effectiveness of vertical cut-ofis 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 fioor and
to the necessity of vertical cut-offs at th: upstream and, more especially, at the downstream
end, to prevent washing out of sand causing dangerous subsidence and eventual failure.
But this investigation, though affording the first rationgl basis for design, embracing as it did
the conception of failure by undermining and 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 gave only quaﬁtative indications which, however, were generally in the right direction,

(1) Recherches Hydrauliques, Paris 1858 by H. Darey,
(2) History of Khanki Headworks, Lower Chenab Canal, Pages 6-10 and 11,
(3) Technical Paper No, 97, Government of India, 1902,

1 G



9 busicrx of Winks ON FERMEABLE FOUNDA#IONS

- The following extract from a Note! by Mr, J. S, Beresford, C.I.E., Chief Engineer, Punjab
Irrigation, dated 30th January 1901, on Colonel Clibborn’s experiments, will be of interest:—
“* The experiments carried out by Colonel Clibborn, Principal of the Thomason Coll ege at Roorkee, is
1896, although not leading to the discovery of any new principle regarding the 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 the subject, have attracted atteation 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 1898, 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 holes 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 ofa horizontal floor composed
of concrete and brickwork b feet thick. For one reason or another the ezperiments were ngt made until
March 1898, when, on visiting Narora as Inspector-General of Irrigation, I ordered them tobe made. Cn
the 27th Maich 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 whi;h render:d the stability 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
ebove the Khanki Weir. However, unfortunately, on the 28th of March, two days after the first experiment
was made, a length of about 200 feet of the weir and some 600 or 700 feet from the site of the latter floor wag
blown up. It was fortunate the failure of the floor did not take place at or very near tothe site of the
experiment, otherwise .the nninitiated would never have believed that the failure was not due to the holes
drilled in the masonry.”’

*¢ Had the experiment suggested in January 1897 been -made at the time, it is probable that medsures
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 Colonel Clibborn in his Note and the valuable practical suggestions
contained in that Note,” .

The Hydraulic Gradient Theory for Weir Design, apparently originated between Sir John
Ottley and Thomas Higham and was developed as a 1esult of experiments by Col, Clibborn
(1895-97), : '

*A considerable amount of research on the flow of water through seils, with special regard
to the Transmission Constant (K) was carried out in 1898 by Slichter and King? of the U, 8.
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 experiments in 1902 the Hydraulic
Gradient Theory came to bz 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 cutrents, the true measure of security of a weir in a permeable bed {is the dislance through lie
soil which a current of water would have to travel before it could vise up below the Weir, and that it is of litile conse
quence whether masonry is laid hovizontally on the Weir bed or sunk vertically bslow it, so long as currents passing
through the soil below the structure are exposed to ih friction of the same 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, that it must have sufficient .weight to resist
tle 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 produce and, further, that the surface of it whichis
exp;osed to erosion should be of material suﬁciently hard, and sufficiently heavy to resist that erosieu.”

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 hig. book*_ he
admitted the fallacy of his original belief and became converted to the * Hydraulic Qrad:ent
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
orward,

(1) Technical Paper No, 97, pages 26 and 27,

{2) U. 8. Geological Survey, Annual Reportfor 1898, f¢ Movement of Ground waters ' by F, H. King
and G.S. Slichter, .

(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 h

¢ Italics areours. ‘
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He stated that the length of the path of flow had the same effectiveness, leng‘_ch for length,
in reducing uplift pressures whether it was along the ho;izont'al or the ver:‘.ical. Herein
lies the danger of applying Bligh's otherwise simple formula. The only experimental data
available at the time were those of Col. Clibborn and perhaps the ouly field observations,
those at the Narora Weir. From these meagre data Bligh 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 to the profession. Following Buckley, he assumed the
percolation water to'‘creep’” along the contact of the base profile of the weir with the sub-
soil, losing head en route, proportional to the length of its travel.

The length o1 travel in a weir profile as given in the sketch below would bei—
=b,+dy+dy+by+datds+-by e—bii-x~’—eb27x —bg=>
=by+2d;+by+2d;+bs ‘ <11 Eiz

If H=total head over the Weir, the loss of head per unit lenght of creép would be:—

H
~ by+2d,+by+2d+bg
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 valiue to C for each of
the different classes of soils. Thus, if in a given weir design, the value of Cwere less than
the safe value assigned to it for the given class of sub-soil, the design would be considered
safe,

C

Because of its simplicity, this theory. found general acceptance. Some works designed
on this theory failed while others stood, depending on the extent to which they ignored or
took note of the importanceof vertical cut-offs at the upstream and downstream ends. A
fairly comprehensive summary of failures with an analysis of creep ratios has. been given by
Lanet, . )
Colman? carried out, for the first time in. 1915, tests with models of weirs resting on
sand, to detemine the distribution of pressure under the base and the relative 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 contacts as against. horizontal ones, but
as the technique of experiments was crude no. real advance was made. .
Pavlovsky® (1920) approached the problem of the flowof water through sub-soils

of hydraulic structures from the analogy:-of flow of electricity through a conductor. Accord-
ing to Ohm’s law:— T :
Potential difference 1

" Resistance. A"

Current ¢=

£

where
i =Potential difference.
A=Area of section of conductor.
and IL=Length of conductor.

This is ideatical with Darcy’s. equation for flow of water through sand, viz.,
H

L

The work was publised in Ruassian. Pavlovsky achieved success in solving a number
of problems, but as the laboratory results could not be shown to agree with field results, this
m?thod did not inspire confidence among the engineers and remained more or less of acade-
mic interest. : )

In 1926-27 trouble at the syphons under the Upper Chenab Canal (Punjab) became
acute. Cracks app2ared at the upstream and downstream ends due to undermining of the sub-
soil. Repairs were carried out on the accepted Bligh theory but the trouble persisted, A set
of pressure pipes with well points were inserted in the floors of two of these syphons and the
observations disclosed that the pressures indicated by these pipes had absolutely.no relation-
ship with those calculated from the Bligh Theory. These researches were carried out by

V=K

(1) Paper No, 1919 American Sac, of Civil Engineers, “Security from under Seepage”. by E. W, Lnne, M,
. Am. Boe, C, E, (1933), : ‘
(2) “*The Action of Water under Dams”, by J. B. T. Colman, Agsoc. M, Am. Soc. C, B. Paper 1358, 1016,
(3) ““The Theory of Ground Waters flow ynder "Hydrotechnicnl Structureg® Leningred U, .S. 8. R.” by
N, N, Payloysky (in Russian) 1922, ' c2
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Khosla and are embodied in Punjab Engineering Congress Papers Nos. 138! and 14:212 of 1930.
‘The simple creep theory of Bligh was repudiated and some provisional and important concl-
_usronsa were arrived at, notable among which were: —

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

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

(¢) Undérmining 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 cavities and  ultimate, failure.

(d) It was absolutely essent1a1 to have a reasonably deep vert1cal cut—off at the down-
stream end to prevent undermmmg . -

- (¢) There was urgent: necessity for research work .with regard to pressures under
‘exisfing and néw structures and in'the laboratory The former™ could be done by
inserting suitably located pressure pxpes in these structures and by maintaining
a continuous and comprehensive record of the. observations of pressures from
- those pipes. - . P '
Another useful papert appeared at the same time by Bose dealmg with the mathematics
of certain aspects of flowof seepage water, '

= ' - The mvesttgatmtr -bf lipli‘ft pressiifes’ under dams- was' being actively pdrsued about
the same time in the United States of America, Parsons® and Julian Hinds$ preSented two

valuable papers b :fore the American Society of Civil Engineers in 1928,

'In'1929,a nota’ble Contribiition cathe from " Karl Terzaghr" (U.S. A. and Vienna). He
stated ard proved by laboratory expeuments that failurés occurred by undermining if the
hydradlic gradient dt exit- was in excess of whit lie' called ‘the « “flotation ‘gradient’’. - This
was the same as the critical gradient enunciated by Khosla, but it was more explicit-'in so
far thet-it implied a state’of flotation of the- soil mass at the toe of ‘the work 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-balanced.by the weight-of ‘the soil. : This conception of faﬂure
~ wab.possibly enunciated by Terzaghi in an earlier publication® in German.

Dr. Rehbock?® (1931) produced a photographic demonstration of flow of  water through
porous soil iir streatn lines.. He used a sdale fnodel pf .weir on sand and injécted aniline dyes
at certain.points.at' the upstreami-end whereithe. seepage. water_ entered the sub-soil _usider
the weir. These dyes left a coloured trace along the varlous lines of flow.which were conse-
quently capable of being photographed.. .

Forchheimer® & had develaped’a geometncal me’chod of plotting stream lines and
pressure lines as far back as 1911. This was a method of trial and error, sa1d to be sufficien-
tly accurate for practical purposes.

In 1929, it was d=cided to extend the. Pau]nad Wen‘12 (Pun]ab) ThlS afforded the oppor-
tunity of putting in a comprehensive set of pressure plpes a;nd of eonductmg full scale experi-
ments as suggested in Punjab Engineering Congress Papers 138 and 142 of 1930. This was the

first full size experimsht inthe world, and’ the TESHlEs obtai‘ned ‘from it (1932) pavedthe way

{1} “Hydraulic Gradients in sub-soil Water Flow in Relatwn to Stability of Structures Resting on Satu-
- . -~ rated Seils “by Ajudhla NathKhosla, I. $. B,, Paper No. 138, Punjab Engmeermg Congress .(1930).
. (2) “uStability of Wairs and cannal Works A}i Appllcatlon of the New Tlreory of H’ydrauhc Gradlent" by
‘Ajudhia Nafh Khosta, I+S. K., Pa.per No. 142, Punjab Engineéring Congress (1930) . .
-(8) Central Board of Irfsgatien Publscation No. -11: (pages.68-69). '
(4) Punjab Eugineeing Congress Paper No. 140 by Dr. N. K. Bose, "Exponential Lew of sub-soil Flow",
. (5) “Hydranlicuplift in previous seils,”” by H. De B. Parsons, M. Am. Soc. C. E. Paper No. 1713 (1929).
" (8) “Upward Pressures under Dams. Experiments by the Unlted Sta.tes Bureau of Reclama‘tlon“by Julian
‘' Hinds, M. Am. Soc, C.E, Paper No. 1717 (1920). - .
< (7)) “Tiffect of Minor Geological dedails on the safety of Dams’’ by Charlcs Terzagh: " “Technical Publ ica-
~‘tion of the Institute of Mining and Metallurgical Engineers, No, 215, February 1929,
- (8). “Erd bau mechayic’’ by, Von Kar] Tetzaghi, M. Am. Soc. C. E. Vienna, 1925.
..(9) Punjab Engineering Congress Paper No. 162 of 1933. Fi gures 2 and 3. "Pressure pipe observatxons at
Panjnad Weir” by A. N, Khosla, M, Am. Soc. C. E. . 1024,
10) “Hydraulik’’ by P, Forchheimer, 2ad Edition, Berlin,
:ll; “Percolation under aprons of Irrigation Works'’ by S. Leliavsky, ‘Cairo—Egypt, 1920 Sac. C.
{12) -“'Pressure plpe Obaervations at Panjnad Weir’' by AJudhla Nath Khosla, I.s.E, M.Am. Sac.C. E.
: Puﬂjab Engineering ‘Congress Paper No, 162. " - - :
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to the final solution of the problem. The main conclusions of 1928-29 derived from researches‘
at the Upper Ch:nab Slphons were confu'med and the followmg facts were estabhshed -—
*{a) ‘The flow of water through the sub-soil is in stream lmes and thorefore suscept1ble
of mathematical treatment,

- (B) The ratio($) of uplift pressure (P), at any point along the base of a particular weir
founded on permeable soil to the total head (H) .is comstant and 1ndepend=nt
of :(— ‘

(i) Head (H), .

"(ii) Class of sub-soil o long as it is homogeneous,

“(#i) Upstream and downstteam water levels,

(iv) Temperature, provided 1t is umform throughout the sub-soil,
" ‘but it varies with :— . :

) S11t dep031ts or scour upstream or downstream of the i 1mperv1ous ﬂoor.

(ii) Temperature, wb1ch varies from point to poxnt in the sub-soil and in dxiferent

seasons of the year. _

From the above conclusions it is obvious that the problem of seepage ﬂow under weirs

should Be well adapted Tor mod3l work, sublect to the 11m1ta.t1ons nnposed by the varymg
silt, scour and temperature.

About ths tim= when full size exp »riments were under way at the Panjnad Weu'
Professor Warren Weaver, ! H>ad of the D:partm:nt of mathematics at the University- of
Wisconsin and at the time working with the Rotkefeller Foundation, developed his mathe-
matical treatm:nt of the flow of water through the permeable sub-soil under dams. Weaver'’s
work; as will b sten later, p-ovided the 1nsp1rat10n for the complete solution of the problem,
contained in Chapter VII.

- With the indications from observations at Pan]uad that the problem was well adapted
for model work, ‘it was decided to determine whether a small scale model was capable of
giving consistent results”.2 A scale model of the Rasul Weir (Punjab) was set up at the
Punjab.Irrigation Research Instjtute, Lahore, by Harbans Lal Uppal and Gunn, and experi-
ments were carried out to determine uphft pressures.” The results are published in Research-
Publication, Vol. IL,? No. 2, January 1933.. A
) The results though not conclusive were suffxcxently encouragmg The investigation was
then extended to a study of stream lmes under simple typzs of weir floors. A description of
the detaxls of developmo the stream lines will be found in Chapter IV. An occount of these
studies is cotained in Research Publications, Vol. II, Nos. 3% and 44 (1934). These
researches were carried out by Dr. E. McKenzie Taylor, Director of the Institute, and
Harbans- Lal :Uppal. - Th. pressures’ under these simple forms were investigated® at the
sametlme" . e . . N

At the February 1933 Sessmn of the Punjab Engmeermg Congress, Mr. (now er) R.P.
Ha&ow& Chief Engmeer, Punjab Irugatlon during-the distussion of Paper No. 162, by Khosla,
qy.estmned as’ to' whether deductions made from the Panjnad expemnents would hold
good on other works w1th ‘different arrangement of floof and sheet piles and if they were
enough and suitable to forii the basis of future designs, He suggested that the field results
be tested on 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 investi.
gation was carried out by Harbans Lal Uppal and the results wete presented at the Punjab. .
Engineering Congress in February 1935 (Papar No. 185).5

T

_ {1) "Uplift pressure on Dams’’ by Warren Weaver, Journal of Mathematics snd Phya ics, Massachusetts
Institute of Technology Press, Vol. XI, No. 2, June 1932. .

(2) **Study on Sub-soil Hydraulics, Investigation of Observational methods for models" liy Harbans Lal
Uppal, M.Sc, and J. P, Gunn, M. A., B. Sc. Research Pubjication, Vol. 11, No. 2 ]unua.ry, 1932:

(3) “A study of the Flow of Water under Works on sand Foundation by Meaus of Models "by E. McKenzie
Taylor, M.B.E., Ph.D., D, Sc w P.IL C and Harbans Tal Uppal, M. Sc. Rcsearch Public'ltion, Vel 11,
- No. 3 (1934). . . .

(4) A study of the Flow of Water unde“ Works on Sand Foundations by means of Models, Part IT, by E.

L..McKenzie Taylor, M.B.E., Ph.D,; D.S¢., F.I.C., Director, and Hathans Lal Uppal, M.Sc., Research
Publjcation, Vol. II. No. 4 (1934).

. {B) ‘““An Investigation of the Pressires on Works on Sand Foundations' by E. McKenzie Tnylor, M.B.E.
Ph.D., D.S¢., F.1.C., Director, and Harbans Lal Uppal, M.Sc, Research Publication, Vol, II, 5 {1034).

. (6) “Pressure under model of the. Panjnad Weir-and under the Prqtotype" by Harbans Lal Uppal,. Paper
No. 185, Punjab Engineering Congress, 1935.
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' Field observations continued to be made at the Panjx.lad Weir and fresh observations
were started atthe Khanki Weir where a series of pressure pipes had been installed during
its reconstruction® (1934-35).

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

In Septambar 1932, Lane? analysed over 200 dams, all over the world, and evolved his
Weighted Creep Theory, which in effect might be called the Bligh Creep Theory corrected for
vertical cut-offs and sloping faces. Lane proposeéd a weight of three for vertical creep and
one for horizontal creep. While this theory was an improvement on the original Bligh

.theory, it was empirical and lacked the background for a rational basis for design. His
memorandum on the subjact appeared later, as Papar No. 19193, in tha 1935 Transactions of
the American Society of Civil Engineers. This papar is valuable for the walth of informa-
tion about the numerous weirs it deals with. .

. A number of us2ful papers on ‘the subject were presented at the International Commis-
sion on Dams# in July 1933.

In May 1934, Hebert® carrizd out expzriments for varions weirs on the- electric model.
He tried the Panjnad Model but failed to secure results in agreement with those given in
Paper No. 1628 (Punjab Engmeermg Congress, 1933).  He ascribed this lack of agreement to
non-homogeneity of the sub-soil at the Panjnad Weir, and decided that the application of
electric modals to problems of practical designs must be made with care as the results appear-
éedtobeofa quahtative rather than of a quantxtatwe nature. '

In the same year Haigh? and Harza$ .independently produced two very useful papers
on almost similar lines. Fundamentals were once again introduced and a definite attempt
was 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 stability and discussed.the distribution of
pressures which could be considered as safe,
N

Harza got agreement brtween theoretical valuzs of uplift [iressutes and those obtained

“from the electric rodels for some of the simple cases dealt with by Weaver? in his mathe-

matical solutions. But as will be seen from the criticism on his Paper, the eﬂgiueers were

frankly sceptical and remained unconvincad as no agreement was shown to exist between the
model and field results. '

In his experiments on the Panjnad model, carried out at the Lahore Research Iunstitute,
Harbans Lal succeeded in getting almost exact reproduction of the field results by suitable
superimposition of silt and temperature.. The profession would not accepf theory, nor the
vesults of models so long as botb could not be conclusively shown to conform exactly to those
obtained in the field. The results obtained on the Panjnad model in conjunction with the
researches of Dr. Vaidhianathan on the electric models (mentioned later) hawve shown
conclusively, for the first time in the Instory of research on this subject that e~

(a) The distribution of pressures under works on sand foundations can be exactly
reproduced on Hydraulic or Electric models.

(1) “Reconstruction of the Khanki Weir* by R. B. A. X.Khosla, M. Am. Soc. C.E,, Paper No. 195 of
Punjab Engincering Congisss (1936).
(2) Technical Memorandum No. 303, of the United States Butrcau of Reclamation. *Security of Masonry
Dams ot earth Foundations from under Seepage or Piping" by L W. Lane, M. Am. Soc. C. E.
(3) Paper No. 1919 American Soc. of Civil Engineers, “Security from under Seepage’, by E. W. Lane,
M. Am. Soc, C, E. (1936). :
(i) Commission Tnternationale Des Grands Barrages, Stockholm, 1933, 5 Volumes.
(6) U.S. A, Bureau of Reclamation Technical Memorandum No. 384, ‘*Hydrostatic Uplift Pressuzes undes
Dams on Pervious earth Foundations” by D. J. Hebert, Junioxr Engineer.
. (6) ‘*Pressure Pipe Observations at Panjnad Weir'’ by Ajudhia Nath Khusla, I.S. E., M. Am Soc. C.E.,g
Punjab Engineering Congress, Paper No. 162.
: (7) “Design of Weirs on sand Foundations'" by P, F. Haigh, M. I. C. E. (London) Punjab Engineerin
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-
rlcan Society of Civil Engineers, 1935.

'(9) ¢*Uplift Pressure on Dams’* by Warren Weaver, Journal of Mathematics and Physics, Massachusetls
lustitute of Tecbnology Press, Vol. X1, No, 2, June 1932.
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(b) All seasonal and other variations from the normal conditions can be reproduced on
Hydraufic Models by superimposition of silt, temperature, or both, and by simu-
lating the stratification,

(c) The problem is susceptible of mathematical treatment.
This conclusivz proof about the reliability of mod:1 and mathematical results in application
to field conditions marks a great‘advance and a definite landmark in the development of this

branch of engineering and one that has led fo a final solution of the problem of design of weirs
on permeable foundations., ’

A review of the advance in knowledge of sub-soil hydraulics would be incomplete without
mention of the valuable work done by Dr. V. I. Vaidhianathan, Head of the Physics Section
_at the Punjab Irrigation Research Institute. The high class technique? with the electric
model developed by him in experimental work is described in Chapter IV, The expzriments
‘carried out by him on a series of standard forms, specially planned for the purpose by
Khosla, are dealt with at length in Chapter IX. The results obtained from them have helped
to bridge the gap between theory and practice and have enabled a more complete pres-
entation of the subject, than would have bzen possible otherwise. ‘

(1) ** The Electric Method of investigating the Uplift Pressures under Dams and Weirs” by Dr.V.I.
Vaidhianathan and Gurdas Ram, Research Publication, Vol. V. No.d4, Irrigation Research Imstitute,
Lahore



CHAPTER I

- ‘Theory ot SeePage Flbw
- - Darcy’s’ Law and 'its Extenston

In the vast plains of India the sub-soil consists of alluvium whose particle size varies from
that of very fine colloidal clay to very coarse sand. The movernent of water through a soil
obzys the laws governing the movement of a fluid in capillaries. Movement of water in capil-
‘laries was first investigdted by Poiseuile! in 1841-42. He found that the time of efluxofa
given voliitne of water varied directly as the length of the tube, inversely-asthe difference of
~pressure at the two eénds and invetsely as the fourthi power of the diameter, Thishas also been
worked -out from theoretical considerations by G. G. Stokes.? - If -2 is the "diameter.of the
_tube, lits length, p the difference of pressure at its énds, and f the discharge in cc., per
second, o . . o B

rat 'p

-where W is the co-efficient of vicosity of water, -As the viscosity of water chariges with tem-
perature the amount of flow will vary with the temperature. The viscosity of water has been
given by Helmholtz as follows: — '

= 01778
P=T140337 ¢ + -000221 62 ° < e . (2.2)

so that as the temperature @ rises, p 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 Meyer8 in 1873 with air and 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= 2.
9

2q = diameter of capillaries, .
v = velocity of flow through the capillaries, and

v = Kinematic viscosity, p/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 would naturally be e_xp'ected to. follo'?v
some law similar to equation (2,1). In 1856 Darcy4 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 (f), measured in the direction of flow, which may be represen-
ted by the equation ;— . !

v = K. lﬂ' . . . . {2.3)
where the proportionality factor K repfesents the permeability of the sand medium and is
known as the co-efficient of permeability or the Transmission Constant,. Thi§ relation (2.3)
is very similar to relation (2.1) of Poiseuille and has similar limitations at high heads. In
1884 Welitschkowsky® published the results of a series of experiments on the movement of
water in a sand medium and stated:;— .

" #“It is ta be observed, i the first place, that the column of sand 26 cm. long, gives a flow nuder each of

the ten different pressures increasing faster then the pressure by amounts ranging from 3.9 per cent, under a
pressure of 45 cm. of water to 11.3 per cent. when the pressure becomes 125 cm. When the column has its

(1) Poiseuille . « *Recherches surle mouvement des liguids dans les tubes de tres petits diametres.”
. Acad. Sciences Savants estrangers, 1842, Vol. IX. p. 4‘?3- :
(2) G. G. Stokes . . *Om the Theorles of the Internal friction of fluid in motion and of the equilibrium
and motion of Elastic Solids.”” Trans. of the Camb. Phil. Society, 8, 287, 1845,
(3) 0. E. Meyer . . *Uber dle innere Riebung der Gase.” Pagg. Analen, 1886, Vol. CXXVIL.
(4) H, Darcy . . Recherches Hydrauliques, Paris, 1856.
(6) Welitschkowsky . Archiv fur Hygiene, Vol. II, 1884.

8
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length doubled or made 80 cm. high, there is under the lawest pressure, 70 and 80 cm., a nearly complete
agreement with the law; but as the pressure is increased the flow becomes faster than is required until,
under & pressure of 150 cm., it exceeds the computed amount by 3 per cent. Then when this column was
glven a length of 75 cm. there fbecame practically an almost complete agreement of observation with
theory, the percetitage daparture it 1o 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./sec.) 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 expegiments is that
Datcy’s law only applies up to a limit of velocity which at 15°C apparently varies from

0+003 to 0'004 meter per second.”

The experimental evidence about the 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 the alluvial soil tkat is generally met with in the beds
of Indiap rivers these limits 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. Schlichter! 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 I,aw 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 hypothecate 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 conti-
guous grains in a natural sand, ’_there probably exists a tendency 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 Schlichter proceeds to find the area of the section of the pore space of such a hypo-
thetical medium. He obtains;— ,
sin §—wf4

. 2 a

4= . . .. J(29)

where 4 is the diameter of the sphere and ¢ the face angle of a rhombohedron that is formed
by lines 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 inthe most compact manner possible,
each grain will touch surrounding grains at twelve points and the element of volume will
be a thombohedron having face angles equal to 60° and 120°. If the grains are not arranged
in the most compact manner the thombohedron will have its face angles greater than 6¢°
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 the
grains in contact is when the rhombohedron is a cube,

The pores thr_ough such an ideal soil are capillary tubes of approximately triangular
sectiou of area given by equation (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 4 is given
by i— o .

k(1 4 cos @)
sin gV, 1 + 2cos g
The pote enlarges slightly in area as it follows the surfaces of the spherical grains and
then diminishes 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 caa

. . o (25)

*This number is considerahly smaller than the ope for movement in caplllaties,
(1) C. S, Schlichtsr . + "Movement of Groundwater,"" 1899, -
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be found if the motion of a frictionless liquid relating to the boundary is known for a rota.
ting prismatic cylindrical vessel of the same form of section. The fux per second
___p4
J= 2047 3 I Wi
where A is the area of cross-section and ! the length of the triapgular cylinder. The
mean velocity is v = 0.02887 pAfpl. For a circular tube the mean velocity is
v = 003979 p4A /! . . . (2-6)

Substituting in this the values of 4 and ! as given by equations (2'4) and (2 5) Schlich-
ter obtains :-—

V=

-pat  , sin g vV 142cos @ (sin 4 — 1 /4)
I67w Wh\ 1+ cos @ ) (2.7}

If s be the section of the cylinder containing the soil and substituting the value of w
the viscosity pm_o 01315 for 10°C, be obtains for the flux across the section

g=1- 18461; Ks cubic feet per minute

wherg Kis a function of ¢ which determines the porosity of the soil, So that
=( 118462y 2 _ g2
=(11888%) £ = kL
which is of the same form as Datcy’s Law given by equation (2'3),
Having thus derived a 1elationship similar to Darcy's Law, Schllchter proceeded to

generahse it by writing equation (2'3) in the form :— ,
D-K:ﬁ . . e . é (2'8)

where v ;s the velocity-vector, p the pressure in the fluid driving the water particles in the
length 5. The pores of the soil are arranged in such a haphazard manner that we can
assume 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 following
Telation :—

u=rg | |
N . . . . 2:9
_ @9
8y
= g%
W = 52

Schilichler then procee'ds to make the assumption that ‘“The flow of a fluid ina soil, is not
different from the flow of a hypothetical fluid which we may suppose to replace both the
" fluid in the soil and the soil itself”’, Wlth this assumption the equation of contmmty

Su 8, 8 _o . .. (2
sx +5y+\az (2.10)

will hold good, This equation is simply the mathematical statement that a given mass ot

the liquid dOeS not change its volume durmg the given motion. Substituting (2'9) in (210
he obtains =

8% , 8% 8% .
R A A R I 2
. Equatmns similar to (2'9) and (2'11) were obtained by Bose? in 1929, who assuming, that
the motion in the sub-soil was extremely slow, replaced ‘‘the conditions of flow in a porous
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 fihid obeys all the laws of hydrodynamics and the whole motion is executed under gra-
v1ty only”,

This equatmn (2 11) is the well-known Laplace’s equatjon which occurs in nearly all
branches of applied mathematics. The pressyre function p which satisfies this differential

equation is called the "Potential Function”’. This function will be dealt with further in
the next chapter.

(1) N. K. Bose Memoir, Vol. IT, Na. I, Punjab Irrigntion Research Institute, Lahore (India) 1929,

A
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It is well-kriown 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 p.roblem of
flow of water through the sub-soil is analogous to that of the flow of a viscous fluid or that
of electricity through a conductor, This analogy has been used in Chapter III fm;' the
solution of the various problems connected with seepage flow. :

The potential function p, determined from this partial differential equation, will 'be s1.1b."
ject to the boundary conditions present in each particular problem. This function is finite,
continuods, 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 Darcys
Law (2'3) it will be subject to all the limitation of the latter law, These are

1. The velocities in the medium should not exceed 0-015 ft./sec., and the¢ 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 (2-1I)

Unsaturated Flow

When the medium is not fully saturated the laws of movement of water in such an u#s-
Saturated zone are altogether different from those given by (2°3) or (2:11). Movements in such
cases are not governed by gravity but mostly by th= 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 zone 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 rise in wells and observation pipes. If bowever, 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 whetlier 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 11}
Potential Law and iis Applications to the Problems of Weii Desigh

In the previous chapter it has been shewn that a problem in thesteady 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 p is determined by a solution of the differential equation
(2-11) of Chapter 1I, viz.,, ‘

2
o A R ot
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 %, ¥, 7, of the region. After p has been determined by an appropriate solution
of equation (2-11} for a glven 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 sub-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 actualiy move,
These lines 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 where this differential equation of Laplace’s finds application. '

Laplace’s Equation—

a?p a% L R ¥ _,
rra [T
was originally 1ntroduced by I.aplace1 in a memoir on Saturn’s rings,

Some of the fields of mathematical physics, to which this equation applies, are men-
t*mned below i— :
1. The Gravitational Field-potential in regions not occupied by attracting matter ;
2. The Electrostatic Field-potential in uniform dielectric,
3. The Magnetic Field-potential in free aether in the theory of magnetostatics.
4, The Temperature Distribution in the theory of thermal equilibrium in solids.
6. 'The velocity distribution at points of a homogenous liquid moving irrotationally in
hydrodynamical problems ;
6. ‘The pressure and flow lines for extr emely slow movement in a viscous medium like
glycerine, treacle, etc. ;
7. 'The Electric Fields (potential and flow lines) in the theory of the steady flow of
electric currents in conductors,

To 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 (b) forms the basis of the hydraulics of surface flow where turbulence is
absent so that Bernoulli's equation apphes. 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-pressure surfaces is identical with that of the equi-poten-
tial surfaces in the problems of the steady flow of electric curreats 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 ‘the2 next chapter for the determination of the pressure distsibution in the

experiment.

() Leplace o« o o Mem. del’Acad. desScietces 1787
12 -
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Application of the Potential Law to Problems of Weir Design
Equation (211) deals with three dimensional flow. In weirs the flow will be zxn:ainly
two dimensional as the width of a tiver is considerable so that flow at any cross-section of
the weir 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.

8* 8°
For two dimensional flow, equation (2-11) reduces to —8_1%+ Ty‘%=0 . . (3-1)_

for which the boundaries, in the case of weirs, are given by :(—

YA 072 "l-.’l,'g'n-.'-l-:u-‘. I s

<, £2 [-F)

x Flgure 31 X

(a) The foundation profile BE D C E, D, C, E; D, C; A forms the inner boundary and
- . represents the stream line immediately along the profile sothat 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-
charge of ¢ cusecs to flow, then the space between the two stream lines will
form a stream tube carrying a discharge ¢. 1f % defines the stream line func-
tion, the stream line along the foundation profile will be given by #=0 aund the

one next below by n=g¢.

(8) 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 A%’ along which pressure v=H
representing the {otal head (H).

(4} 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 Christoffel® 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 solution of the Laplace’s Equation (3:1) for the
{—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—plarne as
& boundary.

So that if Z=x-§iiy and {=¢++7, then 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 ;-

dz ) : |
(O (s A &)
whare \,;m, Ag7, Ag#. . . . . are the external angles of the polygon in the Z—plane and

21 %3%s . . arethe pointsin 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 ol subsoi] flow
occurring in weir design.

(1) Schwarz and Christofiet. Uber einige Abbildungs aufgaben, Crelle 70, p. 105, 1869,



CHAPTER 1V
Experlmental Veriflcatlon of the Potential Law by means of 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 movemeznt of a viscous fluid, and to the flow of electricity through a cou-
ductor, and that all such movements 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: 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, for 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.
I1.—TRriAL, AND ERROR OR GRAPHICAL METHOD
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. Forchheimerl. A brief description of this
method is reproduced? below:—
“Suppose that the lines AB and CD shown on the Figure 4'1, are two stream lines and let
AC, ac, ajc,, 83C3........ represent a series of lines of constant head. The latter are sup-
posed to be drawn in such a manner that the head lost in between each pair of consecutive

M\ o @y Q2 Mk

Figure 4.1

lines is always the same. Thus, for instance, if h represents the head for the line AC and A,
represents the head lost in between the lines AC and ac, then the head for the line ac will be
h—Ah, the head for the line a;c; will be h—2Ah, the head for the line agey will be h—3Ah,
and so on, ,

Further let it be supposed that in drawing the lines AB and CD’ the distance m has
been chosen approximately equal to the distance n, so that the figure A a ¢ 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 b, d;, the distance m, will be nearly equal to ng, that is to say, we
obtain then a diagram consisting of a series of ‘‘curvilinear squares”.

An approximate proof of this can be given in an elementary manner,
Let g represent the 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) “Hydrnniik“ by P. Forchheimer. -
(2) “Percolation under aprons of irrigation works” by S, Leliavesky. Page 33,

14
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velocity will be invers.ely proportional to the distance between these lines. Thus the ave
‘rage velocity over the reach m, is abouti—

=9
e e
whereas the average velocity in the reach m, is*
2= e
he length m, is about Ahb and as the slope is proportional to
The average slope over the leng 1 T, .
the velocity .
Al gu —x -2
_ oy Ky=K Tre
But as m; = n,
Ah= Xaq

. h
Now, the average slope over the reach m, is about Am: so that

AbD_ gy = x 9
my Ngg

andmy = A h —K—aq—nz:

K q

of, as A h =
= n,

that is to say, the figure bby dd, 'will represent approx:mately a curvxhnear 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. Inthe particular case
illustrated on the diagram it was known that an imparvious stratum existed at a certain
depth below the bed of the channel,

T
=T -

R

)
2 2

i

77
I I
: H3 1 11
|
/mz'r;z'r.‘ ;ézl*,zrm} 2 E i

Figure 4.2.

The graphical process followed by Forcﬁlllleimer in drawing out the stream lines can be
described as a ‘‘nethod 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 tban that of the
apron.

P The space in betwean 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 obtamed will be a curvilinear square,

Under each of these sjuares a new square is drawn out. The outer sides of these new
squares will form th= second line of flow. ‘

In th2 sam? way all th= other flow lines can be drawn one after the other.

The last flow line must coincide with thé line representing the limit of the previous
material. This servas to check the assumed alignment of the first flow line. In the majo-

rily of cases the first trial will not be found satisfactory and it will, therefore, be requued
to re-arrange the diagram, ‘

The method can be directly applied when the depth of the permeable layer is limited
by a bed of impervious material, as is shown, for instance, on the Figure 4.2,

In the case of unlimited depth it will be necessary to take into account 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.

—

* In the direction pespendicular to the plane of the drawing the width of the layer of poraus material
is assumed to be unity. The letters represents the porosity,
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ITI.—Viscous FLuip MgTHOD

A neat stream line apparatus has been davised for the purpose by Harbans T,al Uppal
and Mushtaq Ahmed (Punjab Research Institute) which consists of a 4"x3” tank with para-
1lel sides of glass plate spaced 1 mm. apart, which is connected by small holes to two small
chambers, one containing water and the other a solution of potassium permanganate.
stnall 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 and the permanganate solution flow in definite and distinct stream lines, as shown
in Photo 4-1.

1

s

Proro 4'1

Stream lines can be obtained by this method in a few minutes and the pressure lines can
be computed from these. Direct determination of pressures by this method has not so far
been tried and it is doubtful whether it will be possible, with any pretence to accuracy.

This apparatus is similar to the one used by Hele Shaw! in 1897 and described? in connec-
tion with the determination of stream lines and pressure lines in spill-way siphons at
Hanover. 7

The flow of water through this apparatus is similar to that of viscous liquids flowing at
a rate below the critical 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 plain glycerine in well defined stream lines which can be photographed.
Photo 42, reproduced below, is taken from the work done by Ionides of the Irrigation
Directorate, Baghdad (Mesopotamia}, in 1932,

PHOTO 4°2. -

{1) Hele Shaw :—¢Tngineering’’ July 16, 1897 and April 8, 1898.
(2) *“ITydraulic Laboratory Practice” by John R. Freeman: (1920), Page 608,
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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 HYDRAULIC 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 I,al 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 TANEK

-

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 43 shows the arrangement. Photograph 43
shows the bigger tank, 8 ft. X 3 ft. x 5 in. wide fuside, for the Panjnad Model toa scale of
1 in 50.

THE EXPERIMENTAL TANK
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(1) “'The action of water under Dams” by [, B. T. Colman, A M.Am.Soc.C.Ii,, Paper 1356, (1016) Ame-
rican Soclety of Civil Engineers. )

(2) *A study of the flow of water under works ou sand foundations by mcans of models'’ by E. McKenzie

’i;ilyl;r,(i)ire;ter, aund Harbans Lal Uppal, Assistant Research Officer. Research Publication, Vol. I7,
~No, 4, (1934). :

Figure 4-3
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Showing glass side of the tank with Panjnad Weir ‘Model in position
ProTo 43

The frame of the tank was made of teak. The tank itself consisted, on one side, of a
glass plate § inch in thickness, and, on the other side, of a steel plate 1 inch thick and similar
in size to the glass plate, the ends of the tank being formed by the framework. The frame
was 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
stability.

Oune difficulty experienced 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 asscmbly. ;

In the bottom of the tank, at the end which was 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-
clusion of the expariment. 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. Photographs 4.4 and 4.5 show the general arrangement.

m——— =]

Showing back of tank with rubber tubing conuectlons to glass pipes.
Taoro 44
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Showing observation glass pipes.
Proro 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 3" 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 cannected outside the tank to a series of glass
tubes by means of rubber pressure tubing. All jeints were made watertight.

The pressures were to be observed in the giass tubes. These were made from specially
selected barometer tubes of approximately 7 mm., diameter and caliprated for a series of heads
before the model was constructed in the tank, The calibration was done with referernice 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 cm. 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 made with a cathetometer and are accurate to 4005 cms.

Two cement pillars 5°X2'X2’ and ten feet apart were erected, one on either back corne;
of the tank., Three angle iron pieces 11" x2” X §” were fixed on to the pillars, two at the top
.and 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 for holding obser-
vation pipes for their lighting arrangement. The observation pipss were divided into five
sets each of twenty-five pipes fitted into a brass frame. Tach brass frame holding a set of
twenty-five pieces could be raised or lowered independently on to the angle iron pieces. The
advantage of this arrangement was thaf no difficulty was experienced in recording pressure
of down-stream pipes at low levels.

Two straight edges were fixed on to the top of the tank, one on either side. A
“spitzentestes’’ scale, mounted on a carrier, could move along the tank on the straight edges.

By means of this arrangement the position of any pressure observation point or the R. I’s of
the model could be read accurately, - .

The meniscus of the water in the observation pipes was illuminated by means of diffused
light from behind. A series of tubular bulbs fixed on to a frame, such that they could be
raised or lowered, were placéd behind each set, of observation pipes. An opaque glass plate
wiis placed'between the pipes aud the bulbs to obtain diffused light. )
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The dis'tribution curves for the sand which was used in these experiments is given in
Figure 44 ' ‘
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_ Figure 44
The sand was placed in the tank and the model was them constructed.
CONSTRUCTION OF THE MODEIL, : .

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. Whan the sand level in fhe tank was slightly lower than the lowast point of
the model, the sheet piles were constructed at their propar position. The method of -
construction of sheet piles has been improved considerably. These are made of 3“teak board
with a brass plate } inch on each side, These plates project halfan inch 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 to;} *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 bafore 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 mzantioned 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 maintaiued apstream and a constant level downstream
for a period of two hours before starting the pressure .observations. Another precaution of
great importance was taken. The water Jor feeding the upstream was passed through a series
of glass wool filters before it was led into @ reservoir. By this means, all silt and suspe nded
matley 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.

| PRESSURE OBSERVATIONS AND STREAM LINES
A number of pressure observations, at different heads of water, were taken for each mod:1
-and entered in a register for recording observatigas.

After completing the pressure observations the stream lines were traced. The basis for
tracing the course of the stream lines was the reaction between potassium chromate and
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silver nitrate. When solutions of these two substances are brought into contact, a red

precipitate of silver chromate is obtained according to the following equation:—
2Ag N03 +K2Cr04 ﬂAgz Cro.l +2K NO3
(Colourless)  (Vellow)  (Red) ~ (Colourless).

The solutions of potassium chromate and silver nitrate used in these expz: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 upstream end of the model. The level of the potassium
chromate solution in the aspirator was also kept constant, Before starting any experiment,
the solution of potassium chromate was run through the sand to ensure that the modcl was
watertight, the sand saturated with the solution, and the flow uniform.
~ The solution of silver nitrate was contained in a series of vertical glass tubes pro.
vided with stop-cocks. The lower ends of these tubes were drawn out into fine jets. The top
ends of the tubes were fused at regular intervals on toa 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 an inch 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 licad of the main
bulk of potassium chromate solution to ensure that a stream of silver nitrate was delivered.
This additional head was dissipated soon after it left the point of the capillary. The
experiment was commenced by opening the stop-cock of the tubz 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 occurred during the exp:riment which were likely to be
obscured by later developments. Photo 4'6 shows the stream lines, so obtained, on the
Panjnad weir model. Other photographs of stream lines are given in Chapter IX,

Showing stream lines under the Panjnad weir model,
v
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A description of the exp:riments on the hydraulic model to determine the eifect of silt
and temperature will be found in Chapter VI,

.Acompanson of the pressuresas obtained on this and the electric models with those
derived mathematically will be given later in this chapter.
V.—ELECTRIC ANALOGY METHOD

” This mt.ethod was first tried by Professor N. N. Pavlovsky! in Russia in 1920,
The technique as d:v.loped in the Punjab Irrigation Research  Institute

(1) *“ Motion of water uuder Dams” by Prof. N. N. Pavlavsky, Paper No, 36, Iuternational Commissian of
Dams. (1933.)
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by Dr. V. I. Vaidhianathan, ' €2 and as described in the Proceedings of the Indian Academy
of Sciences, is r¢produced below:-— '
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Figure 4'5
C;—TFixed condenser N-—Neon Bulb
V— Triode Valve R,;—High Resistance
T,—Transformer R,—Rheostat
A—Filament Battery C, —Variable Condenser
B—Plate Battery Cy,—Fixed Condenser
C—Grid Battery T,—-Transformer.

(1) *‘Potential Distribution in infinate Conductors and Uplift Pressure on Dams’’ by Gurdas Ram, M. Sc.
Dr. V. I, Vaidhianathan, D. Sc., F. Inst. P. and Dr. 1. Mckenzie Taylor, Ph. D., D.Sc., F.I.C., Proceed
ings of the Indian Academy of Sciences, Vol. IT, No. 1, July 1935.

(2) “On the Electrical Method of investing the Uplift Pressures under Dams and Weirs’' by Dr. V.1,
vaidhionathan, M. A, D, Sc., F. Inst. P.Physicist and Gurdas Ram, M. Sc., Research Assistant, Research
Publication, Vol. V. No. 4, April,1936.
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The tank is 4 ft. long and 3 inches deép, (Figure 4-5 and photo 4:7.) AB and CD are two
thick conducting plates of copper each 1'5 feet long representing the surfaces of the porous
strata on the upstream and downstream of the dam. B Cis 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 oiuiter 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 conforms to the theortetical condition, that the boundary is at an
infinite distance away. The tank 8 is filled with a dilute solution of ammonium chlofide. P is
a probe made by fusing a platinum wire into a glass tube, the end of the wire alone being
exposed. P, is a jockey moving on a ten-metre potentiometer wire W W,. T is 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 was accurately calibrated.

The A C source (Figure 4-5) is obtained from a Meon oscillator with an amplifier. This
arrangement 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 Cis equal to the fall 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 preserit 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. The method mdy 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. , ‘

MsrEOD OF OBSERVATION

In carrying out the experimznts, the moving contact P, in the potentiometer (Figure 4-5)
is placed at 1/20th of the potential and l::y probing with the help of P,the series of null points
corresponding to this potential are marked in the tank, Py is then moved to 2/20th of the
potential and the observations are then repeated, A complete set of equipotential lines for
decrements of § percent of the total potential drop, are thus traced on the bottom of the
tank. To facilitate the direct marking of the points, the bottom of the tank was madé of

ground glass, Tracings of the points are then made and reduced to a convenient size for
comparison, ' .

COMPARISON OF REsuLTS—MODELS AND THEORY

Pl:essm:e observations were done in the hydraulic and electric models, on the st_é.ndard
forms given in Chapter IX. The agreement in all cases was very satisfactory between the
euslts obtained from models and those derived mathematically, ‘
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Figure 4'6, shows the pressure contours under a plain horizontal floor as derived from
theory and the hydraulic and electric models,
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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.
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- Figure 47
Table IV-]1 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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mathematically {Chapter VII, ‘Case 2) and on the electric model with a § inch depth of pile,
The agreement could be no better.

Experiment were also carried out with an upstream apton and pile linc at the down-

stream end, with different depths of fill downstream of the pile line. The results are given in
Plate IV-1, and can be easily checked against theoretical values 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 case 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.. ’

TABLE "TV-1

d,=5 5 d;=5 di=5 d,=3 d,=5 d,;

d2=0 o a,=1 d,=2 dy=3 dp=4 a,=5
) Vo Ve A Ve Voo Y, | Y| Y| Y| Yu| Y2l Ya
5 500 500 424 412 3¢39 330 | 254 244] 168 168|080 078
10 500 | 500 | 444 | 440 | 372 360 | 304|209 231|225 165 | 160"
16 4-95 500 460 | 447 4:05 408 | 3-50 | 348 | 2:00 | 2:00 | 225 | 2-22-
20 405 500 480 476 4-38 436 | 306 | 388 | 348 | 345 2'95i =
25 400 | 405 | 402 | 488 | 462 | 40 | 434|420 |508 | 308|856 361
30 480 479 5-00 4788 4-80 476 | 4°64 | 460 ! 4-38 | 4:36 | 4:05 | 309
35 465 | 465 500 408 492 4-33' 4°86 | 4-81 | 470 | 4°69 | 4'45 | 4°50
40 450 448 406 498 498 | 500 |500 500|402 | 490|475 | 480
6 T 435 | 428 | 488 | 488 494 | 500 | 506500500 500495 ] 500
50 410 | 402 | 408 476 | 4.80 | 486 | 500 500500500500 | 500
55 3-83 372 448 | 448 465 | 466 |46 481|405 | 461|405 | 50
80 3-50 344 | 416 420 438 441 | 4.60 | 460 | 4-72 | 4°74°| 4'T5 | 480
65 315 | 308 | 380 3-83 402 | 404 [426 | 428 | 440 | 440 | 445 | 450
70 2:80 270 3-40 3-40 360 365 |384(3383|398|400] 405 | 399
% 2-40 2:31 2:92 2-92 312 320 | 834332348350 |385 | 33l
80 1:05 1-90 240 2+36 2-58 264 | 276276 | 2-88 ] 292 | 2:05 | 201
85 1-45 1'46 1-80 1'84 1'96 2:04 | 210 | 214 | 220 | 2:25 | 225 | 222
00 1-00 1-00 124 | 124 1-32 1440 | 144 [ 1551 1-51 | 1-52 | 1-55 | 1-50
05 030 0-52 0-64 068 0-69 0'7a | 074|089 ]078 [ 079|080 | 078
00 000 0-00 0:00 000 0-00 000 | 000 | 0-00 | 6-:00 | 000 | 0:00 | 000
4, 5 5 5 5 5 5 5 & 5 b 5

\
dg 0 05 1-0 15 2-0 25 30| 35| 40| 45| 650
Op 0 29-3 343 382 41-2 427 45'5 | 46:3 | 481 | 401 | 50-0
P .

) =i{“x100=PercentagePressure. - “T -

Y =Depth along pile at whichn-certain percentage pressure ocenrs., [ __- —

YT:-=Depth derived from:_theofy. d‘ T

YE=Depth deriyed from elcctric model, experimeuéa]ly. . dz

®D=Percentuge pressure at D, —l—

D
Figure 4'8

.
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TasLE IV-2 . K& __y

dy .. b .. b dDI
= ’8 ’8_ .
S=a=a Y Ta—g - ' | da

- c
)] )] ' ¢

3 8 8 1 )

Exp. Theor, - Exp. Theor. Exp. Theor.
40| 4 o 770 %3 - 434 | 438 00 0-0
40 | ¢ 1 71 765 440 443 68 69
40 | 4 2 74 769 45-6 656 124 137
40| 4 | 3 782 771 471 473 18-7 194
g0 4 | 4 786 81 489 402 249 246
40 | 4 5 79'3 78:8 505 51-2 27'9 " 289
40 | 4 6 79+9 79-5 533 531 319 32-7
40 |4 7 807 80-0 654 548 Ty - 360
40 | 4 8 817 ] sos 565 564 394 389
00 | 7 7 567 568 537 539 537 530
1.0 | 7 7 60-2 59-8 514 - 51-7 456 46'6
20 17 7 632 632 506 - 509 404 416
30 7 7 66-9 66-6 50-3 50-4 362 372
£0 | 7 |7 69-7 69 6 -49'8 50-0 32-3 334
50 | 7 7 726 72-4 49-5 498 ' 292 30-0

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

Al b | B
- gk e by —— venld dumm - "
. d
¥ ']
D . D
Figure 4,9
TaBLE IV-3 ]
. L2t 8 | 4 | 5 [ 6 | 12|35
a 1 12 12 iz 2 iz 12 12 25
. | oods {0083 !o0167 |25 0333 [042 {050 100 2-00
,,D' Rlectrie 10:0 132 174 200 2947 243 253 300 346
¢D’ Theoretical | 98 13'1 174 | 201 2249 237 250 30'0 348
1

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 model, .
agree between themselves.

It inay, therefore, be taken as proved that the flow of water through permeable soils below
weirs 15 analogous fo the flow of eleciricily through a conductor, and to the flow of a viscous
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fluid and that the potential law applies in all cases. So that in cas2s where the equations are '
determinate, a complete solution is possible mathematically. - ¢

“That the results from models-agree with those on their prototype field structures, will be
proved in Chapter VI.

MoDEL CHARACPERISTICS IN SUB-SOIL Wonx
1—Hydraulic Model

(a) Effect of povosity, grain size, packing ele., of sub-soil.—Fxperiments were carried out
with sands of different particle diameter, different porosity and different packing under the :

sanje model but homogeuiaity was maintained in each set of e;xperiment_s. The distribution’
of pressures and the stream lines remained unaltered.

Hence the conf:guratmn of equi-pressure and stream lxnes—generally known as the flow
net— is mdependent of the class and structure of sub-soil so long as the latter is homogeneous ‘

. (b) Effect of Scale.—Experiments were carried out for the case of a depressed floor and
floor with sheet pile.at 6ne end by changing the floor 'length but by keeping constant the
ratio of floor length to depression in the case of the depressed floor and to depth of pile,in the
other case. The flow nets were identical in all cases.

Hence the, ﬂow net is independent of the scale of the model.

(¢) Effect of Temperature.—~FExperiments were carried out at different temperatures with

the same model—the lemperature remaining uniform throughput the sub-soil. Theflow nets were
identical in all cases.

Hende the flow net is mdependent of temperature so long as the latter is unlform
throughout the medium, '

(d) Effcct of Head. —Expenments were carned out by varying the head through a fauly

P
wide ragge. The stream lines remamed unchanged. The potential func_tton (b =g
where \ ‘ .

P=indicated residual head at any point, and

H=total head : :
Temained 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 Downsiream Levels. —-Experunents were carried out by vary- :

~ ing the upstream and/or_ downstream levels. The pressure lines remamed unaltered and so also’
the stream lines,

H

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

11 —-L‘lectnc Model,

The above f1ve sets of experiments were repeated on the electric model with s1m11ar
results.

(@) The variations in class and structure of sub-soil were reproduced by changmg the
‘concentration of the salt solution forming the electrolyte.
(8) The scale of the model was changed so that the ratio of floor length to depth of .

« depression or sheet pile remained unaltered,
(¢) Experiments were carried out at various temperatures which remained un1form
N throughout the medium during any one experiment.

(d) Different potentials were qmployed.

These experiments prove ‘that the flow net of equl-pressure ‘and stream lines, iOI auy
particular weir profile, is.-independent of:—

(a) Class and structure of subsoil so Jong as it is homogeneous. '

(b) Scale or size of structure.’ ' -

(¢) Temperature so long as it-is uniform- throughout the meduim . ;

. (4) Applied head. » .

. (¢). Upstream. and downstream water levels,«.-- - - - - e e -

- Conclusions (c), (d) and (e) were arrlved at by Khosla.1 in 1932 from a study of the pres-
sur e observations at the Panjnad Weir.”

-

(1) “Pressure Pipe Ohservatlona at Panjnad Weir" by A. N, Khosla, I, S. F., M. Am. Soc, C.E. Punjab
Eugincering Congress, Paper Na, 142 (1938),

'
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Siﬁc.é _thé mo.d'els éhov;r that the ﬁpw net is independent of the class and structure of the
gubsoil and of scale, it can at once be inferred that the flow net obtained on a model- should
conform exactly to that under the prototype field structures provided that the subsoil of the
latter is homogeneous. This conclusion is perfectly valid without further proof but actual
gomparisons of the model and field results have been given in Chapter VI, so as to place the
validity of this conclusion beyond question.

STRATIFICATION

It has-beeﬁ proved above that the flow net remains unchanged in a homogeneous sub-soil -
irrespective of the class of soil, the bead, the temperature, efc. This flow net under a given
weir profile will change if the subsoil beconies - non-homogeneous or stratified. Some work
has 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 Weir* and the investigation

- of effect of silt upstream of the Panjnad Weir? floor, mentioned in Chapter VI. Schaffernak?
. has done a good deal of work on stratification and his conclusions ate 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 fatio 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 special 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 laboratory work, because
the experimental investigation concerning the flow of water through non-homogeneous
materials can be carried out in the same manner as the. model-tests concerning the flow of
water through homogeneous materials.”

~

Haigh# has also dealt with some aspects of stratification,

RELATIVE MERITS OF THE HYDRAULIC AND ELECTRIC MODELS o
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 underi—e -
* (a) Speed.
() Accuracy.
(c) Scope. : _
(@) Speed.—The electric model is much the quicker of the two. The equipment is brief
and simple to set up. The readings can be taken very quickly. i
(b) Accuracy. —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 tmodel’
and the relative size of pressure points are among the major sotirces, In 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 exceéded 1 per cent. and in an extreme case
it has been slightly above 2 per cent.

The electric method is, therefore, more accurate,

(¢) Scope.—So far as our present knowledge goes, the hydraulic model scores in this
tespect. It can reproduce effect of stratification and temperature variation. Jf
set up in a suitable flune, it can reproduce tail erosion and can effectively show
the behaviour of the standing wave and the damage likely to occur from various
conditions of surface flow. It permits of an investigation of the limiting gra-
dients at exit and the true significance of such gradients, It is capable of
reproducing stream lines, ' . . _
On the electric model, stratification has been studied by Pavlovsky’ and Hazra. The:
effect of varying temperature can be studied by putting in_the same electrolyte with differ-
ent temperatures in compartments separated by copper strips. The temperature variation can

(1} Research Publication, V?l. II, Nol1l0, By A. N, Khosla, etc, (1035),

(2) Paper 185, Punjab Englneerlng Congreas (1936). By Harbans Lal Uppal,

(3) Paper No. 31 by D«. Friedrich Schaffernak of Vienna, International Conn,m'ssion on Dams, (1933).
(4) **Deaign of Wier on Sznd Foundations,” By F. F. Haigh, Paper 182, Punjab Eungineering éongrcss. .
(6) **Upliit and Scepage under Dams on Sand,” By L. T, Hazra, M.AM.80c.,C E., Paper No. 1020 (1938).
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either be in steps or graded. 'With a rise in temperature of the inflowing water the pressures
increase. With a rise in temperature of the electrolyte, the latter falls in conductivity and
pressures drop. .Apparently the results are contrary in the two cases but, realiy 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 temperature of the subsoil medium results in a rise in pressures.
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 adding 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 Irydraulic 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
rapid and accurate results that it will yield.



 CHAPFER V

The Losation and Erection of pressure Plpes and Standard Methods of Observation and -
Record

This chapter is essentially a reproduction of the first part of Publication No. 8 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 observatio?s
on these showed that the uplift pressure under the floor as indicated by the level of water 1n
he pipas was inexcess of the weight of the latter, suggesting possibility of failure. Tw'o days
ater, part of the weir actually failed. Since then pressure pipes have been instalted on’ a
number of weirs and dams in India and abroad, with two objects in view :— )

firstly, to watch the stability of works, 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 papers2te® and official records. Lane gives a
comprehensive list of such documents. '

In the Punjab, pressure pipes were inserted in the Khanki Weir? and the Rasul Weir
about 1917 and in the Sulemanki* Weir in 1925. Between 1926 and 1928, series of pressure
pipes were put in the various siphons? under the Uppar 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 put in a compre.
hengive 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 pip2s were instal-
led at the Khanki Weir. The observations on these showed little dropin pressure (dueto
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
samz 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 erccted 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 4is a typical case. The location of pressure pipzs, the interpretation of results

——

M */The Lacation and Rrection of Pessure Pipes and Standard Methods of Observationsand Record,”
By R, B. A, N. Khosla, I. S, E., M. Am, Soc. C. g. ’ :

. (2; ““Upward Pressures under Danmis. Experiments by the United States Burean of Reclnmatiou.'” By
Julinn Hinds, M. Am. Sac. C. i, Paper No. 1717 (1920, American Society of Civil Engineers,

(3) *“Hydraulic Gradients ix sub-3oil water flow in relation to Stabili{y of Structurea Resting on Satura~
ted Soils.” By A,N. Khosla, I.8.H., AM.LLE. (1ndia), Paper No, 138, Punjab Engineering Congress (1930),

(4) “*Stability of Weirs and Canal Works, An application of the new theory of Hydraulic Gradients.'’
By A. N. Khosla, I1.5. E., Paper No. 142, Punjab Engineering Congress (1930).

() *“Pressure Pipe Observations at Panjnad Weir.” By AN.Khosla, 18.5., M. Am. Soc. C.E., Punj
Ingineering Congress, Paper No, 162, o

(6) Paper No, 1919, American Soc. of Civil Engineers, *Secutity from under seepage”. By L. W. Lane,
M. Am. Soc. C, E. (1935). , ‘

{7) **Design of Irrigation Works.” Third edition, By W.IG. Bligh, Page 197. Publishers, Constable
& co., Londoen,

(8) **Reconstruction of the Khanki Weir.”” By R, B, A, N. Khogla, I, 8. B., Paper No. 105 of Punjub
Engincering Cangreas (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 the 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
established by the Panjnad results. The pressure pipes recently fixed at the Merala Weir -
have helped to indicate the extent to which reconstructlon is necessary.

The erection of pressure pipes may, therefore, be considered as an essential part of any

newly constructed hydraulic structure and a useful addifion to an old one. A systematic
record of their observations—apart from its scientific value—will be as necessary for the
maintenance of such structures as a record of tlie usual soundings and probings.

GEOLOGICAL FORMAZTION OF SUBSOIL

For a correct interpretation of the results of observation, it is necessary to know the .
geological formation of the subsoil. If the subsoil is homogeneous, the results, under nor.
mal conditions, will be jdentical with those obtained from models (see Chapter VI). Any
considerable difference between the two sets of results must be dite either to some jocal fault -
or to non—homogeuelty 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 1mperv1ous clay (Khanki 'Welr Bay 4 and Sulemanki! We1r, see Plate V. 3) the
pressure inithe permeable stratum below the clay bed will have absolutely no relation with the
-pressure above that bed. - It is the Jatter pressure which will act against the weir floor. But
a puncture in the impervious bed may materially alter the uplift pressures by affoiding, 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. Tocal clay bands or.
lenticles will not interfere with the general 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 continuous substra-
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. 1t will be dangerous to puncture
the clay as that will provide access for the high pressure water under it to the yunderside of
the weir floor. But punctures must be made to investigate soil formation. Suich 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 position 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 furnish 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 Wetrs and Canal Works . by A, N, Khoslu Paper No. 142, Punjab Engineering
Cougress, 1930, Plate V. ‘
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I.ocaTION OF PRESSURE PoIints

. A comprehensive arrangement of pressure points under weirs on homogeneons (or nearly
sé)‘ subsoils and those on homogeneous subsoils underlaid with a continuous impervious sub-
stratum (of clay, efc.) is given 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 i—

-

(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 horizoutal 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 upliit pressures at these determined points below the
floor, a knowledge of which is essential to watch the safety of the work.

Aloug 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,
in 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 ome just at the
bottom. An additional i)oiut some 8 ta 10 feet balow the bottom will be desirable. In a sub-
soil where definite stratification exists, more espzcially where clay beds are encountered, the
Tocation 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 pressﬁres
of the depth and spacing of cut-offs and of the stratification of the subsoil. It will also b¢
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 pervious as well as impervious floors with due regard to stratification, 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 new 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. '

b

The location of piessure pipes in any work, existing or new, should be planned with great
care and thought, The stratigraphy of the subsoil, especially the presence of clay beds and
other geological features, must be duly considered together with the profile of the foundation
of the structure. A knowledge of the geological sections of the'subsoil is essential for working

out a suitable de51gu for the locahty 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 key points under the horizontal ficor, viz., upstream and
downstream of each vertical cut-off and gust under the crest, may be fitted with pressure
points at more frequent intervals. These will enable the safety of the work to bz 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 and Pipes Nos. 21, 10 in each pier.

ERECTION OF PRESSURE PIPES

To allow of the pressures at the selected points below the work being read, 13" diameter
filters are placed at these points which are connected by 13* G. I.'pipes to suitable locations -
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on the suparstructure. These filters (Plate V. 2) are available in the market in standard
lengths of about 3 ft. They are fitted with a driving point at one end and a threaded 14*
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 sh_oyild_be driven down to the propar 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}7 pipe filled

with cement grout. Such conditions were met with in the reconstruction of the Khanki Weir
Bay 4. '

PRECAUTIONS 70 BE OBSERVED IN ERKCTION OF PRESSURE PIPES
(i) A damaged filter should not be used. If one is damaged in driving, it should be
replaced. ’ -

(ii) The jointing of the filter and the blind pipes should be done with great care and made
absolutely watertight as any leak may give entirely unreliable observations. Wherever such
joints are accessible they should be sealed with a coating of rich cement 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 two filters dua to driving or extraction where such may become necessary. -

(iv) The 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) Ddring erection, the ends of all pipes should be kept closed by standard caps to avoid
foreign matter finding its way into the pipe and thus making them useless for purposes of
observation. This is a most important 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 bz 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 plade for observations.

(vi) Fach 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 mus't be exercised in this respect, for once confusion arises there will be no means to
determine to which filter point a given stand 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. v

(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 can 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 thcy should be pumped
as above. After that they will be found to give consistent results.

(ix) It is futile tolay a pressure point in impervious clay. This will show.no response
to any variation of pressure. If it is desired to find out whether the clay is actually imper-
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.
Downstream. water level,

Shade temperature ; maximum and minimum.

B ow N

remains approximately constant.
5. Temperature of sub-soil water in a few selected observation pipes.

Water level in all pipes.

The temperature of the river water, at 2 depth from the surface below whlch it

7. The depth of silt on the upstream and downstream floors and if possibie the

nature and grade of silt.

. Ttems 1 and 2 are read from gauges suitably fixed. Item3 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 surface, this effect is less marked and at a depth of 4

to 5 feet the temperature appears to remain approximately constant. This is the temperature
which should be observed and it follows that & common thermometer is useless as the veading

will be affected by the varying temperature in ithe upper 4to5 feet during withdvawal. 'This
observation should, therefore, be made with a maximum-minimum thermometer,

The water témpetaiure in selected pipes can be observed only with special thermome-
ters, capable of passing freely through a 1}” 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, TLong distance recording thermometers are -

even more satisfactory though more expensive. These 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 platintm. In the electric type the resistance thermometer is connected to the
dial by means of an insulated and water-proof cable, Inthe 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 2 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 bell-sounder (Plate V 2)
lowered into the pipe by a steel tape. FElectric devices have been tried but the bell-soundex
has been found to be the most accurate, reliable and simple. The bell-sounder consists of a
solid brass rod about 34" long and §” diameter ending in an inverted cup of 1}" 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 measured carefully and added to each -
reading of the tape 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 pipz a definite
sound is produced which cannot b2 mistaken or drowned even in the roar of water passmg

over the weir crest. Ior exact reading, the cupis moved up and down and the prec1se t

position, where the sound occurs, is read. These readings can be accurate to within }4 of

an inch, but 1" may bz taken as the normal degree of accuracy., FEach observation takes
from 1 to 2 minutes.

H
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The reduced level of the top of each stand pipe' being kﬁown, the reduced level of the
water In the stand pipe is obtained by subtracting the measured depth from the known

reduced level.
The depth of silt is obtained by soundings.

PoINT OF STRAINER TO WHICH A PIPE READING RELATES

For a strainer laid horizontal, the centre of ti13 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 alohg the 3 ft. length of the strainer, thsz pressure point will be at the farthest
position along the direction_of flow. Similarly in a vertical st.ainer, the pipz 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 downsfream, to the top. i

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 requirements. For
investigation of a particular problem, the observations will have to be rather frequent but
for watching th: safely of a wair, once a week for thz key points and once a fortnight for
other pipes should be enough. :

TiME 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 total head increases but the water levels in the pipes have not had time to
adjust th>mselves to the raised pond level 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
Temain high and, tharefore, give a relatively higher reading. 'When observations are taken
at regular mtervals, 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 levals. A sudden rise in the downstream 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 b= 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.

1n a rising flood, when both upstream and downstream levels are rising, 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 du= 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
24 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.

According to Slichter' “in a uniform sand of diameter of grain of one-half mm. the
ground water will reach within one parceut of it§ 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 Ground Waters.” By Charles 8. Slichter (page 71), (1905).
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METHOD oF RECORD AND STANDARD FORMS USED

The record consists of the following data:—

1. Date of observation,
2. Upstream water level.
3. Downstream water level. .
4. H="Total Head, 7. e., difference in lelvels; upstream and ddwnstream.
5. Maximum and minimum shade temperatures,
6. Temperature of river water,
7. ‘Temperature of water in selected pipes. -
8. Depths of silt on upstream and downstream floors,
9. Water level in all pipes.
10. P=Pressure in each pipe, 1, ¢., differenee between water in stand-pipe and down.
stream river level, :
11. (D=}—1;><100. i. ¢., pressure in each pipe expressed as a percentage of the total
head H.

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

. For purposes of analysing the observations, pipes are grouped by ““lines”, i.,e. pipes ot
a single section from upstream to downstream of the weir..

w One page of the register should be devoted to one lme Sufficient pages should be res:

erved consecutively for each line to admit of all observations for that line being recorded
consecutwely for a standard’ penod of, say, one year. ‘
: The registers should be mamtalned in duplicate, one for permanent record in the'offrce
of origin and the other for penodlcal despatch to the eentral organization where these data
will be scrutinized. ! .
These registers should bF printed on standard forms and made available to the rious

Provinces for uniformity of record : .

| : § : !
. ! ! PLOTTING OF GRAPHS , j

For purposes of ready reference, the mass of data, collected and recorded as explained
in previous paragraphs, should be plotted as graphs, If proFerly plotted these will give,{ with-
out much mental effort, a quick visual idea of the behaviour of different pipes at any time of
the year and will bring to light any special features or abnormalities. In the past, graphs

have been generally plotted either with absolute levels or Wrth indicated pressures (P) with
the result that the interpretation of data and their comparison became extremely drifrcult
on account of the vanatrons in upstream and downstream water levels and in the total

head (ED). S . o i !
It has been ‘shown in the previous chapter and w111 be dealt Wrth 111 the next chapter,
| ) . B .
, : ; .

that ‘(I)=I%—rem'ams constant for any weir provrded the temperature of the mflowmg Wat‘er and
the nature and depth of silt deposrt or scour on the upstream or downstream pervrous ﬂoors
does not alter. The furction ¢ should, therefore form the basis of plotting, as any varratron

in its value from the normal will connote damage unless this vanatron can be explained by - --

témperatire and siltd - 4 ‘ 3 ; e - . *

Plate VL. 6 shows a suitable method of plottmg ona seasonal basis, The dates of obser-

vation are plotted on the horrzontal base and the variablé factors on the vertrcal axis. '_l‘hese
latter are i— ; ‘ ‘ : : 7
H : t
! 1. q)ag.per cent.
9. River temperature. ‘ } : ? :
3. Sub-soil temperature. ' :
"1 4, Head=H ‘ ' : 1 . ; :
' b: Downstream Water level. ( ' |
6. Depth of silt or scour at the pervious floors, upstream and downstream.
‘Ihis graph will bring ouf the salient factors that are likely to influence the values of .
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 unfavourable developments in the sub-sorl can be dis-
covered as soon as they occur,

~ -

-
»



CHAPTER VI
Models and the Prototypes

‘ Comparison of Results

i . In Chapter 1V 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-
' clusions wholesale unless their validity can be established from actual observation in the
~ field. With that in view, experiments were conducted by Harbans I,al Uppal! at the Punjab
"Research Institute with a model of the Panjnad Weir to see if the results obtained, at the
actual weir as presented by Khosla? (1933), and as observed subsequently, could be repros
duced on models. Paper No 185" shows the degree of success attending these: expetiments.
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 end and by
changing the temperature of the inflowing water. The relevant results are shown in Table
VI. 1, and have been plotted in a <omewhat *-usual but effective manner in Plate VI. 1,
“Ihe vertical axis denotes the value of ¢, 4.6, P/Hx100. The horizontal axis is made any
arbitrary length—in this case twice the vertical. The two extremities A B are joined 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 pe'lr cent. The projection of 87-12 per cent, from the vertical scale cuts the diagonal
AB at point X. The vertical X (35) will represent the standard line for pipe 356 along which
all other values for that pipe will be plotted. It will be noticed that observations at all
points relating to ome particular set of conditions of silt and temperature fall on one
straight line passing through A, ‘I'his shows that: — ‘-

(@) The effect of silt is to cut off a part of pressure H permanently at or near the
intake reducing it to H’ so that if P’ be the presstre at a point where it would -
normally be P, the ratio ¢'/¢, where ¢’=P'/H’ and¢=P/H, will remain constant .
; for all points under the floor for that partigular condition of silt depoéit, See .
é . Cutves 2, 4, 6, 8, 16, Plate VL L. , e 2
‘ () The effect of temperature is somewhat similar to the above. Its differential :
.. cbaracter 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 floor and the
vertical cut-offs in the case of Panjnad Weir. ' o '

It will be noticed from T'able VI. 1 that pressures in the hydraulic model for pipes 8 and
7 are distinctly 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. C
" Plate VI. 2 and Table VI. 2 show the comparative results obtained on the hydralulic' and
electric models of the Khanki Weir (Bay VIII)and on the actual work at Khanki, “The '
pressure in the tail pipes in the hydraulic model are higher in this case, as in that of Panj. ‘
nad, than those in the electric model due to the presence of the inverted filter in the former
:podel 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. ‘ CoL

(1) ““Pressures under a model of the Panjnad Weir and under the prototype” by Harbans Lal Uppal 3
Paper No, 185, Punjab Engineering Congress, 1035. ‘ "
(2) “Pressure pipe observationsit Panjnand Weit' by A, N, Khosls, 1.S.E., M.Am, Soc, C.E,, Prinjab
Engineering Congress) aper No, 162, ' 3 : \
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MODELS AND THE PROTQTYPES

TasrLe VI. 2.

Date 26th February, 1936. 25th March, 1936, 8th January, 1938.

Head H 11-2 12-3 81

Silt U/S 10 12 - 2.0

silt DS Nil. Nil. Nil.

g [ River 52° . 56° 42°

E’. | Subsoil

PROTOTYPE
mpe | e | Sl | : : _
Actual Calculated | Actual Calculated | Actnal Calculated

1 T2 3 4 5 6 7 8 9
3 . 9771 98-2 84-8 727 746 536 58-2
4 9342 90°55 823 80'8 693 714 527 558
5 8670 8428 67'5 740 605 65°0 480 508
7 77-25 74-70 65:0 67-2 589 530 466 459
8 7612 73-90 66-5 .. 50°8 .. 64:4 .o
1 72'18 117 63:8 62'9 578 553 460 432
12 68-09 69-40 570 60-0 524 52'8 40°2 410
” 6572 67-37 562 - 571 517 50'1 402 391
16 6250 - 520 542 478 479 38-2 374
1 | 6028 5948 523 | .. 490 .. 383 .
17 58-41 . 517 50'8 481 46 383 248
18 57-81 . 51'5 50-1 476 439 379 341
19 54:02 . 480 468 442 411 347 32:0
20 53-17 50-11 47-2 460 437 102 316 317
22 4810 . 432 419 862 36'6 29-3 28-8
28 4715 4640 433 . 36-2 . 293 .
24 4352 4507 35:0 391 320 341 263 26'6
25 38 | .. 25 .- 35-4 ‘ 284 ..
28 34-60 ;3800 580 . 432 . 585 .
20 uiz | 3181 348 326 283 28-7 23-8 222
30 25-96 . 81'58 288 27-4 24°1 24'0 205 188
34 20-12 i 2702 246 23-2 21-1 20°1 208 160
36 502 7-04 132 132 10-7 114 1241 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, otherwise, the law of proportional variation holds in every case.
This comparatively bigger dropis presumably due to the deepest pile line bedding intoa
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 Escapz 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.

* Caloylated by the Mzthod of Independent Varigbles,



MODHLS AND #HE PROTONVEHS 51

with the field results is given in Research Publication Vol. II, No. 10! (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 the subsoil
which ranged from 72? to 74° F.

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

Khanki Weir
Model ) Prototype
Head 137641 : .
12-96 I : 10°06
Percent ' . Per cent
Pipe ‘ - _ - Pipe - -
I II Mean Right Left Mean
20 589 776 . 683 1 - 81 17 40
)
2r 714 9'15 816 18 88 94 90
33 79'52 7985, 7969 21 829 784 807
32 1888 7969 79:21 N
o

Other cases of stratlflcatxon have not been tried but there is no reason to beheve that
an equally satisfactory agreement w111 not be forthcommg between the model and prototype

results. .
TrYorY AND MODELS OFFER SAFE GUIDE FOR DESIGNS

From the above comparisons it may be conchided that the models can reproduce exact field
conditions and that the results obiained 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 valies 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 April 1932 to March 1936, Thus during the 4 years the weir
has been in operation, the uplift pressures have not exceeded 82 per cent 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 riveris ponded
up and the fine clay and silts in suspension settle on to the upstream bed. This results in
effective blanketing causing a substantial reduction in the otherwise high uplift pressures.

SEASONAL VARIATIONS IN VALUE OF ¢.

Plate VI. 6 illustrates the seasonal variations in values of ¢ at the Panjnad Weir, _ For
acorrect interpretation of field results, it is most important that the fact of seasonal
variations be duly appreciated and their genesis known. :

These seasonal vatiations exist to a greater or less degree on all the structures $tudxed
so far. They are due to the following two causes:=

1. Silt or scour at the upstream or downstream of pervious floors, '
2. Difference 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,

(1) ** An investigation of the uplift pressureson a smode} of Bay IV, Ehanki Weir and the prototype".
by A, N. Khosla, ., MeKenzle Taylor, and H. L, Uppal.



52 DESIGN OF WEIRS ON PERMRABLE FOUNDATIONS

If the temperatare of the inflowing water is higher than that of the sub-3oil, the upiift
pressures will rise and vice versa. ’

EFFECT OF SILT AND Scour

The effect of silt or scour is easy to explain. A deposit of silt is equivalent to an in-
crease in the length of the sheet pile at the upstream or downstream end where the deposit
occurs. The equivalent length of increase will depend on the nature of silt. A 8” clay
dsposit at the upstream end may cut off practically all pressure under the floor whereasa
6 it. deposit of sand may make a comparatively small difference. Compare Cols. 24 and
29, Table VI. I. The occarrence of scour will introduce 2 contrary eifect.

Some engineers are of the opinion that the colloids of the clayey siits, depositicg =t
th: upstream 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 undsr the
work. - This view 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 furnished by Plate VI. 6.
The uplift pressures fluctuate within a very wide range attaining the minimmm values
followed by the maximum each year, -

Experiments were carried out by the Development and Research Division (Sind) in
1934 to see the effect of injecting clay under pressure in a sandy subsoil with 2 view to
making it impervious.’ It was found that in spite of the high pressure, the clay had abso- °
lutely ';xo spread laterally or in the depth. If injection under pressure fails to produce any
penctration into the subsoil the normal deposits of silts can have no possibility of pemeira-
tion into the subsoil. These deposits can have therefore only a temporary and seasonzl
©° The effect of silt deposits has been demonstrated on the model of the Pznjnzd Weis
‘referred to above. See Plate VI. 1, Curves 2, 4, 6, 8 and 15.

. EFFECT OF TEWPERATURE

The effect of temperature on the flow of water appears to have been investigated
first by Allen Hazen ! & = 1892. He found the following formnula for the velocity of flow
through sand or other soils :—
| v = sascaro (110,

«  Where -
V= the velocity of flow, in feet per 24 hours, of a column of water of the same
area as that of the sand.
= effective size of sand, : _
¢ = a coefficient which is usunally taken as 1,000.

- h . . head producing the flow - -
1= hydraulic gradient= length of the column of sand

. ' t = ieniperéture of the water in degrees Fahrenheit

- The formula is only considered applicable to sand of which the “Effective Size™ is
__between 0.10 and 3.0 millimeters. For gravels with “Effective Size” above 3-0 millimsters®
‘the velocity with a given 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 alsg
-less marked with the coarse gravels.” i

- * The increase in discharge with increase in temperature and vice verss, is due to
viscosity (or flnid resistance) which varies inversely with temperature. If p= viscosity and
t—=temperature in degrees Fahrenheit, ° ‘

00003718 .
B = — 15 1 01435 t + 00068 &7 ‘
For comparing the effect of viscosity, the determining factor is jb/p where p is the
density of the fluid. This ratio W /p is denoted by symbol v and is known as ** Kinematic
- Viscosity.””

(1) *Some Physical Properties of Sand and Gravels, * by Allen Hazen, Report of Massachusettes State
Board of Health 1892, P. 541. (Reference copied from 2 below.)

-(2) Irrigation Pocket Book, by R. B. Buckley, Third Edition 1920, Page $93.

* Lindquist fnds tie upper limit 2 mm. (See Chapter I1.)
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MODELS AND THE PROTOTYPES . &3

T'he following table and Figure 6.0 give the relative values of temperature, viscosity and
discharge :—

m ¢ Relative* | .. Kinematic . ,
empo%a ure Discharge Viscosity v X q X 105
N ‘ q vXx10°
T 0.70 1.93 1.351
41° 0.85 1.64 1.394
50° 1.00 L4l 1.410
59° 1,16 - - 1.23 v+ 1.415
68° - 1.30 1.08 - 1.404
77° 1.45 0.96 1.392
86° 1.60 0.865 .- 1.384
o * Discﬁarge at 509F is taken as unity
ra

=3 : v
20 40 50 GO 710 20 30

. 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 vand v = K. dp/ds. .
w.h‘e-re a = effective area of section of flow. This is a measture of the relative

. pemeability of the soil medium,
v = velocity. g

P = pressure,

s = length along stream line and
K= a constant.

dp
Hence a K—d—s—v =C
d C 1 1
or .&_.._._ —_— ,_a. R ._.;_

Thus the pressure gradient varies with —IE and —i— or inversely with. the kinematic
viscosity v, and inversely with the effective ar.ea of flow or relat{ve permeability,

Thus when water is passing through a less permeable stratum, the gradient 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 Panjnad 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 Jength decreases,
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Similarly when the temperature is non-uniform, the pressure gradient flattens 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, vsz. the dis-
charge will increase or decrease, but the pressure gradients will remain unaltered. Thus
the pressure distribution under a work will be identical whether the sub-soil is coarse sand oy silt
so long as it is homogeneous, and whether the temperature is 40° or 100° so long as that tempera-
ture ss uniform, through out the foundaiion of that work. This charvacteristic of flow through
sub-soil lends §t to experiments on modsls.

The relative permeability of various silts, sands and fine gravels at a uniform tem-
perature of 60°F. is given in the following table (VI. 3)* :—

TaBrE 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 soil -
grain :
inmm. |39 percent. | 32 per cent.| 34 per cent.| 36 per cent.| 38 per cent.| 40 per cent.]  Kind of
: soil
01 0-000033 | 0000040 | 0-000050 0000060 000072 | 0-000085 |Y
02 -000131 000162 | -000198 -000230 -000286 -000330 _
_ . ’ , Silt
03 *000208 000364 0004460 000538 000645 000763
04 -000527 000648 | -0007940 -000958 001145 "001355 | |
05 +000822 001012 | 001240 *001406 +001790 002120 |4
08 001182 001468 | -001784 -302130 -0032230 -003050
-07 001610 | - -001983 | 002430 *002930 *003610 | 004156 e
08 -002106 002690 | -003176 -003825 -004585 005426 | { Very finesauds
.09 * +002660 *003280 004018 -004845: 005800 -006860
-

10 003282 004050 | 004960 -005980 -007170 008480 |+
32 -004725 *005830 -007130 -008620 ] . -01032 01229
14 - +006430 *007940 -009720 01172 01404 -01662
‘16 +007390 -009120 *0115 01245 +01611 +01010 | Pine sand.
16 -008410 -01036 -01268 -015631 -01835 02170
18 .1064 , 01311 01606 | .01040 -02320 -02745
20 ' *01620 01983 02390 +02865 03860
25 *02060 *02530 +03100 03740 | ' -0a480 | ‘05300 |5
*30 “02960 08640 «04460 +05380 06430 07630
*35 *04025 *04960 06075 07330 |. .-08790 *10890 | { Medium sand,
*40 *05270 -06480 -07940 -09576 quE | 1385
‘46 *08650 -08200 *1005 *1211 -145¢ ‘1718 )
*50 *08220 -1012 *1240 -14905 .1780 *2120 .
*66 09040 1225 *1500 -1810 216856 *2566
*60 *1182 -1458 1784 2150 -2580 *3050
“65 *1390 1710 *2096 *2630 . *3030 *8580
70 1610 *1983 +9430 +2030 -3510 4156
‘76 *1850 2978 D786 - -3365 ‘-4030 4770 " Coarae sand.
80 . .*2105 2590 *3176 8825 +4685 5425
85 2376 2026 3580 -4325 5176 ‘81256
*80 *26680 - 43280 +4018 4845 5800 *6860
‘85 *2966 *3650 *4470 -5400 -8460 “7650

. -
1:00 -3282 *4060 *4980 *5980 7170 *8480
g'gg ;'glg %‘328 1-933 2390 2-865 8-390

. 06 B4 4-460 5380 6:450 7-630 g
400 | 5270 6'480 7940 9675 1145 1856 Fine gravel.
500 | 8220 10-12 18-40 14-95 | 1790 21-30
L

(1) *‘The Rate of movements of undetgronnd Waters ** by Charles 8. Slichter (1005), U. 8. Geolagical
Survey. Water supply and Irrigation paper No. 140.
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For the pressure distribution tinder a work to deviate from the normal, it is necessary
that the homogeneity of the subsoil must alter. The natural homogeneous formation of the
sub-soil will not alter. But a condition of non-homogeneity can be induced by the differ-
ential temperatures of the inflowing water as it moves through the sub-soil which is at 2 v?ry
different temperature, The kinematic viscosity and therefore the relative permeability
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 homogeneous medium may be called Induced Stralification. The effect on pressure
due to induced stratification will be similar to that due to naturai stratification.

If the subsoll 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 éndwcing 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 :—

(@) Vatriations in silt or scour,
(b) Variations in temperatures of water and sub-soil.

The experiments carried out by-Harbans Ta! (Plate VI.1 and Table VI. 1) clearly
show thdt 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 be possible to obtain a quali-
tative demonstration of this differential effect.

But does this differentia] effect really exist on field structures? The observations at
Panjnad and Khanki furnish a ¢onclusive 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 disappears if the pressures in the various pipes are taken as a
percentage of that in pipe 34, Curves were plotted for P/P 4 x 100 and showed distinct and
?nsistent 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/P35x100 have been plotted on Plate VI. 7. The seasonal trend of variation in Pressures
due to the differential effect 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 haad (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 be€n 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 thelag 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 be about a month up to Pipe 31 and 1§ to 2 mouths to Pipes 21 and 16,
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It will be noticed that the range of variation is fairly big. The -temperature variation
ranges between —25° and —24° and {10° to 414° or 35° to 38°. The corresponding varia-
tion in P/P,s is 12 to 17 per cent. Expressed as a percentage of the ratio of normal pressure
at any point to Pys—no temperature effect—the range comes to about 20 per cent. Thus a
range of 35° to 38°F. in temperature has caused a range of 20 per cent. in pressures or
approximately half per cent. jor every degree (Fah) differential variation in temperatuve. ‘This
range applies to pipes 31 and 21 and nearly so to pipe 18. 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 lag, 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 temperatures of
the soil medium and the inflowing water are uniform and equal, the pressires will remain
unchanged, 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 ErXrrcr oN MODELS

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 described below.

VAIDHIANATHAN'S EXPERIMENTS!

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 subsoil pressures. :

In the following diagrammatic sketch, A B is a brass tube about 50 cms.". long, 8 cms. in
diameter packed with sand. Py, P, and P, are glass tubes fitted to A B and intended to

4= WATER FROM THE TANK

S .

A
R 7
OVER FL :
- loé‘
.‘
c o
3 T

INLET OF COLD WATER
Figure 6.1

(1) *“Observation and Record of Pressures below Works en Permeable Foundatiops,” by A. N. Khosla
1.8.E-, Central Board of Irrigation Pyblication No, 8 (1934), p. 13, ‘



58 DISIGN OF WEIRS ON PERMEABLE FOUNDATIONS

meausure the pressures in the sand, when water is allowed to flow through A B P, measures
the upstream pressure, Pgthe dowastream pressure. A and B are wire gauzes keeping the
sdnd in position after packing.,- T and T, are two thermometers indicating the upstream
and downstream temperatures, Cis a double-walled jacket. By passiug 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 an overflow and ' an arrangement to lower or
raise it which helps to keep the required upstream pressure steady. G isa long glass-wool
filier to vemove traces of fine matevial in suspension from the water. It is very important thal
the water should be carefully filtered. Before entering the filter tube, the water is kept ina
reservoir for 3 days to remove air bubbles from the same. -

The exi)eriment is conducted as follows :—

A steady head of water is maintained in P and water at atmospheric temparature is passed

hrough AB. Py, Pyand Py are kep’c under observation for about 4 hours. With the pre-

cautions mentioned above, the pressures in P,, P, and P, 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 T, and T, are observed As an 111ustratton, the actual readmgs
of Ty and T, were 23°C in one of the experiments. o

Water, cooled by means of the freezing mixture, is now passed through the jacket. This
cools the water that enters A B. In the experiment cited above, the tempz rature fell to
14° C as indicated by T,. ' The temperature at T, remained at 23°C for 2 long time, this
depending on the sand and the velocity with which water passes through .the tube AB. A
temperature difference of 9°C, between the two ends of A B was thus introduced. The line
joining the-menisci Py, P, and P, then became convex to the axis of A B as a consequence of
this temperature gradient; The pressure P4 was not affected since the' density change for
9°C is only 0-0,0156"and the total head being about5l cms. the total change in head due to this
cause could only be 0-079 cms. and was negligible. While P, remained within this limit, P,
changed in the particular case mentioned here by 12 mms., P, by 17 mms., and P; by 5 mms.,
- Pgwas not affected, giving the same downstream pressure ss before. When the water in the
whole iube attained the same temperature, this convexity of the pressure distribution disappeared.
Now when water at atmospheric tempcratute, which was relatively warmer than the cold
water in the tube was introduced, the line joining the menisci in Py, P,and Py became slightly
concave to. the axis'of A B. . These phenomena are indicated in the figure, whichis not to
‘scale, Quahtatwely thase ph°nomeua. were rep2ated many times, the gradients of tempera-
tures being diffefent in the different’ cases.

These results lend support to the hypothesis of induced stratification explamed above and

' show how temperature variations of the river and the sub-soil water affect the pressures -
under weir.

HarBANS LaAL'S E"{PERIMENTS WITH THE PANJ\IAD MoDEL.L

A number of thermometers were inttoduced into the sand in the same positien 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 experiment the temperatures at all the
thermometers were recorded.  The temperature of the inflowing water was then raised by
5°C and the experiment was allowed to_continue for a number of hours. The temperature
and pressure readings were taken simu’taneously after regular intervals. The temperature of
the flowing water was then raised by 10°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
'tempera.turé and pressure readings were taken in the same manner as described before. The
variation in the temperature of the upstream water was about 20°C..

The hydratilic gradients at this model for various temperatures of the inflowing water and
the temperature 'gradients are plotted on Plate VI. 8. The pressures on the upstream portion
of the work are high when the temperature of the inflowing water is high. When the tem-
perature of the inflowing water is low, t he pressures are also low.

(1) Paper- No. 185 of Pu:njab' Ehgiﬁcéring Congress. “‘Pressures undet a Model of Panjnad Weir and
uuder the prototype,” by H. L. Uppal, M, Sc,, Assistant Rescarch Osfice,
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The temperature variations on the actual weir at Panjnad will be somewhat as given i
Figure 6. 2,

BANJNAD WEIR

30¢”
!
T 25¢”
l - 4
' _25¢"
____________ I
197, :
L N DEC: 1933 _ 2oc’
L 15¢”

Fignre 6. 2

Piarg VI. 7 shows the pressure variations,
These two sets of experiments, with the sand filled tubs and the Panjnad Weir model,
demonstrate that »— ,
1. With the inflowing water temperature higher than that of the soil, the uplift pressures
tise,
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
- Ppressures remain steady irrespective of the actual temperature.

SEASONAL VARIATIONS IN SUBSOII, TEMPERATURES

The following diagram! 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 and its amplitude decreases rapidly with the depth.
MzAN MoONTHLY TEMPERATURE GRADIENTS IN SOIL TEMPERATURE IN GRASS COVERED SOIL.
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The Positions of the Thermometers are indicated by the Roman Numerals at the
right of the Diagram,

Figure 6. 3

(1) "“Physical Properties of Soil,"” by B. A. Keen (1931), pages 305,
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Figure 6.4 shows the ridrmal variations in temperature of river water and.that observed on
Pipe 34A of Bay 8 of Khanki Weir. It also shows the temperature variation in the same pipe
at different depths. ’

KMHANKI WEIR BAY 8 LEFT FLANK

DEPTH TEMR CURVES

o -
RLprzo CNLD . TIME TEMR CUR veS
[
FTiO
1 °h
I -
!& - 700 %
- i
Q [N
F690
o
ecleso TE M'P ~ 5; ) \

&5 -,'o -5 wOURI2Z 14 16 B 20 B2 24 2 4 &6 & w0 2
DATE e 29-9-35 —_———,— %0: 9 35 ——|

1 0o|s wATER 4.0 BELOW, W.S(R.L.717)

A. D|S.RIVER WATER
2 UfS WATER 4.-0 BELOW, W.5 (R.L..727)

B. piPE NO 30 - 3 PIPE34A 10 BELOW, R.L.TIT-O.
C. PIPE NO 34 A 4 PIPE3Z4A BOTTOM  R.L.680.
. Figure 6. 4

The variation of pressure with temperature was noticed by H. Dz B. Parsons* (1929) in
connectior with the Sherman Island Dam (Figure 6. 5).
SEASONAL VARIATION OF UPLIFT HEAD
UNDER MAIN DAM, AND WATER TEMPERATURE, SHERMAN ISLAND Dawm.
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Figure 6. 5

SEASONAT, VARIATIONS OF SILT AND TEMPERATURE AS INPLLUENCING Smﬁm'rv 01?. WORES.
In t1.1e 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 hzad before it operates under the weir.

(1) Uplift Pressures undet Dams Experi H
) . periments by the United States Bureau of Reclamation, by Juli
Hinds, M,Am, Soc. C. E. Paper No. 1717 (1920). American Society of Civil Engineers, 2 Jullan
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The most unfavourable "conditions for design occur when :—
(a) the upstream floor is free from silt,
(8) the temperature of the inflowing water is above that of the sub-soii by the maximum
amount, and
(¢) the Head (H) is a maximum,

In the Punjab, the collective effect of () 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 gecur,

INTERPRETATION OF SEASONAIL VARIATIONS

With a proper appreciation of what has been said in the foregoing pages, and with

knowledge of local peculiarties, it should be possible to interpret the results of pressure obser-
vations and to predict any abnormalties. A lack of such oppreciation might lead to a false
sense of security or unnecessary panic.
. A useful method of analysing data is by plottmg 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 wil
indicate no silt upstream, but silt downstream, and possibly a higher temperature of inflow-
ing water than that of the subsoil.

PrATE 6.6

Line D F indicates silt downstream, and silt upstregm, with POSSlblllty of temperature of-
the inflowing water being lower than that of the subsoil.

A B, indicates no silt downstream but silt ‘upstream, or lower temperature of inflowing
water. F G indicates scour downstream with silt upstream or lower temperature of inflowing
water. Liune A K H indicates cavities, as the pressure drop between A and K is dispropor-
tionately 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 possibilty 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 mo sign of chocking, the natural
aeonclusion would be that an abnormahty 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 Iegard to the geological formatmn
of the soil aud the base profile of the weir. . R



CHAPTER VI
TaeE MATHEMATICS OF WEIR DESIGN .

Determination of Uplift Pressures and Bxit Gralients

N

Figure 7.1
Itis generally known that the stream ?mes 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 4 B (=b) the
major axis and with foci at 4 and B.. One of the stream lines will be 4 B, which is the
limiting form of this family of ellipses.
These ellipses are given by the equation
2 . y2

B =t 75 5
. (~2-cosh u) , (—ﬁ-smh % )
where % is stream line function. - :

7 From this eq_uatmn any particular stream line can be determined by giving a suitable
value to #, so that equat1on 7.1 will take the form:—
A2

=1 .. . . (11

+ =1
The stream line along the floor A B is given by putting
- . “ =0,
from which : . coshu=1
sinh 4 = 0

and equation 7.1 reduces to Y = 0, that is the line 4 B. .
.~ The lines of equal pressure are at right angles to the lines of flow and are in he above
case given by
2 .
- a— - 3" r=1 . . . 19
(-—2—(:059) . (2—~ Slnv) ‘
where v is the pressure function. : ‘
From this equation any particular equi-pressure line can be obtained by giving su1table

values to v so that the equation 7.2 will take the formi—
2 2
LA A
42 Bt .
At the upstream end A, v = = the total head or presstire,

. 63
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Substituting this value in 7.2 we get Y = 0, or that the full pressure line is 4 X- which
is horizontal and in plane of the floor at the upstream end.

The entire head or pressure v = = is gradually lost along the direction of flow through
the sand medium till it is finally 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 7.1.

If P is any point in the medium, and the pressure and stream line functions at this point
are given by # and v, then the relationships (7.1) and (7.2} can be expressed as below:—

z=Tcoshw .. .. .. . (13
where Z = x4-¢y and w = #u-}-iv,

The position of a point P in a plane (say Z-plane) is usually denoted by the two carte-
sian co-ordinates x# andy. It is convenient to denote this number pair (x, ¥) by the com-
pound symbol %+ ¢y ; and this number pair is conveniently called (after Gauss) a comlex
number. In the fundamental operations of arithmetic, the complex number x+4. 0 may be
replaced by the real number #; defining ¢ to mean 0+4. 1, we have 42 = (0 ,1) X(0, 1)=(—1, 0)
and so 72 may be replaced by—1

i S 2= =1, ‘
- Substituting these values in 7.3 we get
x+iy = 2b— cosh (#+4-7v) -
= —g— cosh # cos v+ sinh % sin v . .o . .. (74)
Equating the reals with the reals and the imaginaries with the imaginaries we get:—
% =" coshucoso e . .. (1.5)
2 ‘ :
b : - ~ |
and y=-5 sinh % sin v .o - . .o (7.6)
Or .
COS UV = ud
—cosh #
2

Csiny = _
—sinh #
2

Squaring and adding we get:—

cos? vtsin2y =1=

b TVh 2
(—2— cosh % ) (—2— sinh u )
which is the same as 7.1,

Similarly we can get equation 7.2 as-—
' x2 ¥

5 T "6 . T .
| (-Ecosv> (2—smv)

In the case of a simple floor the pressure at any point along it (where y = 0) is given by

equation (7.5) by substituting:—

cosh? 4 —sinh2 y =1 ==

u=20
Or %= i—cosv
2
as . cosh0=1
Or '

2%
—_ —1
= COS
v )

i 1
Qr as 'U=?"+:'?=;c°s-l '—25{) ve ve - (7°7)
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General Form.—If under & floor we introduce a vertical obstiuction like .a line of sheet
piles or wells, the configuration of stream and pressure lines of Figure (7.1) will be distorted.
But it is possible to bring hack this distortion to the normal configuration 6fFigute 7.1
by means of a transformation—known .as Schwarz Christoffel transformation. (See

Chapter I1I.)

I
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Figure 7.2 is .a typical general case. The problern_ before us is, therefore, that of,
-representing the infinite plane below the profile of Figure 7.2 uniformly, continuously and
conformally on the lower half of the plane represented by Figure 7.3.

Let Frgure 7.2 be called the Z-plane, so that any point in this plane is grven by

Z=x+1y
and Figure 7.3 be called the £- plane so that any point in that plane is')givenby ¢ '
N I=E+in

In such transformation, the system of pressure and stream lines will continte to cut
each other at right angles, TIn simple language it ameunts to & pulling out and adjusting the
profile 4, A E D C B B; of Figure7.2 insucna way that it conforms to 4* 4* E’' D' C'
B* B" in Figure 7.3 so that the distorted stream line 4 E D C B is correctly represented in its
different sections by the stream line 4* B’ D C' B’. Srmﬂarly any other stream line U that
cuts theX-axis in Figure 7.2 at right angles will be represented by a stream line U’ which will
cut the §-axis in Figure 7.3 also at rrght angies. .

Thus the distorted contour of 4 will have been conformally transfonned into an ellipse,

Thib transformation is given by the following equatlon — .
4z . '

7=4 f e Cen
(Z=L)AMZ = ZIAHL ~T3)A3 ‘ (7.8)

where \ym, Agm, and \yw are the changes in the angles at vertices C, D and Z as one traverses
along the sides of the polygon B; BCDE A Ay in the positive sense. ¢, {, {y are the co-

ordinates of the points C’, D’, ' in the 5 Plane (Frgure 7. 3) on which the points C, D, E of
theZ-plane (Figure 7.2) map.

A BN '.'_.".,’l.,"-\

M—3
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T "
Now at the first turnﬁng C, the angle of f:urn is +5s0 that Aym= +5or M=+}

-_S,im,ilarly Agw at D is equal to —= or

A ERE T T Ag=—
fAD A2=_1

and g7 atEis+’2Lor As=-+3%

The origin in Figure 7.2 is at E but that in Figure 7.3 has been chosen at O which is

midway between C' E'.  ~ .
Now £,=0C"=+1 )
: ¢,=0D'=+K } Figure 1.3,
{3=0E'=-1]

The equatiop (7.8) now simplifies into :—

ag
Z—Af(c = ),(c+1)%+B . e e (19)
= (¢=K)dL
=4} vie=n t° |
o ‘ ' |
) , Z=Ay {1 ~AK log {4V B~-1} +B A (A 1))

The point C’ (Flgure 7.3) where ¢=1, corresponds to the point C (Figure 7.2) where Z=
i(d; — dj), so that we get from equation (7.10)

i(dy~dp)=A x0~AK log (1+0)+B
=B .e . .e e .e . {7.11)

Similarly the point K’ (Flgure 7 3) where ¢ ——1 corresponds to the point Z (Figure 7.2) where
Z=0,

From equation (7.10) we get :—

0md X 0—AK log (—140)i(dy ~dy)

. ==AK log (—1)+i(d,—dy) N
e o =rAKni+i(d,—d) |
ey i dy—dy L oo
: Hegce- "' . AK T .o . Y - .o (7.12)

Similatly the point D’ (Flgute 1.3) where I,’ K<l corresponds to the point D {Figure 7.2)
where Z=1d;.

From equation (7.10) we get:i— o A T
. | iy =AVEE~1~AK log {K+VRE—T}+i(d—dy)
G e e =AiYI=Ke—AK log {K+i\[ 1- K%} +i(d; —d,)

as’ St K<1..
Let ' . K—cos 0, the equiation becomes -
T o 1d1=Az sin § —AK log (cos 94 sin 0)4i(d) ~dy).
. =Aisin §—AK log 6’9-{4(4 dz)
=Atisin Q—AK . ig+3(dy— d,)
Of':”. Sl d2 Asin g~AKg. . . 4

Substituting values of 4 and 4K from (7.12)
: and because ' K =cosg, we get

d,— dz sma dy— dg
dz, ™ coseA - g

d, S |
dl—d W——tane e X q.o ‘,.'. ae ".- (7'13)
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dz . ‘ !
then
Let dz , N

tan §—0=78 .. e © e . (1.14)
Solving this equation (7.14) we get g in terms of 3,.or K =cos § in terms of
$=dy/dy—dy. This relationship is plotted on Plate VII-1, and tabulated in Table VII-1.

With the constants 4, AK and B worked out above, equation (7.10) ‘becomes’ i— |

z ="1?{“'2ng:1 1: Tlog {2+ VI D 4ildi—ds) .. .. (7.15)
) T
where K = cos § is obtained from (7.14) and Plate VII-1 and Table VII-I.

The next sfep is to determine the constants L, and IL,, Figure7.3. Let us consider points
A and B in Figire 7.2 and the corresponding points 4’ and B' in Figure 7.3. " °

Point 4 in Figure 7.2, Z = — by, corresponds to point 4’ in Figure 7.3, { = — Ly. Sub-
stituting these in equation (7.15) we get

d1 s

—b, =

\/J 2__1—-d d‘log {—L;+ VL —1}+:(d1—-d2)

d —-dz -
e =20 (~ 1)

=

—, . .
— o { LV LT i)

hence '-—b1=d1—d2\7 z_l’_dl;‘i*log (L—VIZT} .. .. (L16)

Similarly point B, in Figure 2, Z = bg+i(dy—dy) corresponds to pomt B’ in Figure 8, ::--L,
Substituting these in equatlon (7 15), we get »

bt ildi— =% Jog {Lg+V L, —-1}+’(d1-'dz)

" or : - IS

—d, . L
. dzv.r. dm Hog(Lyb VIF=i}) -~ e (117)

-

In equations 7.16 and 7.17 substituting
Ly=cosh y, and
L,=cosh v, we get

—b, = —d Zsinh '11+d1 dzv
Or Sinh 71+KYI=—”K d_b'}z‘—_‘wI{ .81 e .e . (7.18)
2
Similazly _ sinh 72—K~,,,=1rK32 - .. .. (7.19)
— bl — b2 ‘
where 3= T, and §; = oyl

/

In these equations, all quantltxes except v, and ¥, are known and' therefore 71 can be
found from equation 7.18 and v, from 7.19. Knowing ", ‘and ¥y cosh ¥,'= L; and
cosh ¥, = L, areknown. These values of L; and L, 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 mto Figure 7.3.

The stream lines and pressure lines for Figure 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
Ly— Lz

from the middle pomt The equation 7.3 will in this case be

C+

By eliminating { between (7.15) and (7.20) and separating the variables in Z = x 4 iy
and in w = #44v 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. '

L' L‘;choshw . .. . (7.20)

vy

1
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Now the equation (7.20) can be written in the form

N | C = A COSI[ w—"M we .s ‘e ‘e (7.21)
O ," . DR "‘ L'+L L,—L :
‘wherel i oot h:=.12 2lhl= 12 2 s o Y] .o (7-22)&(7.23)

B A IR L
Substituting. this in. 7;15 ywe get _
p d dy dy— d, . L |
= — ALEY cosh T 1)2—-1—-' log {(A cosh wf'hx)-{-.V(A cosh w—y,)5—1}
RIS , +¢(d1—-d,) (1.24)
- For purposes of designs we are mainly concerned with the pressure dlstnbutlon along
the foundation profile of the work, and the pressure gradients mamly at the exxt end. For the
stream line which hugs the base of the work, we have 4 = O so that

w == gtiy,
=r1'1).
Substituting this in equation (7.24) we get - ‘

&—
a4y _‘1—— V(A cosv—n =1~ 5 % log {( 1\ cos ”'—MH' V(h cos v—z)*—1}
| +ildy—=dy) .. (7.25)

For points along AE (Figure 7 2), ¥ = 0 and # varies from 0 to — &, in this equation, and
for those along CB, y = (d,— d2) and x varies from 0 to b,

For points along ED, x = 0 and y varies from 0 to a.'

. For points along DC, x = 0, y varies from d;—d; to 2,. .

For the floor AE equation (7.25) reduces to

d‘—d’\"/('h c0S 0= Agff—1— ji-——g 108{( A cosv- 7\1)+V( A Cosu— A )2—1}+"(d1—d3)

X=

From Figure 7.3 it is apparent that { = A cos v—; for the portlon A'E Wthh conesponds
to the floor AF is greater than umty and negatlve

‘Hence substituting | o o |

A cosv— 7‘, = w~acosh :[3_'1 S .e . (7.26)
we get ) ' I ‘
p= BB sin m—"—"‘—"ﬂog { ~ cosh @'y sinh B}Hildi~dy)
=T siuh 4 A g = 1og (1)1 4, )
R . ‘_-d;r—l—( % cinh B'l'i‘d-l—dzﬂ'i_

mwx_a,.u:rc—sxnhp,+xp1' e e )

which has the same form as (7.18).

i - This equation (7.27) gives correspondmg to any point » under the floor 4E the value of .
B'y which SubStltutEd in (7 20) will give pressure for that. point. Hence along the upstream
floor," . N ‘
P A1—cosh B’

ane — o | 1 1
, V= m p= cos ( —7‘—)

or | . : T .
) P—-cos-l( 7‘_1_".9%) - . .. (7.28)

t S:mﬂaﬂy along the. downstream floor CB, since =, A cosv— A, is greater than unity and

positive we can substitute

o
B (R

. A cosv—], —.T.coshlﬁ'z - | - - (7.29)
Yand' get "
LT seE KR g

LI

'—'dz e - .. {7.30)

I ot

whwh has the same form as (7 19).
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Hence along the downstream floor pressure is given by

(ureohB'sy . gy

P = cosr1

Hence for the pressﬁre aloné the ﬂoor 1
P= cos-i(M) L e .o (732)

where the negative sign refers to the upstream floot and the positive sign to the downstreanmy
portion. Values of cosh By, o have been worked out in Table VII/2 where L = cosh B has
been tabulated for different values of #/(d; —dy). ( '

For the sheet pile equation (7:25) reduces to

iy = T_ V. ()L cos v— A,)z— - dl dz log { (A cosv—Ay)+ V(A. cos v — ).,1)2 1} +
$(dy—d)y :
From Figure 73 it is apparent that {=A\; cos v—A, for the portion between EC 1S aIWays less
than unity varying from —1 to 1. Hence substxtutmg ' )
A CoS v}y = cos B . e .o (7:33)
we get ’ -

o,
iy =220 i g B8 gt ifd,—dg)

or
(‘i{‘-l) 7K = sin B—KB .. e . .. {7.34)

This equation (7.34) gives corresponding to any point y on the pile line the valye of B

\lwhlch substituted in equatlon (7.33) will give pressure for the point. Hence along ‘the pile
ine

1= .,-II—;= %s-‘(ﬁﬂ;:q.s—ﬁ)
12, P = cos -(iliﬁ?ﬂ?) . v, . (139)

For design, it is generally enough to know the pressure at H, D and C (Figure 7.2). It is now
proposed. to determine them;— -

For the point E, Figure (7.3):—
- e=Acosv—); = -1
f*} yg= cos™? (M—_I.)
A
or ‘ ) PE =:'_i cos —-1 (%) .e .o e ) (7.36)
For the point C, Figure (7.3): -

.. .. (1.37)
For the pomt D, F1gl11e (7.3):—
E=Arcosv=—)=K

() Pp = f_l cos—1 ("’+K .. e (1.38)

The fundamental general equations for pressure distribution under the foundatioﬁ
profiles may be summarised as below: — .

dy— 4 ———
l. xtiy= 2V’ (A cosv ~p )21 __'__d log { (A cos v—,\1)+V (» cosu-—)u)z—l}

II. Pressure at E;— : ) + Hd—ds) (7.28
H A -1 '
g ifM- 1y , :
Pg = —cos ( X ) . . . .. (7.36)
III. Pressure at Ci~=— v
H A1 '
— ~1 —1--—
| Pg = -cos™h (%2 ) .. v - w (7.37)
1V, Pressure at D:~a
§ _H - A1+I<
PD ——TT COoS 1 ( A Y oen .o (7-38)
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where K= cos § is given by

tan §—f =73 .e T o e (7.14)
(Plate VII/I,
Table VI1/I)

and . S , ' y
t . . :

bt L L L

M f—=Ll—2L’ . - e (728)

where the values of L; and .".,l are given by equations (7.18) and (7.19) and Plate VII/2 and
Table VI[/2 for vanous values of §, 8; and 32

T

The followmg relatmns that will be obtained later on under Case 1 may as well be
summarised here, as they are also of general application.

V. Ggor exit gradient.at C, where downstream apron CB is absent, is given by

. ' . d?
GE at C =;l?y(EXIT)
H = K .
= —_ e . o e (7.44)
(d—dg)ya 1—K '
K . ‘
P e = .- - v - s - 7. 5
. Ft(dr-dz 4y=dy=d wd ‘ (7.49)

{

We shall now deal with particular cases of this general form. As we are mainly con-

cerned with the values of the pressures at-the key point, ¥, D and C and the values of the exit
gradients we shall obtain only the values of these quantmes

Casy 1.
Y S,
Y prrrrmrrrzrrzzzzzZzZZZZ
A T1£.

R _--;T- - P/_S_ :.>. .
C.

d, |
1 4
Ao

2

Figure 7.4
Floor with pile line at downsiream end with step.

In this case CB =b, -0 and equation (7.19) gives
‘ , sinh ¥;— 7, =0, i.e, 79_0 ‘
S0 that L 3=cosh 0=1.

Equation 7.25 will give the distribution of pressure-along the base and the pile line, thu
value of L; will be obtained from Plate VII/2 and Table VII/2 for $3=0 and 8,="5,/(¢,—4.).

From equations (7.22) and (7.23) we obtain
‘A= (L1+1)/2

A =(L-np=EE = a1
e a-1=270

N+l = (LD
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Hence from equations (7.36),(7.37) and (7.38) we obtain ; —

Pressure at E=Pxz =Ii cos—! ().‘1&;1 )

cos—} (’t =2 )

L,-3 | .
cos—1 m ) e . ‘u-e e - P (7.39)

H

H
Tw

H
w

Pressure at C=Pqg =f— cos—l‘(1)=0.

Pressure at D:
K+
Pp =§ cos-‘( A )

= I;{ cos:r“ (E_tf:\i)

9K+1, -1)

=£COS_1 Ll+1 a's ‘ew " ee e (7‘40)

where K is obtained from Plate VII/1 for various values of §=d,/(d;—d,). These values of

Pz and Pj are given in Plates VII/3A and VII/3B and Table VII /3
Along the pile line from equation (7.34) we obtaini— .

(2 =z ~1 YmK=sin B~ KB

dy—dg . o &—d
y=2=nsinip - =R 4 (4—d,).

To find the exit gradient at C, differentiate the above with respect to . We get —

: dy . _dy—dy dﬁ @y —dy af
@:: = 'HK COSB p= dy
Diiferentiating equation {7.33) we get :—
sinp—d-g =) sin v;i;
apg.__ Asm v dv
Hence dy “singdy” 0 ** . o i (1.41)
Substituting we gef :
dy—ds cosBXAsinvdv d,—d si a
1="1 1—8&, sin v dy
1I'K Sl]], B 'dy p Sln B dy ve -e (=] (7."..’:)

At the exit end v=0, So that equation 7.33 becomes
cosB=Ac0s v—\; =\ —, =1
el B=0.
Hence, when =0, B=0;

singy 0
sing- 0"
To determine the limit of ( sin v
sin 8 J v=0, B=0
we proceed as follows i—
. dv
(sm v) cos 9.
e ;)v B=0 =Li=02——p. -——;g
B= 0——s1nB cos’ﬁ_’.—@

Substituting equation 7. 41, we get
siny cosy sinf sing 1
(A —— =S t = -
(smﬂ v=0""T cos p A sil sm v) (sin v ‘AMu=0

E=9 ' £=0
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Hence
[Lt (’"‘”)] 1
sidf
Or -
siny o h
Ltv=08 B=.\7— - - . v .o (743)
£=0

lSubstxtutmg in (7. 42) we get for =0, B=0 '
—dy A g\ _di—dy N
1=428 K "V ) v=0 W  VA° )

=0

dv _ =K 1
(dy ) (—d)Vr 1-K
at C

) (j—P) ( dv ) HK 1
d EXIT atC , 2)\7 A 1=K
4Py _H d K 1 . .
Or : dy EXIT dz dl d’ I—K v hand o o (7 44)

Values of exit gradients are given in Plate VII/3C and Table VII/3 for various values of
$ and §;. For cases where

_ d1=da
we have ' =90
as OD" in Figure 7-3 vanishes, see also Plate VII/I. For such cases
K . 0 '
dl—d

This relatmnshlp occuts in all the above equatmns go it is proposed to work out its
limiting value where 4,=d,=d.
From equation 7°14 .

: nd,

tan8~9—1r8— d1 d,

also cos § = K and ' :
multiplying the left side by cos ¢ and the right 51de by K we get

sin §—@ cos 0-=1rd231—:_d—-
2 .
. / . L}
for K =0, = -—;— ‘
Hence the above equation becomes
1—-0=md, <d—-d ) Lt dy=d,.

- . i ’ * 1 ) o .
Hence - Li ( i d) dy=d,= 7 dz - - (7-45)

CAsE 2.
Single Pile Line with 'Fall—No Apron Upstream or Downstream.

In Figure 7-2 b;=>b,=0 and in Figure 73 4’E’ = C’B" = 0 so that Ly=Ls=1.

N 17 S
| fE.
| }G-- -2
@, [T 7
e
J
D

Figure 78 | -
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Prom equations7-22 and 7.23

DLl 4
L

7\1—1:1_;_%?: 0.

The equation of flow (7,25) for giving pressure distribution along faces of pile line will
become for =0

iy= d%‘iz Veos? v—I _ d dy—dy log (cos v41 sin v)+2(dy—dy)

or iy= dl,,.K’ i sin v—aZ 4 fv+i(dy—dy)
or
y = dy— Kdz sin y— d v+(d1—-d,) .. .o .. (7.46)
As previously stated
: I
v:—.—.m}—ﬂ' .—H—. )

‘ When 4, and d; are known, K is known from Plate VII/I and v can be deteimined for

any value of ¥.
A simple solution is to assume values of v as *05, 0'1, 015 to 0'9, 0'95 and 1'0 and work

out corresponding values of ¥.

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=1.
Hence equation (7.44) becomes

dp . H K H d ‘e K
Values of Ge are given in Table VII/I and Plate VII/4.
Casg 3.
Single Sheet Pale—Equal Fill—No Aprons.
Here dl_d’_d )
and from equation (7.45) we have
1
(dl—d. ) d = .—d ‘Il'd .
Equation (7.46) will become y=d sin v
_H. g N
or P Zsits () . o .. (748
This will give the pressure distribution along the faces of the pile line.
Exit Gradient at C.
~ Equation (7.47) becomes
74 K H '
G t C= .
a (dy )EXIT oK * dmgy= g ® K=0 .. (1.49)

- A w - e - > wwew

N Ko

.m'

d

bl B N B D
Figure 7.6
w2
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This equation can also be derived from simple dxfferentlatlon of equation (7,1 3).

CAsE 4.
Flooyr with Pile Line not at end.
Figure 7.7
- For this case i | dy=dg=d.
so that K=0 and -
K 1
Ll o— =,
a,= de""ia =d
dy=0

. Thisis Wammf s geneml case. Weuver s solutions have veally furnished the inspiration foy
ﬂus Chapter.
Equatmn (7 24) in this case becomes

d,—d,
Z = :rK 2 V(2 coshw— a,)%—

as with d;=d,, the other two terms of the equation (7 24) disappear and

K .1
L4 o
oo Z=dV{eoh w1 . (7.50)

when w_u+w ’ .'
The presstire determmatxon along the base and the pile line w111 be given by equation
(7.25) which now becomes :—

xtiy= dV’(?\ cos v—7\1)2-—.1 . e e (7.51)
From equatlons 7.16 and 7.17 \f
' d,—-
—b== 2v'I.1 —1=d VL,
or -
L=y (—) +]
by \ 2
L=y ()" +
. B .
— = . . O ()]
By e (189
Hence : : .
Li=Vite? . . .. (71.54)
\ . . Le=VIgag? .. . . (7.55)
From equations (7.22) and (7.23) we get
[,+L . T4y )
A= Ii’%__ﬂ_= Vite, ";\/l’i““z . o (1.56)
—L VA Supey RN I '
\ 7\1=I“2 2= VIHe 5 Vite . . . (157

Equation (7.50) can be written as
2 \2
(A coshw— 7\1)2=1+(_a.) =14

This is the general equation which will give stream lines and pressure lines.

N
x+£y 3 - xz_yi 2;xy
7 ) =1+ +== (7.58)
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Along the base # = 0, y=0 and equation (7.50) becomes

21 2
Acosv—)gl=t=!= ddtx
Or . cos ¥ =M’£
Ad -
Or v == cos—1 M.i_\/_‘fﬂ
As ' _ Vv=n¢
— n‘ - P
- " H
Or \ P= H y= H cost M Vit . . oo (7.59)

™ ™ Ad
Along the sheet pile # = 0 and ¥ = 0 we get,

P= .%_ cos—! M:!_:_}\/dd’-’-'—yg .. et e . (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, ¥ = y = 0 in equations 7.69 and 7.60 we get ‘

_H  _if ] ‘ :
PE -—— ;— cos ‘ ('_A—') LX) - e ae L3 (7.36)
and
H . /Mt] '
Pg= -2 cos =(T) Y ¢ X: )

where ® and A, in this particular case are given by equations 7.56 and 7.57.

For point D at bottom of pile y = 4, so that from equation (7.60), and also from equa-
tion 7.38 as K = 0 in this case, we get -

__H _ Al
PD —TCOS l<_h—) .e . . .e (7'38)
These values of Pg, Pg and Py are given in Plate VII/6.
CASE B,
Flooy with prle line at end.
Here dy=dy ='d, b, = 0and by =b.
Y DS
A ‘ £|C .

* Figure 7.8

. K=0
and

K. 1
"“(zz:“.:";f;)dﬁ4.= e
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Equations 7,39 and 7.40 will become
H _/A=2 i .
Pg= - cos ’(T v s ae a1l

Py = %cos— (A—:—l) .o .o .. .e .o (7.62)
Po=-2 cos (&) =0,

where ) = __1+_\/21+;¢1? as derived from 7.56 because «a, =—d22— = 0, Valuesof Py and

Pp are given in Plate VII/6 and Table VII/5.

Exit Gradient al C.
With K = 0 and ' ‘

'K 1
Lt(———— =
dy—dy )41 =dy=d T
equation (7.44) becomes :
¢ L e e e (169)

EXIT wd Vi
Values of G p are gi\.ren in Plate VII/5 and Table VII/S.
When the floor is absent, : ,
A= '\/l+a12-2}-\/1+a,2 =lase; =@a,=0

and equation (7.63) becomes

H

—— .o X s . are . -y (’.19)

GEth wd

Case 6.
Simple floor—No pile line.

W) L 7svrasoswiaaassss: I b 3

A, o B

A
Figure 7.9

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 a7 2x ‘
= -”—COS 1<—b—_‘) e LX) ve .o (7-7)

Exit Gradient.
This can be simply derived from equation (7.49) by putting d = 0
- AN H 1

GEXIT=KO—XA7? = o . .o .e .o (764:)

v

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 persist any distance from B. It rapidly falls off.
The infinite value holds only for the infinitesimal length of floor 8x. 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 selution will help in determining the exit gradient at any point at a dise
tance x from the toe (B).
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Equation (7.6) is -—
2y=>b sinh # sin v.
Dl.fferenhatmg with respect to y along the stream line #=sconst.

b sinh % cos v. i=2
dy

Equation (7.5) gives -
b cosh # cos v=2x.

Sabstituting value of cos v in the first equation we get :—

2% dv__
b sink Yy coshu ' dy
Hence )
dv__2b cosh u 1 coshul,
@_ 2x bsinhw sinh# %
Now y=r¢=nP[H,
Hence | ﬂj:ﬂ_, di’=cosh “ L
dy H dv sinh % x
Or ap_H_coshu L (169
dy~ wx sinh % .
Now from equation (7.5) ' /"

b
x=§cosh # COS 7.

Or cosh %_ 2 .
‘ x bcos v
-
Substituting this’in the above equation :—
' ap 2H 1 ,.
dy~mb cos »Xsinhu ' i e (769
x :
Qo -
ﬁ g +o
I 100 L L
- -<_‘ 90§
S L
JAERN sl
5 6 . el N .
y PN » EXIT GRADIENT
; S0 — 5 f--. ALonG B. X,
N 49 W YDRAULIC (G RABIENT T~ " B
§ W ™ e | »
T _ \
.J%i- ______ \ A 7‘; 77777 //l// B, T N _J__I__I____l_ _| X-A%8
oo 3 F T B 8 10 ¢ 2 U3 A IS
L ) [ X ’
Q‘ ) " b
N ) ’
N ’
\ [ g
~ . 1 L’
.. 1 -
- ] -”
- . -r- - "
Figure 7.10
Now for points along X-axis beyond B, v=0,
3 Hence (7 .66) becomes for the exit where v=0,
] ’ .—_—I » A ‘ l
( EXIT 1rb sup ¥ e ' - (1.6
For
b
=0, x=§cosh % COs v
=g cosh #.

: 2%
t*, cosh u=>=,

b



78 DESIGN OF WEIRS ON PERMEABLE FOUNDATIONS

/(22
Hence sinh u=V ( b ) 1.
Equation 7-67 then becomes :—
( ' dp ) _2H % 1
dy EXIT-' b /—2%'—-2— ‘ew . . (7'68)
N/ (T)—l .
. . x—-"E' ’ 7}"‘— = .e o oo (7'69)
The following table gives the values of (% EXITfor other points along BX(Figure 7.10):—
. _
N ‘b ., 6 | ‘8- ‘D 1-0
dp H " H H H.,. H H
—_—— — — » —— . il . il . okl . 68
dy R bx961 _bX649 px509 bx424 bx3
b 11 172 13 14 1-5 1-6
ap H H 24 H OH o H
—t —_—% — . — Y W pandil ¥ w210
2y bx325 bX292 bx266 bx243 bx225 bxz

These results are plotted in Figure (7-10).

From this it wiil 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

_thetoe, the exit gradients which are never infinite, decrease as the point of exit recedes from .

the toe, but not as rapidly as in the above case.

Cask 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 immediate 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 :—

H

3 y

‘e - /

Z . 4

- o et - - -t A
T t.; /J-o--',—-q.-._-

7 ’ P

Vv A

y ) /]

: [, 7]

L ! Vg

f /]

c -

Y. E//// 2Ll L ////////////,A

Figure 7.11
2 3 ~
br=dp—glbn—dmty . . (0)

where ¢p and ¢r are given by equé.tions 7.61 and 7.62 or can be read ‘off from curves of
Plate VII/6. :
The values of ¢p are given in Plate VII/6 and Table VI1I/5.
Values of the exit gradients can also be obtained from
0-84

Grxre= a7 e e e (1Y)

s A solutian of this cass has since been worked out by J. K. Malhotra, M.A., Statistical Officer,
Puajab Irrigation Research Institute, and is given as appendix tothis Chapter. The same officer has
worked aut g general solution for hydraulic gradients from which all particular casescan be simply

. derived. This solution is given after Cose 8.
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CasE 8.
Floor with multiple lines of piles.
(a) Floor and two piles at end.

_ly_'s:'_- ‘// 2222277 TP Z 2277 T 7 D/S.
Figure 7.12
(8) Floor and three piles.
-—‘;l[s_’ /[//7////////////‘//1// _'D_[s_-
Figure 7.13

(¢) Floor ahd two I.Jiles not a;t end.
us.

-

Figure 7.14

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 empmcally with a reasonable
degree of accuracy from the general solutions given in the above pages.

4 Gmcml Solution for Exit Gradient by J.K. Malhotra, M. 4., Offg;. Mathematical Officer,
Punjab Irvigation Research Institule.
" By the general theory of ex1t gradient we have

G= [ ]Exr'r
H
== [_BS—]EXIT
3s=V 313 g2
=3y V// 1+(’%)2 .

o ax . . P
So if & cot @, where @ is the angle at which the stream line in the Z-plane meets

Now

the x-axis, we get ds= dy cosec §.
Also : 0x
02=09x+18y=0y (—@ +z)
=9y (cot g+41)

. .-g§= cos ¢+ sin. ¢,

N | - Hpo 8 o , '
ow Ce = [ac % ol . . (7.72)

dz
Where for a conformal transformauon—d— must equal £, as the exit angle for the stream -

linés camnot be anythmg but —
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Also

N R R

and

C" Cel'lz'gez — celgcez cosh w,

where Ze,, {e; ace the values of £ for the extremities of the structure:
But for any particular stream line #=const., i. e. dw=4idv, which leads to
e
l' 2= §_1_+2 C"_z'l ]
$dve=d j COSh™7 e
l fe1—Ley J
2
= 4
V (E—Ce)(l—2es)

Hence N : .
H (—=CJ™(Z-2) "2....
GCE=—— _ v oo <173
w4 v @=t=ts) J t=t=m (7.73)
which is the general expression for exit gradients. Just at the downstream end of the struc-

ure ci:cExIT and it is at once seen from (7.73), that unless one of the Z’s, say Z; equals

Ze,, and unless at the same time ) equals } (this will always be the case as the 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, GEis given on substituting the exit value of { in (7.73).

The values of GE are evaluated below for a few particular cases :—

Case I. Sheet Pile at Step with Aprons.
Here {e,=Ly, {&1=~ Ly, =1, {o=k, L3= —1, A=} A= =L, A=}k
B (@-)h - nl @gpt
T4 V(Z~ Lo)(Z+Ly)
He =} 1 . @=Ly.. .. ..(114

Td—dy Y (c I)CtL) &-F
Immediately at the toe {=L; and Ggr= ®

o G_E_

Case II. Sheet Pile at Downsiream End and Step.
Here L,=1, and therefore

Gx = (41 )5 1 = (Z=1) .. . (7.75)

dr-d ( I+L,
Immedlately at the toe = Lz'-l and

Car= d (1+L1)% 1 lk

H k 1 141I,
“Z—dy T-Fk "y A= - - (1.44)

Case III. Skeet Pile in Unequal Filling. No Aprons.

. Here L,=1, L,=1
HE 1

= .. .. 7.76

apd o N . Ge d;—-dz':—]e(czl) .e .e ( )

{=Ly-1

H k .
Copm R - . 7.47
- Grr R Ay A . e - ( )

Just at the toe
w .
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Case IV. Floor with Pile Line not at End.

dy=d,=d.
_dy
Al S ’ tan g —-@=m.
and cos g=~r.
k
sin g — @ cos §=ndy.——
So in ¢ eoaw,dl__d
Lim —— 1 m (sin § —@ cos §)= =11
k—)O}d1 —&ndy P mdy wd
d,—d,} T2
Then (7-74) gives :
‘ H (=14 I
=" _. e T e L .e . ve 7~77
P V- Lty £=# =0 770
At the heel
. {=L,
Ggg is infinite . e . .. (7.78)

Case V. Single Sheet Pile—Equal Fill—No Aprons.
This is a particular case of Case III, when 2=0 and d,=d,.

It gives ) ' » o
H 1 )
N GE =g,—z(c21) . e .o e .o (7-79)
; ‘H : ' T
At the heel GE'H =--1-rd—, as €=L2=1 ’ . .s .. e (7.49)
Case VI. Floor with Pile Linc al Downsiream End. s

Here also 4,=d,=d, and hence £=0. This is a particular case of Case II, when
the step is absent. ° '

’

H {1 ; 1 : y
Cp = = Ll) .. .. .. - (7.80)
, 2 \3 1 -
- | G;;H__W. 1+L1) _?i"W . e (183)
Since {=L,=1. :
Case VII. Simple Floor—No Pile Line.
Here Ay, A; aze al] zero (7.73), and so
- BC 1.
24 , e gm—-i-B
. ' b b b
Fak =0,— ,—— =0 - -2
a lng c 0' 2 2 2 for .Z_O) 2 » 2 .
we get B=0 and {=z=x. Also Cel=-—12’—, Loy = — —g_
" from (7.73)
H 1
Gg=—-.
e
i ( x——2-—)< *+ E*)
H :
=" m .o .o - - - (7.68)
At heel xX= % and GEH =00 .~ .e e - »e (7.69)
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Tasrz VI

]
| ==
41 1
' i| d
tan §—f=n§ . . (7-14)] K
) dy & - H K dy
whete 8=d1—--dg and K=cos @ GE= Z° 1-k #—d
' J (747)
(see-Plate VII/I).
3 K ' Gg in terms of HJd,
.0 1:000
01 0-645 0-182 H/d,
0-2 0°516 0-213 H/d,
0-3 0-437 0.233 H/d,
0-4 0-380 0-245 H/d,
0-5 . 0-335 0-252 H/d,
06 0-302 0-260 -H{d, .
07 : 0-275 0265 H/d,
08 0-254 0270 H)d,
09 0-233 0-274 H/d,
1-0 0-217 0278 H/dy
2-0 0-129 0295 H/d,
30 0-091 0-301 H/d,
40 0-071 - 0-305 H /[,
50 0-058 0-307 H|d,
6:0 0-049 0-310 H/d,
70 0-042 0-310 H/d,
.80 0-038 0-311 H/d,
} 9-0 0-033 0311 H/d,
10-0 0:030 - 0312 HJd,
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TasLE VII/2
3 bl
i = — = — 7:18
sinh Y{4+ K7 =—7K di—d; 7Kg, (7-18)
. b Moy
sinh 5 — Ky;=nK dl_z d2=1rK_32 ‘e - (7-19)
Ly=coshv;
. Ly=cosh vy
. —_—by ——>
L-4-Ly)- —— E
A=—p— d 1
L g=a2 g by
er,| A% ! c T
R ?‘1=._1:—2 d']
|
|
J D
3=0 5=1 3=2 =3 o =4
&
or 4 - T 5
8 L Ly L, Ly I"l Ly L, L, L Ly
1 2055 5645 | 1149 ° 1.313 | 1062 1101 1-034° 1.048 | 1-022 1-028
2 4-271 9252 1-524 1.922 1:233 1-354 1-130° 1-180 1-084¢ 1-109
3 6-884 12660 2:023 2.597 | 1:480 1683 1276 1-369 | 1180 1-229
4 9-656 16-084 2-685 3.290 { 1773 2.048 1-458. 1.5694 1-304 1-380
. 5 12634 19-444 3179  3.987 2097 2.431 - 1-666 1.-840 1449 1-550
6 15-455 22-586 3795 4.690 2439 2-823 1-892 2.098 1610 1736
7 18-500 25-977 4423 5385 | 2794 3-222 2-128 2.365 | 1782 1-929
8 21-486 29-287 5062 6-084 3:158 3-624 2.376° -2-638 1-964 2130
9 24466 32-366 5707 69782 | 3531 4026 2:628 2914 | 2-151 2-336
10 27-308 35-768 63564 74811 3-907 4-432. | 2-887 3191 | 2:346 2-544
11 30-482 38746 7-008 8179 4-283 4-834 3-149 - 3474 2-542 2755
12 33:351 41-972 7669 8873 4667 5-239 3-414 3765 2-743 2-970
13 36490 45-466 8327 9570 | 5052 5-645 3-683 4041 | 2-948 3170
14 39-528 48-762 8989 10-270 5438 6:064 3952 4-326 3152 3'406
15 42-819 51-777 9-646 10902 | 5826 6-462 4-226. 4-608 | 3-359 3620
16 45923 - 54-978 10373 11690 | 6:218 6870 4497 _ 4:896 | 3:568  3-839
17 48-762 58-377 11-011 12-287 | 6610 7-276 47173 5183 | 3780 4-061
18 B1-777 61-370 | 11690 13:044 | 7-001 7-684 5047 5465 | 3991 4-279
19 54'978 64-516 ¢ 12410 13711 7-392 8-091 5322 5762 4:201 4-502
20 57-797 67-823 13044 14-412 7-783 8-494 5601 6-042 4-415 4722
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1

TABL_E viif2
sinh yy=Ky,= —7K§, . . .o (718)
sinh y,=K¥,=wK$, . - . (7-19)
Ly=cosh 7,
L y=cosh ¥y, by
X ) rd T E -
g it Ls) Poooezbe
. 2 g B dll C 1:
- _L—L, %= i A
E { !
Dy
3=5. $=6 &="7
31
or
% L, L, L Ly L L,
»
1
1 1-015 1-018 1-011 1-013 © 1009 1-010
2 1-058 1-072 1-042 1:052 1-031 1-039
3° 1:126 1:155 1:094 1-113 1-073 1-085
4 1-215 1-261 1-161 1192 1-123 1-144 -
5 1-322 1-385 1-240 ' 1-287 1-186 1-219
6 1-442 1-522 1-337 1-393 - 1-263 1-303
7 1:573 1:670 1-443 1-509 1 346 1-393
8 1-712 1-826 1:555 1-629 1433 1-497
9 . 1-858 1-983 1-669 1-752 1-531 1-604
10 2:009 = 2-147 1-796 "~ 1-888 1-629 1-709
11 - 2-164 - 2:314 1-921 2-023 1737 1-826
12 2-323 2:484 2-040 ©2-170 1-841 1-937
13 . 2-484 '2:655 2:170 2-310 1-954 2058
14 . 2647 '2-828 - 2:310 2:440 2076 2-170
15 2-815 3-001 2-462 2-601- 2:189 2:290 °
16 2-981 3179 2-601 2-750 2-310 2:417
17 3-149 3:353 2:725 ' 2-882 2.417 2-531
18 3-321 3531 2-882 3-021 2-531 2:675
19 3-490 3708 3-021 3-167 2-650 2-802
3:662 3-167 3:321 2-776 2-909

3:888




THE MATHEMATICS OF WEIR DESIGN

TasrLe VII/2

83

sinh'h —I—K')'l =_—7!'-Ksl . s .o (7'18)
sinhy, — KYp=wK 8§, . . e .. (T19)
Ly=cosh v, '
L3=C0§h 72 (—"bf"a
_— "
a=btle 1 P
i ”}8=d =4, dy 1
Li—L . M7 } ;
7\1_ 2 J i d.z
D §

5

or ‘_

8’ L]_ Lﬂ L1 L2 Ll L’
‘1 <1006 1'007 1-003 - 1-006 ~ 1-004 1:005
2 1-027 1:029 - 1-020- 1-024 1-016 1-018
3 1055 1066 1-045 1-052 © 1-037 1-042
4 1098 1113 1-081 1-090 1:066 1073
5 "1.149 1173 1123 1-138 '1-103 '1-113
6 J1212, 1:240 . 1173 1-192 1144 1-161
7 L1279, 1311 - 1226 1.255 1-192 ‘1212
8 1356,  1-393 1-287 1-320 1240 '1-271
9 1433 1486 . 1-356 1-393 1303 '1-329
10 . 1:520 ,  I-579 . 1433 1475 1-365 '1-393
11 . 1604, 1669 . 1509 1-555 1423 1465
12 : 1696 1766 . 1579 1642 1-497 1543
13 11796 . 1-873 . 1649 1-723 1:567 '1'616
14 1888 - 1-971 . 1752 1-811 1-642 1696
15 .1988 . 2076 1-826 1-903 1-70) 1-766
16 2095, 2189 1-921 1-988 1781 1-841
17 . 2:189 2-290 2:005 2:076 1-873 1-937
18 .2:200 . 2'396 . 2005 2°170 1-937 2:005
19 2:396 . 2597 . 2:189 2-269 2023 2-095
20 2507 . 2628 . 2-290 2113 2-189

2:374




* =g

ﬁESIGN OF WEIRS ON PERMEABLE, FOUNDATIONS

T — e —

P o

ana

TasLe VII/3 -

| P == COS"T(L1+1)

H . A2K+L,—1
Py 1 oo (=L )

H 4 1 K

C =L Tmayy I-K
_ Li+1
A= —g 1+ *

(7.39)
(7.40)

(7.44)

where K is given in Plate VII /1 and Table VII/1, and L, in Table VII/2 and Plate VII/2.

0-246 0-152

0-077 ,, | 0317 0-204 0-140 ,,

:=0 =1 =2 $=3
8t ) )
Ul ¢E ‘ ¢ ¢p Gg 9z ¢p Gz | ¢ ¢p Gp
' : ' H ‘H o0
1 0-600 0°830 0413 0268 - | 0-889 0451 0O 290— 0-918 0-466 0-299‘7
- 2
2 0-423 0-699 0-376 0247 ;, | 0-791 0-429 0278 .. | 0841 0.453 0-292 2
3 .| . 0336 | 06050340 0226 ,, | 0°710 0-404 0:264,, | 0774 0456 0282,
4 | 0285 10°537 0-309 0208 ,, | 0646 0-379 0250 ., | 0716 0416 0272 ,
5 0251 0486 0-285 0-192 ,, | 0-592 0'356 0-236,, | 0668 0397 0261 ,,
6 0-227 " | 0448 0-265 0-180 ,, | 0-552 0-336 0-224,, | 0'625 0-379 0-250 ,,
T 0-208 0-415 0-248 0-169 ,, | 0°517 0-318 0-213,, | 0-580 0-362 0.241 ,,
8 . 0-193 ° | 0-390 0-234 0-160 ,, | 0-488 0-303 0-904 ,. | 0-558 0-347 0.232,,
9 0-181 0-368 0-222 0-152 ,, | 0-463 0289 0-195,, | 0533 0°33¢ 0-223 ,,
10 0-171 | 0-349 0-212°0-145 ,, | 0-441 0-277 0-188,, | 0-508 0-321 0216 ,,
11 | 0162 0-333 0-202 0-139 ,, | 0-422 0-266 0-181,, | 0489 0-310 ©-209,,
12 0-155 0:319 0-194 0-133 ,, | 0405 0-257 0‘175 ., | 0470 0:300 0-203,,
13 0-148 . | 0-307 0-3187 0-129 ,, | 0-390 0:248 0-169 , 0-453 0291 0-197 ,,
14 0-143 0-295 0181 0-124 ,, | 0:376 0-240 0'164, | 0438 0-282 0-191,,
15 0-137 | 0285 0175 0120 ,, | 0:364 0-233 0-159,, | 0425 0274 0186,,
16 - 0-132 0-275 0.169 ¢'116 ,, | 0-353 0-226 0-155,, | 0-412 0267 0182,
S 17 0-129 0-268 0-164 0113 ,, | 0-343 0219 0-151 ,, | 0-401 0260 0-177,,
18 0.125 0-2¢0 0-160 0.110 ,, | 0-333 0-214 0-147,, - | 0-390 0-253 0173 ,,
19 O.121 | O-25% 0150 0-107 ,,.| 0-325 0-209 0-143,, | 0-330 0248 0169 ,,
20 V118 0-371 0242 0°166 ,,



THE MATHEMATICS OF WEIR DESIGN .

TABLE voy3

81

Hoosigb=3y ) .. {130
PE=—Tcos (L1+1) o . -‘ (7.30)
R s wed B H 2K+ Ly—1

- T — P | i Sl W . 7.40

T £ 'PD—mcos(L1+1 ) (740)

. L L T S e (744

I G2 =G5~ Vi 1=K oo 048

D .
P _L1+ L

¢ =7 and A= : 3 * | o o

where K is given in Plate VII/I and Table VIL/L, and L, in Table V1I/2 and Plate VII/2,
g=4 3=56 3=6 - 8=1
81 ' * , ® . '

$g %p CGE* | ¢E ¢D Gg ¢ ¢p Gg* ' ¢ ¢p Gg*
1 “l0-933 0474 030410945 0479 0-306{0-953 0-483 0-300]0-957 0485 9-310
2 0-571 0-466 0-299(0-893 0-474 0-303[0-908 0-478 0-307{0-92L (482 0-308
3 0-814  0:453 0:292j0-843 0464 0-298(0-86+ 0°471 0-303{0-880 0-476 0-305
4 0763 0438 0:284{0-798 0452 0-202|0-824 0462 0-298(0‘848 0-469 0-301
5 0718 0422 0-276/0-757 0439 0:285]0-788 0452 0-293|9-812 0461 (-297
6 0-679 0407 0.267(0:720 0427 0°278|0°752 0-44d1 0-286[0-778 0451  (-292
7 0-644 0:392 0°250/9-687 0(-414 027110720 0429 0-280j9-749 0441 0(-287
8 0-614 0-378 0-251{0-658 0-401 0-264{0-691 0-418 0-274/0-723 0432 -282
9 0587 0:366 0°243/0-63L 0°389 0-257(0-666 0-407 0-268[0-697 0422 0-276
10 0-563 0-353 0-236/0-607 0378 0-250 0:642 0397 0-262]0:674 0413 0271
11 0541 0-342 0-229(0-585 0367 0-244|0:621 0-387 0°256{0°653 0403 0-266
12 0-522 0°332 0-223]0°565 0357 0-238]0-602 0-378 0:25110-634 0-394 0-261
13 0504 0322 0217|0547 0348 0233|0584 0369 0-2460-615 0386 0-256
14 0-488 0314 0-212{0-531 0:339 0:227[0-567 0360 0-241 0597 0-377 0-251
15 0-474 0-308 0-207(7-515 0-331 0-222[0-549 0-351 0-235(0'582 0369 0-248
16 0460 .0-298 0-202(0-502 0.323 0-218{0-536 9-343 0-23110-567 0:362 0-242
17 0°448 0-291 0-197|0-489 0-316 0°213|0-523 0337 0227|0654 0-355 0-238
18 0-436 - 0-284¢ 0°193(0-476 0-309 0-209/0-509 0-329 0-222{0:642 0-349 0-234
19 0426 0278 0:189/0-465 0-303 0205(0-498 0:323 0-218[0'531 0-342 0-230
20 0418 0-272 0°186|0-455 0297 0-201/0:487 0-317 0-215(0'519 0-336 0226

_ ®The values of GE

[}

should be multiplied 'b}';lfi to get the actual gradient at exit:
]
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DESIGN OF. WEITRS ON PERMEABLE FOUNDATIONS

and

TABLE v11/3

- H
P =~__Cos—1
- T

Pp =—-cos—?

* where K is given in Plate VII/l and Table Viﬁ[/l, and L,, in Table VII/2 and Plate VII/2.

&

- g L 3 Geg* $E ¢p - - Ge* %5 $p Gg*

0-965 0487 0-312 0-968 0489 0311 0972 . 0511  0-490
0926 0484 0-310 0°937 0487 0310 | 0943 0488 0310
0-896 0-48¢ 0-308 0905 0483 0308 {1 0914 0485 - 0-308
0-861 0474 0-305 0:873 0478 0305 0-886 9481  0-308
0831 0-467 0-301 0845 0472 0.302 0858 0475  0-303
- 0°799. 0-458 0-297 0818 0465 0299 0-833 0470  0-300
0772 0-450 0-292 0.793 - 0-458 0-295 0:809 0463 ° 0297
0'746 0-441 0-288 0:769 0-451 0-291 0-788 0457  0-293
0-723 0-433 0-283 0746 (443 0-287 0764 0449 0290
0-700 0-424 0-278 0-723 0434 0-282 0743 0443 0286
0-680 0-416 0-273 0703 0426 0278 0726 0436  0-282
0-661 0-408 0-269 0-686 0419 0274 0-706  0-428. 0-278
0-642 0-399 0264 0666 0-411 0-270 0-688 0422  0-275
. 0-626 0-392 0-260 0-650 0-404¢ 0-266 - 0-672 0-414  0-271
0-610 0-384 0255 0-636 0-398 0-262 0-658 " 0-408 ° 0-267
0-594 0-377 0251 0.621 0-390 0-258 0-644 . 0402 0264
0-582 0370 0-247 0-607 0384 0-254 0-628 0395  0-259
. 0-569 0-364 0-243 0594 0-378 0-250 0618 039 ° 0-257
0557 0357 0-239 0582 0371 0247 0605  0-383 0253
0-545 0°351 0-236 0569 0365 0243 0592 0377 0249 -

- ” - H :
* The values of G should be multiplied by;E to get the actyal exit gradients.

!



TEE MATHEMATICS OF WEIR DESIGN.

TasLy VII/4.

1

Floor with Pile not at End.

89 -

$E= ——xlOO
t — —1 7‘—_4 N *
=10 X~ cos ( - ) o (30)
"1=21; a2=%; a=g.
g‘ ) %‘or base rates. L C o C
0 01 02 03 04 05 06 07 08 09 10 "
a Values of ¢g
01 216 282 255 222 191 159 1.28 09 063 035 0 '
0-2 622 567 506 445 38 317 252 ‘187 12 063 0
025 | 786 710 631 553 475 398 317 238 158 078 O
1/3 995 920 827 72 624 539 415 311 208 099 0 N
05 | 1493 1374 1230 1083 937 782 622 466 311 156 O )
075 | 21-90 2000 18:00 15'80 1370 11-50 900 650 450 200 0
16 | 2718 2546 2281 20-03 17-38 14:93 11-87 892 587 202 0 )
1’5 | 3550 35370 3090 2740 24:10 20-50 1650 12:50 830 420 ©
2-0 | 4248 39-93 3679 33-29 2913 2491 2032 1544 1024 503 O
25 -| 4740 44'80 4150 3760 3320 2850 2350 17-90 1220 610 'O
30 | 5122 4867 4521 41-03 3642 3132 2589 1984 1346 685 O
4-0 7 56-98 54:37 5048 4586 - 40:74 3525 2935 2292 1583 808 O |
5:0 | 61.07 5817 5408 4901 4362 37-90 3176 2509 1763 927 0 ‘
6:0 | 6422 6134 5664 51-32 4579 3977 3348 2676 1906 1009 0 ,
70 | 66:83 6365 5889 5292 4711 4115 3448 2798 1962 1090 O
80 | 6884 6543 6000 5413 4822 4228 3593 2896 2111 1160 O ,
90 | 7048 6700 61-13 5541 4915 4304 3667 2976 21:88 1200 O 3
1000 | 7201 6812 6209 5596 5013 4372 37-09 30-33 2257 1274 'O
11:0 | 73.24 6911 6289 56-60 5047 44:28 37-87 3096 23-00 - 1322 0 ‘
120 | 74-37 6996 6344 5716 5096 44-76 3833 31-43 2358 1368 ¢ v
140 | 76.23 71-38 6454 5801 5174 4548 39:00 32:15 24:32 1437 O
16:0 | 7772 7227 6528 5864 5268 46-24 39-60 3274 2492 14-93 0
180 | 78.93 7320 6586 5917 5300 4650 39-84 3341 2537 1548 O
200 1 80-00 7384 6637 5943 53-14 46:83 40-41 3371 2587 1588 O
250 | 8210 7501 6704 60-30 53-81 4746 41:02 3406 2645 1668 O
300 | 8421 7578 6777 6015 5423 4788 4l-44 3463 2695 0

17-32




DESIGN OF WEIRS ON PERMEABLE FOUNDATIONS

TasrLe VII[4, (2).

Flooy with Pile not at End.

P
$p="71

X 100= —cos—‘

100

) -

(7.38)

b, /b

01

04

05

0-6

67

e-8

09 1-0

DO S =

—eoe
&

-3 TS

CVRIPR VRSP

ot bt ok i ok

P D PR G :
dodddoonooeoomounoa

03 0 BD I
SRS ®
oo

50-08
5032
50-48
50-83
51-72
53-70

5546

59-20
6250
65:18
67-29
71-08
7356
7541
77-08
78-43
79-57
80-53
81-33
82-16
83-39
84-44
85-14
86-01
87-43
88-74

5007
50-25
50-40
50-65
51-44
52-94
5450
58-00
60-99
63-50
65-46
68-61
70-87
72-53
73:81
74-68
7544
76:01
76-52
76-92
77'25
77°93
78-22
78-40
78-78
79-02

50-04
50-19
50-30
50-50
51-13
52:34
5361
5637
58-77
60-70
6244
64-75
66-26
67-07
68-38
68-50
68-86
69-11
69-34
69-47
69-77
69-93
70-04
70-12
70-26
70-32

50-03°

50-13
50-20
50-34
50-72
5162

-52-43

54-44
56-11

57-50
58-61

60-02
60-94
61-55
61-93
62-17
62-33
62-39
62-57
62-65
62:79
62-85

62-89
62-93
63-02
6303

Values of ¢p

50-02
5007
50-10
50-17
5038

50-80

5122
52-29
53-17
53-82
54-37
5507
55-50
55-83
55-89
56-02
56-07
56.15

56-21 -
56-22.

56-28
56-28
56-29
56-31
56-37

5640

50-00
50.00
50-00
50-00
50-00
50-00
50-00
50-00
50-00
50-00
50-00
50-00
50-00
50-00
50-00
5000
50-00
50-00
50-00
50:00
50-00
50-00
5000

50:00

50-00
50-00

49-98
49-92
49-90
49-83
49-62
49-20
48-78
4771
46-83
46-18
4563
44-93
44-50
a4-17
44-11
4398
43-93
43-85
4379
43-78
43-72
43-72
43-71
43-66
43-63
43-60

49-97
49-87
49-80
49-66
49-28
48-38
47-57
45-56
43-89
42-50
41-39
39-98
39-06
3845
38-07
37-83
37-67
37-61
37-43
37-35
37-21
37-15
37-11
37-07
36-98
36-97

49-96
49-81
4970
49-50
48-87
47-66
46-39
43-63
41-23
39-30
3756
3525
33-74
32-93
31-62
31-50
31-14
30-89
30-66
30-53
30-23
30-07
29-96
29-88
29-74
29-68

49-93 49-92
4975 49-68
49-60 49-52
4935 4917
48-56 48-28
47-06 4630

45'50 44-54

42-00 40-80
39-01 3750
36-50 3482
3454 32-71
31-39 2894
29-13 26-44
27-47 24-53
26-19 22-92
2532 21-57
24-56 20-43
23-99~19-47
23-48 1867
23-08 17-84
2275 1661
2207 1556
21-78 14'86
21-60 13-99
21-22 1257
20-98 11-26




THE MATHEMATICS OF WEIR DESIGN

TABLE VII/5

0l

D, = -1 A—2
Pg . €0s (T) " (7.61)
Pr-Heosm (A2 (7.682
- 1 "
EXIT 7 {/—X . (7.63)
0 =bp —8(45 —$0) 4 .- (7.70)*
é =% X100
1 1
« ¢p 9z ¢p ¢ « A 32y
Eqn. 7.70  Theoretical
002 89 12-7 6-40 6-92 50 25-545 0-063 .
004 12-6 17-9 9-10 9-56 45 23-006 0-066
006 156:3 21-8 11:01 11-34 40 20-506 0:670
008 17-6 251 12:62 12:90 35 18-007 - 0-075
010 19-4 280 1373 14-12 30 15.508 0:080
012 21-2 30-6 14-94 I5-16 25 13010 0-088
014 227 329 15-96 16-12 20 10-512 0-098
016 24-1 350 16-88 16-96 18 9.514 0-103
018 25°3 370 17-60 17-85 16 8-:516 0:109
0-20 26-6 388 18-68 18-61 14 7.518 0-116
022 27-6 40-6 1905 19-27 12 6-520 0-125
024 28-7 42-2 19-87 19-80 11 . 6-020 0-130
028 305 45-2 20-94 20-91 10 552 0136
T 932 32-1 479 21-91 21-84 9 5-03 0-142
0-36 336 504 22-79 22-63 8 4-53 0:150
040 348 52:7 23-38 23-41 67 4-04 0-158
044 360 54°7 24-08 24-07 5 354 0-169
048 371 567 24-69 2471 4 3-05 0-182
052 379 586 2501 25-30 3 2:561 0-199
0:56 388 60-1 2554 25-81 2 2:08 0-223
060 39-6 617 2608 26-30 13 1-62 0-252
0-64 40-3 632 * 2623 26:72 1 1-401 0-269
0'68 40-9 6456 26-39 27-18 3 1-:207 0-289
0-72 41-6 658 26:9¢ 27-61 3 1-125 0-300
0-76 42-1 669 27-33 28-00 3 1057 0-309
0-80 42-6 681 . 2752 28-35 0 1015 0-316
0-90 437 707 28-13 29-21 ' 1:000 0-318
1:60 446 72:8 28-8p 30-00
1-10 452 74-7 29-13 30-85
1-20 45-8 764 29-79 31-21
1-30 463 779 30-27 3175
1-40 46°7 . 79:3 30-88 32-23
1-50 471 804 31-65 32-70
1-60 473 8l4 32-28 33-10
1-70 477 82'5 3317 3352
1-80 479 833 34-02 33-90
1-90 481 84'1 34;~93 34-21
200 482 84'9 35:80 34-60

*The approximate formula 7,70 will ot hold much beyound % =2



"0 o o
BLATE Vil/i

Fd
Sga soq ¢|C-lk\||)

.
o7

\ B PLATE m'/.

e L \ "2l
\ tdnsalzd,
ost \ el 12
\

.| ~. )
- . \\ \ FiG 1)

-3
»
pd
=
[A1i8)
—

A

//
/

B a<)

oot

Jscrg som ric (s
//
|/

BCALE. 'ﬁ hd. -
L Y

N EREE N ' 1

ol — \ —— - , N
0L <t ' ' \
. B

~
\ m
]
— |
— —
O - - - - L - L |
A a P rcabe vob mig ) B v s 3
iseace roul i G —5 '
. * & 14 e - es 3 32 e P e +o



1E)

PLATE VIi)2A
‘ ¢, . !
SINH T, ¥ kY = -TTK == ~== (7-18)
SINH xz ~K¥z= MK f:—d. =T’?( Sz"""(T“S)'
. L.y =COSH ¥ *
- L2 = COSH ¥
11111/18) PP/ :
e] ~T°°7 E . (W 9
“ b vd
C P
] o
60 d-. - // 134
.. d .
56 | : ] f/v
—Sz | o // i / //
48 J v Vi
v
N“ /// //
g “0 // /
=] * / y
] L
32 pd
L /
28 // /
24 s // ///
20 | ,/ //
16 - ,/ .
. ve
” /, ,/ | _‘_ /ﬂj;f: Ly
/‘/ Iy 4
‘4 /// e e
4 L~ P
/ e
F.) .
i1 2 3 4 5 € 7 8 © 10 N 12 13 @ 5 16 7 18 9 20




PLATE VIi/2B

5 ~ a2 8 % 2o

L

23

&OR Sz

3 NAEERRWAUNMANRLY
RS R RN
3 3 ANENEIN ANATAN
& e N NORE R AN A T
L NN NEAANANARNN
< INAN NN AN
Py N INL A TR
A \ N AR
: g AN R N NAR RN
L5 | RTINS R AR
Ery ! DN WARARN
MRE 3 | NN OO
:ELL N NEANN AN
- RN NUINANNE
i PR
AN A
I A\

2740 '




95

PLATE VII3A

)-eu739

L,-3

M oeas ' (

Li+

VALUES OF §,

yaANINaN .

SOy L .

HEEEER S D : .

1V ]/ 7 \ .

[ YA [ .

| VA IVAVEVEVIN/ / .

1 v [ | .

. 17717 p_

o] iyl yivaravavimy, ]

4 J iiVa S e .

I s AVAVAN .

,_ e eeavimy .

| VAV \ N

| AN A / / .

/10 / .

e A A . |

Y /44 VLT LA \\ N

y 2L 1 )

W e R )
: 3 3 3 g : & 8

H/*d 40 Mmz._<>



£ T .
e A LT ! "
; 2 WITAVAVAVINEN, 2
o | sfa/H of of & |/l fw . N 13k .,
Nk SlElviE AR TAN N & :
viiaaravin D .
VIVIA L/ 1/ " )
A AVAVA A A R A
e aAVEy AR
11777 ANMY, | :
[ [V A X /| / | ]
iAaAviD AW AREY, o
TWANA VI LA L .
e AvARY R4 e )
Wi/ VA 1/ ) 4 . )
AL h )
\\\\‘\ . v i .,
A X | ! "
\\\\\\ \\ _ [

§ m E H/% 40 mu:J<>m :

96

VALUES OF %,



. 97

PLATE VII/3C

T AT T :
o / , / A Y
Rl I 2 A %k AR AR .
~ / \ \ \\. / | \\ \\. »
/ \ / SVilni ‘ |4 /| /
/TN /| / -
/ \ \ /] \\. \ K Lo
MNAANN AV V /
. \N\\\ \ , ,.\\ ~ ;\\ C
\\ \ /! \\ / / \\~ "
A8a4AN d .
VAVAVAVA a . z .
4 A p pd (x L
\\w\ _ \\ ) x__, .
\\\\\\ \\ \\ _ . 'W 3
Vv ] 5 "
VT T T s ..
‘. =S =3 -
.m m m m. m. g 3 " m m — °

41249 3o SINIVA

M

YALUES OF §,



08
TN DT PLATE VIl/4
14
. s
27 J 2
N
U
X ~d
26 ' ' t‘"le;
. ' A
t i w,
'25 - ' [} i
LTt | ‘ Iy
: 4 dai C G 3
L e 3 P SAEEE
et =%
. . b1
. = y. A
) 4 - :
—_23
X[ ~ .
P
}n:.. ( 7 .4
c-22 30 ’ d-dz
" ‘ ; Mo, K .
;'i"n <+ / Ge =d—z(,—_7) $eEgm _(7_-47)
’{5" o . _ws.
©w-2r | oo ===3
= - H _
i, . o vE
L, j. I -“,’ I ) f; 3/5 ‘
a0 G o 707"
P . _L d2
fr_'_,:" T , - - . _L ,
H ] i i ! ' D
L S : ! o :
J 1 ’l o - ‘ ; - -
‘ ! i :
!_—" - t . L !
[ 8 -28 P
| i 1 . |
N R - - -
N N : & — scaLe For curve 4
areis 2 '3 ¢ § s 7 ; 2 d ¢
TSI 1 '3 4 5 . 6 7 8 3 0
T poo ; ' § — SCALEFOR CURVE 3



Scate ror A

s

20

29

PLATE Vil/5

[
3
LY
': ExIv GRADIERT
B Ry
b
[+ 339
oy
L. E
015 4
A WL
\ 2
ML n(7.

oo T N i Asad

A

N
Q15
04

V
Y
s %7

V

o0
V
[+
k]




v e ——
Flate Vil Sheet pile not at end Values of L= 3 C.B.L&P
= 1 cos? (Alzl)_ _Eqn. 736 0 02 ot :
m . A R Hugs T W 9
i N L (A g mRds P T
£l == - NuNE ‘g'c'r Pt
Snw C
=bh d = b $p = L cos (M)____Eqn. 738 YEEs P b A
H ¢ 549 =% a ayge : : d
= o R} Table VII-5 '
so ]| B By Sheet pile at end D ’
L} ] Depra. LI 1] 17 0
\ Yo find PE for any value of o and base ratio ’f’.rﬂd $¢ for \\_L___ n ggg 56 Mooy 1 I'!
base ratio (|—%) for that value of « and subtrace from 100 N\ - 20
\ N ™ 30
;sg\ b Thus PE for %=0‘4 and ac=4,= 100 = B¢ for %= 06 \ - g
« \\ \ \ - —
& 1_\1% ": and & = 4, = 100-29-1 =709 =SEE o
N S 10 x
s b ' Table ViI-5 \ ~
5o 2 S \ To get $D for values of b fess than 0-5 read Db for Depressed floor N 1] N
f e > a base ratlo -2 and subtract from 100 WS ~ '?_‘
n - NN b b T'_._'..‘_ 50 L
E SLTN N Thus #D for 3 = G4and o =4 M . N -
NS AN h N =100= 90 for & = 06 and «=4 + ; 4+ 7 3
ol RN RRRRNY 3 777777 Suam ‘
s ST RRRRR = 100-448 = 552 b ez O ~ s
REA NN $p = Lot O3B (Eqn. 7-61) S
N - el
s,'L‘iT_e SWASSASANION X $o= oot OB _qn 7 ~L 2 HHn
- N N = - el
T NSNNAN I he $c,= 100 - P 74
o PFESs (] TR ! &, %0, = 100 — %0
b, A U4 0 = 100 — $p, (Depressed floor)
AR AN \P 0 = '¢o - $(%c-9p) + a%, (Eqn. 7-70) (Depressed floor)
n NN A= Ei,___ five?
= W SNNAN =~ -
. . VRN NNNS \\ N
so"ér‘.= h - : \‘\\\\\\‘ . &x= ¢=1 50
ApEERRES NREASISNN :T = = s
=3, - ™ ™ Mt -
g [N ucd S TNTINRRS SNNERL nss ==075
2 = N NN VWALV INT = = €= 1.0
» o ;1\\ > \\ : 2 [ T
&‘JI: E =2 ‘\ N Q\ N N N . - [l Fi ‘Pon LN
E: 40 P S 1S \“: ‘\:b ~ e."é 1.:4.5_
. - \‘ Ny 3 NN N u C‘\;(" 11T 40
"6 - =~ . ‘: N N \\ W\ = L -‘:EITO
8 - -~ \ NELNR NN NN N - I
2 E'S.-E o5 N Y N NN RN SIS K = 2.5
s - ~ N N \; NRORNIN = B I—i;ﬁ:
- - ~ ~ L N ] = o
e -~ N N 1T
= S ASENN AN 3 s 111 g
30 ~ N q h, ™ ~Ss40l |30 —
= ‘\ N N = ¥ " - Ox
4 h ™ R S essgH] Sl
= = ] TS DN B o ,_;\T'_ — R
= ™~ RNNN M8 5
Y b N N P l -
- q N WEANAN AN NN Q'J ¥ 3
=073 n PCTTR = S NN NI £
20 = 1, & K \ N TN 120 3
[} é N ol A >
- Q NG s N R,
- b A S SN
— e N =
iy = = NN NS
- = — ~ N \\ ~
= — I~ I~ LN ¥
= ™~ . RN i
oL &=+ ] —— = - - NS 10
__c:;;r o — i~ ] — ~ g LS \
H oc=F = - i = e~ ~ ™ n \
- —— fronel
- — ST i~
—'G:=:|'5 o e u "~. I~
HH 1 = iy
oL &=o0 11 : e e——o==- = )
o o 02 03 Y 7 06 . 07 ) 09 10
Ratlo%'

Reg, No. 762 HE (C) '54-5020°55.

Printed at the Survay of India Officas (H.L.0.).



CAPPENDIX TO CHAPTER Vil

*AMathesatical Investigations of the sub-soil flow under two standard forms of sfru-clm.cs,
by Jai Krishan Malhotra, M.A., Officiating Mathematical Officcr, Pun jab Irrigation
Research Institufe, ,

The structures proposed for- investigation consist of a simp'e dep ressed floor without
aprons and a pair 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 of two equal

sheet piles placed anywhere under a flush floor, with the floor in between the piles depressed

uniformty, n

. _ > PL’AN‘E.
e L‘ e A — 5l 132_ —}
H ]‘G i. o . B
d H’T 5 °
. d?_
Ve |

Figure7a .1

Let ABCDEFGH be the profile of a structure consisting of upstream and downstream
aprons HG and BA, two_equal vertical sheet piles GF and BC, and the depressed horizontal
floor ED. Let the length of each sheet pile be d,+d, and let the depression equal d;, the
length of the portion depressed being b. Let b, and &, be the lengths of the aprons.

[} - )E : ¢ -‘n i u\. ‘.‘ -,l'_ [
W G F ® o © ¢ B A
e K
— Ly T 2~
| & PLANE
Tigure 74, 2

Let us carry the profile over to - plane so that the portion BCDEI‘G which is sym-
metrical on the z-plane is carried over into the t-axis B'C’'D'E'F'G’ with the points disposed

symmetrically about the origin, 0’. The latter will obvnously correspond to the middle point
0 of ED, the origin chosen for the z-pl.me

If the values of Z are +1 for B and G, +c for C and F, and =& for D and E, the neces-
sary transformation takes the form :—

g 222, -

=A f\/ e (A
Substitute {=kSn(u,k) and let 1 —c2=¢'2 *

Then _ Z=A f (dn’u~c'?)du4-B

=ABm)-cul+B .. .. .. .. (A9

et

* The theoty ‘given hereisa swmmary of two forthcoming publications of the Irrigation Research
Institute, Vol. II, No, 20 and Vol, II, No, 22, viz., ““Notes on Khosla’s Principle of Independent Variables,
I—Mutual Interference of equal piles at ends of a floor”’and “Notes on Khosla's Prlnclple of Independent
Variables, IT—-Pressure distribution undet a floor with equal end piles and-a \arymg intermediate pile,”

101
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102 DESIGN OF WEIRS ON PERMEABLE FOUNDATIONS
The corresponding values of z, {, and # are given in the following table :—
Point A B Cc D E F G H
Value of z.. b2+g-—zd g—td, g'{‘idz —2b- —g —g— Fidy | - g-—idl —b,—g——idl
S Lg | 1 ¢ k| <% —c -1 -1,
w o o» o) peHiK | KHK' | K4pi| K | -K| pi—K iK'—K | —(p,+iK’)

Substituting the correspondmg pair of values of Z and Uin (7A.2) we get, takmg comple-
mentary points

b/2=A(E-c"?K)+B . .. point D
—3=A(c’2K -E)4-B point E
Hence we have B=0.,4 :=2(__E-:bc'—2!(7 .. . (7A.3)
Next g—£d1=A[E(K+-iK’)-—c"(K—i—iK’)] .. point B
=A[E+i(K'—E')-¢'YK+iK")],
S e , d _E—cK’ )
~ Equating imaginaries, dy=A(E' - c'?K) ory’ SE—c2K) - o (TA.4)
Also b/241dy=A[E(K+ pi)—c'¥(K+ p4)]° .. pointC
. —A(E+E(|M)~k2 Su(K+ ps) Sn(p)— K+ #il
Or ﬂ—-E(}M) k3. Sn (K4 pi). Sa (p-t)—w'“p
Sn( W) s e
But E(pz)—t’b+5?l([(‘})v7)_‘ —1E“J!, k)-
o iy . n __ Su(i)dn?(K 4 i) ]M)
- =tc2 1B, k')~ Sﬁ(m]u)
FAmps
Again Sn{K+ l-hi)=c/k,if.cn(K+1ri)=ka ¢
and (K4 pi)=v1- By
N g cn(K-i—_].Lz') iV eB—A?
And Sn( pt)=Sn{K+ Wi K)“r.i;z_(K-i- ) ok
dy e2—k2. ¢’ R
Or _A p—E(Ww, &)+ V_T_..E.
=po—E(w, ')+VC el
‘ dy . we—E(p, k')+\/1—k2/c2 ¢ .
Or 3 2(E—2.K) o (7A.5)
For 4, we get ba+b/2—id=A[E(ps+iK') = c'2 (iK-+ps)]
Snp,c ,
or burtbj2=A[ B(pg)-+ PN — oty |
; Snpacnp
. E it = L PN :
»2hy[b4-1= (p) dnp, LI .. ', " (7A.6)
E—¢2K :
Supccnp,
. E(p) -0 o,
Similarly 2b, .- T\ dnp, ! .. 74
3 Hl= T—cF (74.6a)
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. 1 1
Where kS#n{p,+iK')=L, or Snp2=ﬂ, Sﬂp1=L—1.*
The tast four equations determine py, p;, ¢, and % from known values of the four ratios
by 1b, bs/b, d,fb, and d,/b.
Again N h {=Acoshe—p; .. v T .. (723)

and for the stream line along the face of the pile, #=0,

. ¢t _Li+L, _Li—Ls
.0 =cos~1= n ,where 4 = 5 L, 5
' 1 1 Arth
. Pype= ,l—l_—cos-1 ’\—-—~‘7\i ; Po,r —-—cos—l—r———hic; Py p=-cos—! ‘7(—.
If we make the aprons vanish, L,=L,=1, £=1, A =0,
. H
and Po, p =—ﬁ-c_os--’(:l;c), Pp. & = cos~! (4 k) e .. (TA.7)
Case I. Depressed flooy without aprons.
t b g
G[% S
] -
E O

Figure 7A.3
Here d, vanishes, leaving a depressed floor of depth d; and breadth b; obviously ¢ equals &,
Equation (7A.4) now gives '

24, E'—RK"’

‘ b TE-RK o " - (TA8)
while from (7A.2) and (7A.3) we get
R b Ew) -k e _
_ Zeg g where u=sw-i(£) L . . (A.9)
The pressure at any point under the floor is given by
H H .
— cos™Y(Z) =—ﬂ_—cos—1(k5nu) .. . .. (7A.10)
where the distaqc_e % of the point from the centre is '
_ b E(u)—k"2. u
Ry T .. . .- (7A.10q)
In particular we have for the point D, the pressure as
o _ : . ,
=2 cos-t
Py 5~ Cos (k) . .. .. (TA1])
. P
Putting "_Hl_’=vn—_-g,
we have k=cos g, and {7A.8) then gives
™ - ™ )
2 (5 —0) - costy. K(3-0) ,
a =——E;'T§)—Siu90 K , where a=b,'d .o o (7A12)

I£2/ e:=¢, and we have another floor for which 2/a;=1/c and k=cos ¢,, then from (7A.12)

E -72: —0)-—00529 . K(zf _9)

E(0,)—-K . sin%p
ORI S (8,) 1

B(5-~0,)-cos®y . k(3 —6,)

which gives ; —8=9, or 0+0|=;r- )

*For definitiou§ of the functions Su, cn, dn and E,K,EWK',
reference may be made to the relevant Cha
ather book on elliptic functions,

: and for explanations of the other steps,
pter in Whittakeyr and Watson’s Modegn Analysig o: to any
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P
L - -¢¢=——I% % 100,
Pp_ 0
then as FD=T’ 0= 100 $q also aa; =4,
This gives ' $ata—tatd ja =50 . . .. (TA.13)
In particular, if @=2, 4. . if the floor is twice as long as it is deep $,=¢ jo =25

.. (TA.14)
In this case only a quarter of the head remains at D. :
Fquation (7A.13) can be utilized in finding the value of ¢4 for values of & less than 2, if

the value of ¢, for values of @ above 2 are known. '
Thus ¢,+ $,=50, ¢1/2 +¢8=50 ; and so on.

The exit gradlent at the toe is given by

Gexir = E— Zz % as —— d equals unity atexvt)

BTN [\/«:2 r vc* hz]c 1
H H 2B-k?K)

Sedb = @ bk’
H E—BK o
=_"T. T““ o - : _q“‘. . .n e (7A-15)

‘The graph'showing the theoretical values of ¢,, 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, Equql sheet piles at heel and toe wz'thbut aprons,

k b oy
GE‘I"' _ (][

d .
1L
F

. C
Figure 7A.4 v
Here d; vanishes and Equation (7A-4)gives :
, *=E'|K’ .. - .. (7A.16)
Hence B-c?K=K(E|K+E’ /K -1]—2 LI . (TA.162)
Substituting in (7A. 5) we get
BE|K —E(u, ¥ /___ B k
' pE] (s )+ 1= VT o
b T : ’
’ 2 » » ) L
[ (B % KK(K ~F) _ zu(p, ¥) ] - . . (TA17)
Where Zn is Jacobi’s Zeta-functlon, and @ is given by
i, ) Ean. JE

N, EC
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The potential function at any point is given by cos—! (RSnu), whete 4 is given by
22 E(u)—c '
. b E=c®K
Zn(u)—

Y

i
2KK"
™

2KK’

e bK' bu
Z“—"‘-T— Z (u)_‘ 2K -0 . - .o

K.

.. (TA.19)
. _ D b 2100 nd 100 (s
In particular the petcentage pressures at C and are given Y €08 (c) a - c° (%).

Ciloosing any k, we can get ¢ and @ from (TA.16) and (7A.18), and then derive the value
of dy/d from (TA.17), Plotting the values of cos—! (%) and cos~! (¢) against those of d,/5,
we get the curves shown in Plate VII.A.{ which show the values of ¢¢ and ¢p (called $p and

b
¢z in Plate VILA.I) for various values of a=— 7

The values obtained from the theoretical curves for certain values of « are compared
in'the following table with those obtained from electrical experiments and from Khosla’s -
Method of Independent Variables! :—

tot

" TasrLg VILA.1

¢r ] éz $p $0 .

* | @ | @ | @ | | @
.| Theory| Expt. | Khosla | Theory | Expt. | Khosla | Theory | Expt. | Theory| Expt.

3 71.6 71.7 58.5 58.6 58.2 415 41 4 ! 42.1 | 284 |20.2

4 73.9 73.1 619 | 621 61.3 38.1 37.9 40.0 | 26.1 | 26.2

6 77.3 76.6 67.0 67.1 66.3 33.0 329 34.1 | 22,7 | 24.0

8 79.7 78.7 70.6 708 [ 69.7 29.4 29.2 30.7 20.3 | 21.7

12 | -82.8 81.7 75.3 5.4 74.0 24.7 - 24.6 26.4 17.2 | 18.9
24 87.4 85.7 82.1 822 | 79.7 17.9 17.8 20.3 12.6 | 15.2 .

(1) denved from Equatlon 101 (Chapter X, page 115).
(2) Table Case VIII(a) 1 (Chapter IX, page 107).

The comparatively large differences at higher values 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 3" long and an mcrease
of 1/10th of its length would make the theory agree with experiment.

It has been noticed that when a>2 the values of ¢D and ¢, are very nearly in the
ratio of v/2: 1 or ' '

$o=074,, .. cer e .. (1A20)

This means that the side of the pile next the floor takes only about 30 per cent. of the
total pressure cut off by the pile.

Mr. Khosla’s Method of Indepeudent Variables! receives 2 very striking confirmation
of its rationality from the results of this particular case in that his method gives results
-differing from the theoretical by 0.2 per-cent. or less.

L

1 See Pege 129
\.
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CHAPTER VIII
Exlt Gradients as Related to Welr Design

W eir failure from seepage flow can occur by :—
() Undermining of the sub-soil.
(5) Uplift due to pressure under the floor being in excess of the weight on the floor.
The failure by undermining is the most common, so that a knowledge of its causes and
of the measures to prevent it, is of the utmost importance both for design of new works an.d
for ascertaining the safety of existing ones.
CAVITY UNDER KHANKI WEIR (PIER §)

S ] =R

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-soil starts from the tail end 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-soil which tend to hold the latter in position, Once the surface is dis-
turbed, the dislocation of sub-soil particles works further down and, if progressive, leads 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 thz high vealocities of flow of water through it,
when such velocities exceed a certain limit. But as will be shortly exp'ained this conception
of undermining is incomplete, Water has a certain residual force at each point along its
flow through th= sub-soil which acts in the direction of flow and is proportional to the pres-
sure gradient at that point. At th: tail end this force is obviously upwards and will
tend to lift up tha soil particles if it is more than the: submerged weight of the iatter. The
frictional resistance, cohesion, efc., of the adjacent soil will have to be considered in certain
cases. Once the surface particles are disturbed, the resistance against upward pressure of
water will be further reduced, tending to progressive disruption of the sub-soil. The flow
gathers into a series of pipesin 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 in the sub-soil,

This conception of undermining by ‘‘Flotation” was put forward by Professor Charles
Terzaghi® in 1925 and independently arrived at by F. F. Haigh? in 1930.

As wat‘er flows through the g.andy sub-soil, it is well known that the velocity of flow at
any point in the medium is given by Darcy’s Law :—

——

*Cavity under Pier 6, Khanki Weir, Photograph reproduced from Punjab Engiueerin—g Congress paper
No. 196 of 1936, ‘**Reconstruction of tbe Khanki Weir*’ by Rai Bahadur A. N, Khosla.
31CH. TERZAGHI ., , . Erdbau Mechanik. .
'F.F. HAIGHR . . ., . Paper No, 138 of Punjab Engineering Congress; 1930, by A, N. Khosla—
~ Discugsion by
107
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This water ‘exerts a force (F) on the sandy medium along its line of flow. Besides this
force, the particles of the medium are subject to two other forces i—
(1) the force of gravity, or weight (W) which acts downwards,
and (2) the force of buoyancy (B) which acts opposite to gravity.
These two latter forces can be combined into one and if '
w=Weight of unit volume of water,
p=Specific gravity of sand particles,
' . g=DPore space in unit volume,
' then the we1ght of soil particles per unit volume=w(l — ¢) p—W
' The weight of displaced water=w (1—¢)=B i
Hence the resu1tant of the forces (1) and (2) thaf is the wetght of the soil particles less
buoyancy ' 7
' ' ,._w(l—,) (p=1) -. . A ¢ 3 1)
This may be called the submerged Welght W, whlch will obviously always act downwards
as p >l :
The next step is to detesmine tne value of F } ‘ .
. Let 4s assume'a cyh_nd=r of soil along one of th2 stream lines, '

. P

‘ _ Figure 81
> Let da=sectional area of cylinder,
‘ - and dl=length of cylinder.
The Pressure at faCe A=pda and acts along the stream line from left to nght
_The Pressure at face B=(p-+dp) da and acts along the stream line from right to left, -
" Néglecting the curvature of the stream line we get the force acting on the cylinder along
the stream line as | _ , :

pla—(p+apMa=-dp da

‘ The force per unit volume of the cylinder

4

' = dl—da._-_—-d-i- . . .. (82)
Hence F==—-d£—- Pressure gradient at that point. "So that, the action of water on any

di
pomtm the sandy medium through which it percolates, can be given by a force F, which,
per unit volu.me, is equal to the grad;ent of pressure at that point and which acts in the

du’ectlon of ﬂow

) Fxgure 8-2
Thus the force actmg on any particle i in the sub-soil consists of :—

ap

(a) a force F=— dlactmg in the direction of flow,

and (b) the s'uBme;ged weight We=w(l- ,) (p—=1) acting downwards.
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For stability of the particles, the resultant R of F and W, must have, no upward coniponent.

.

. . Figure'8-3
Now the vertical componeat of R is given by : :
. Ry=F cosg—W, o
From Figﬁre 8:3 Ry 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 lin‘é 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 some length beyond X’ at -the surface, where F
acts vertically upwards, and W, vertically downwards, 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=0 or F=W,, At this,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 downwards, The slightest increase in this value of F will lead
to instability, The soil particleswill 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 authors! called it the critical
gradient. This is equal to the critical value of the force F, and is given by,
Flotation Gradient=TF jca=W, '
=w(l—¢) (p—1)
If the pore space=40 per cent, and p=2'65 and w=1
. Gr=(1-04) (2-65~1).
=06x1:65=0-99, say unity.
Thus for the class of soil mentioned above, the Flotation Gradient, G =unity or 1/1. This
flotation gradient Wil 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 in the neighbourhood of 26 to 2:7-
for the Punjab saads, may vary in extreme cases from 1-8 to 2-8. Similarly the pore space
which for Punjab sands ranges between 37 and 42 per ceat. may be as low as 20 per cent.

and 'as high as 45 per cent. Working on these limits the extreme values of G may range from -

044 to 144, : . )
' Table for Gy, »
) !
' Densities
Pore Space ;
2-8 26 24 (| 22 2:0 18
02 . . . ) 1-44 - 1-28 | 1112 [ 098 080

, » - ) el 0.64
8.25 e e . 1:35 1-20 103 0-90 075 0-60
0,30 Coe e 1-26 1-112 | 098 084 070 056
85 . L L L. 117 104 | - 091 0-78 065 052
040 . ., L L 1-08 0+96 084 072 0.60 0-48
045 . . . . . . 0-99 0-88 077 066 055’ 044

(1) A.N.KmosLa. . , . Paper No. 138, Punjab Engineering Congress, 1930,



. \ g
110 , " prsiéN OF WRIRS ON PERMEABLE FOUNDATIONS

Perzaghi in his experiments usék} sands of 2:65 specific gravity and found the following
values for Gr ‘ - -

-

Pore Space. :\ G¢ Gy
=g * * observed. Computed
165x(1— )
- 043 N 0-95 0-94
0-355 ‘ 111 1-08
0430 - 113 094
to
' 1-16 -
0410 . 0-96 0-97
0440 - 1-05 0-92
0-350 1-08 1-07

-Dr.“ Vaidhianathan? carzied out some very careful experiments in 1935, with Punjab sands.
~ The technique and results of these are of great value.

RRERREBR A

q'

!-TPOH TANK

OVERFLOW] |

“} FLTER

COARSE
SaND
\\
{
FIrcUuRrE 84 ’ _

(1) V. I. VAIDEIANATEAN . ., Memoir of the Punjab Irrigation Research Institute, Vol.V,No. 5. 1935.
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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 e#perhnent will be clear from the following descrip-
tion and diagrams, The experimental tube A B (Figure 8-4) was 85 cms. long
with an internal diameter of 4'2 cms, The length of the sand column was
630 cms. The positions of the manometers Py, Py, efc., aTe 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 any
requife’d height. Water which has been fittered 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
completely 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 mm., are removed .
by sedimentation. The cohesive forces due to fine pas"cles are thus elimina-
ted. 'The size distribution, pore space and density are then determined. The
sand is packed uniformly under water in the experimegtal tube AB by tapping
-and stirring. i . . '

It is of the greatest importance that the water wused should be free from fine suspended
matter and air bubbles, When the experiments were begun, untreated tap
water was being used for the experiments. The manometer tubes Pg, Py, elc.,

B showed ‘a progressive fall with the lapse 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 fire 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 passages for the water. When the tap water was allowed
td stand in a special reservoir for two days before the experiment and afterwards
carefully filtered through glass wool and coarse sand as shown_iu Gy, G,, the
pressures became steady with time.

This point has been specially stressed here becatse of its’ impoftance to model work -
carried out in laboratories. When the pressures are observed by tubes inserted

in sand under models as is usually dose, the results are likely to be vitiated if
due attention is not paid to this source of erroy.

EXPERIMENTS WITH WATER FLOWING DOWNWARDS

The first set of observations was taken with water flowing downwards in the sand
column. To begin with, the resetvoir R was fixedina low position and a
hydraulic gradient of nearly 0'5 was obtained. When the flow had continued
for half an hour, water was collected through the over-flow C for a convenient
interval and the_ weight of the water was determined. This ohservation was
repeated. The reservoir R was then raised to obtain a higher hydraulic
gradient and after a flow had been maintained’ for half an hour the weight of
the over-flowing water during a definite interval was again determined. Observa-
tions were thus taken for the hydraulic gradientsof 05, 075, 1-0, 125 and 1'5,
as nearly as possible. The expetiments were generally repeated twice, the
gradients first increasing and then decreasing. '
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\E HYDRAULIC GRADIENTS (i)
' EXPERIMENTS WITH WATER Fr,ow iN¢ UPWARDS

The- second and the subsequent sets of observations were taken with water flowing’
upwards In these sets of observations water was entermg at B (Figure 8:'4) and
coming out at the end A.

In the second set water was allowed to flow upwards, the pres:.u:e gradlents being
_.slowly increased beginning from 0-25 to about 1'5. This part of the experiment
is showa in Curve 2, Figure. 8'3. W hen a gradlent of 1'5 was reached the third
set of observations was begun. ’

In the third set the pressure gradients were decrea.sed othe:wise the observations

were taken in the same Way as in the second set, Curve3, Figure 85 is thus
traced.

1a the .fourth set the pressure g-adients were 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 along with the out-fowing water (Curve 4,

. Figure 8'5). After re-packmg the sand, the experiment was repeated.
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Y/aidhianathan took sands of different orders of packing and wide size distributions
(Figure 8-6), These results are tabulated below:—

FroraTioN GRADIENT
- Pore Transmission

o e;:fl gf:d e fﬂ?ﬁiﬁ? SP“ge * constant Calculated Observed
. b zes  as | ool 099 100
» II PRI 2:60 0386 00414 104 : 085
or . . 260 | e 0°0422 100 100
N . .| 284 1 . 399 © 00434 099 100
v .. 265 a6 00778 067 095
vio . .| . zes | aro 00854 0-99 095
v . . 2~e;1 38l 00945 - 103 1°00
Ty . b see Y| sz | o048 103 125
X . . 270 . sss | o102 104 1'% -
X . N I -~ 399 | o121 14 1°00

< XTI . . . 268 390 | 02219 102 100
X1 . . 260 384 03002 " 1os 095

In downward flow, the transmission constant or the discharge remains absolutely steady
irrespective of the pressure gradient (Curve No. .1, Figure 8-6). 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.
Compare Curves 2 and 3. When the gradjeat is again increased, the transmission constant
increases first slowly and then rapidly till at a gradient of about 1:7/r the soil definitsly blows
off and the soil medium finally breaks up. ’

“Phese 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
us 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 betwezn observed and cal-
culated values of Gy, 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- -
gherty! who found that lead shot was lifted under gradient of 5°88 to 1 against a calculated
value of 6:0 to 1 as obtained from the relation G¢ =(l—2)(p -1) where ¢ and p were the pore
space and specific gravity Ieapectlvely of lead shot.

Another experimental confirmation of the final break up of sotl is available in Harbans .
Lal’s experiments with a depressed floor. With a floor length of 12" and depression 3

the soil particles started definitely working away at a head of 9-33 inches. This gi\}es length
of depressionmli2/}=24. '

Pressure at the bottom corner of the floor " below floor level is 9 per cent. of 9-33 or 0-84".

0840><;) 84__1.-4 or 14 in 1, {see case VII, p. 40.) This is not

greatly dlﬁ’erent from 1'7/1 obtained by Valdhxanathan

Exit grad1ent for this=

The True Segmﬁcance of Eml Gradients

Before praceeding to 2 consideration of a factor of safety it will be as well to mention
here in clear terms that 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 MOCHMAN AND DOUGHERTY, * Harza's paper an Uplift and See page' under Dams,” Paper 1920 Am, Soc.,
: C. B,—Discussion by.
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length of 100 ft., and head 20 ft. the exit gradient is 1/3 for a 2 ft. depression and 2/3 for 4
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 othet 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 at the tail end can be increased many times 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 will start moving. The movement
of soil of the bed and side slopes and the appearance of sptings when intermittent pumping is
done in a drain, are phenomena of every day occurrence,

Another factoris 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 have 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 G¢. Theoretically, such a stracture should be
safe and could be built at small cost. But as has been pointed out earlier, the slightest incre:
ase in this value, from whatever 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 from 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 all
the minor deviations from the normal homogeneous formation accepted for purposes of design.

All these deviations and uncertainties in nature must be allowed for if safe structures are
to be designed. A factor of safety has, i:hus, to be applied to the critical value of the exit -
gradient to obtain a safe value for such gradient in much the same way as one is applied to the
crashing 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 retrogre:ssion 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, increase rapidly as the depth’ exposed increases.

" In the table on page 109 it has been shown that in the extreme case the value of Gy may
range between 1'44 and 044. With ordinary sands 0'9 to 11 are more usual,

A factor 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 critical values of exit gradients—

Shingle ' . . . . . . . . . 4tob
Coarse Sand . . . . . . . . . 5to6
Fine8and . . « e s e e e e 6tol
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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 suc-

tion of surface flow,
Determination of Exit Gradients

The full significance of exit gradients in relation to stability of structures against under-
mining has been cleatly set forth above! The exit gradients for standard forms of structures
have been theoretically worked out in Chapter VII: The televent -formulae are reproduced
below along with reference to the plates in which they are plotted graphically.

Case Standard Form Formula
1 . '
FIG. 7 4
L —-‘b,— — g
oA —————— 1 C .
G H
- iy K . (7 '44)

(|

, 1

Table VII/3 and Plate VII/3c.

I,
F1G6.7°5
— ]_E—
£ __
. _H K '
. d, T GEXIT —\1-_-—"K._._d1—d2 se . (7'47)
Ly
7]
Table VII/1 and Plate VII/4,
TII, .
FIGQ 7.6
TR
d
H
C oy - . . . (7-49)
E 0
V., ‘
F/G.7-8
< b >
A £ TE Tt
H. 1
I’ GEXIT= E—M—_—i . . . (7:03)
L

Table VIT/5 and Plate VII/5.
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Case Standard Form: . . C L Formula:
VI F1G.7.9-710 . Opxrp=infinity .. . .. .. (764)
‘ )
A g
.---——@_-—--h‘-s’ .
= L GEXIT along B Bl— (7'68)
v o . (
3 . AR . '
i FIG 7:1/
A< b >0 - " . 0'84Pp,

The above formulae furnish solutlons for all cases mbt with in practlce

From the above cases it will ba not1ced 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 gradient rapidly falls off and soon gets io

. H
a safe figure depending on the mizo-b—. But all the same, a ceitain 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 V1I is more usual. But if the soil
at the exit end is scoured out to depth d, it will degenerate very mnearly 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, case V will get back to case I and case III to II.

i

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 good.

Of the six cases mentioned above, the only form which is unstable is the one in which

d=o0 at the tail end, viz., case (V). This points to the absoluie nscessity of having some dapth
of piles or vert:cal cut-off at the tail end.

The next in order of instability is form No. VII, Ifdis small in comparison with H
the gradient at.exit may exceed the critical value and unde’mmmg may set in,

In all cases, except VI, d occurs as denominator so that lhe gretc!er the value of d in
relation to H, the less the exit gradient and the more stable the work. This is the fundamental
principle to be kept in mind for designs. d cannot, however, be made too great ; as will, be
‘explained it Chapter IX, the iplift pressures under the work increase’ as d increases, 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 {he exit gradients and at the same time a minimum

thickness for the floor, or that which ensures absolute safely at minimum cost, This aspect
will be more fully dealt with in Chapter X.



< CHAPTER IX
Standard Forms

In Chapter IV it has been shown that the distribution of pressutes under ?he various
structures dealt With in that section, as derived mathematically from the 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. Ithas further been shown that any departure from t}-:le nOl’n:lal
results on the prototype can be exactly treproduced on one or the other model by sxmufatmg
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 subseq'uent
field analysis of data, the pressure distribution under any structure as derived mathemlahcal-
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 models cannot in all cases be done with any degree of reliance.

In a number of complicated cases, 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 experiments have been carried out on specially planned standard forms so
that some 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 theoretical and experimental resulis 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 (,2,3) or un-published.

The photographs for stream lines have been supplied by Harbans Lal from the Hydrau-
lic Model. '

The general case. Stepped floor with pile Line at the step or fall.

Length of U. S, Floor 4 :
Length of D, S. Floor g . .
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Figure 9-1 Proro 9°1
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(1) Uplift Pressure on Weirs, A Floor with a Line of Sheet Piles, by V. I. Vaidhianathap, Gurdas Ram
and E, McKenzie Taylor, (Proceedings of the Indian Academy of Science, Vol, II, No, 8, December,
1935.) ' 7 ‘

(2) The Design of Falls with reference to Uplift Prcssure, by Gurdas Ram, M.Sc., and V. I. Vaidhiana-
than, D. Sc., F, Inst. P, (Proceedings of the Indian Academy of Science, Vol I1I, No. 4, April,
1938.) ‘

(3) Uplift Pressure and Design of Weirs with two Sheet Piles, by Gurdas Ram and V, I, Vajdhianathan
(Proceedings of the Indian Academy of Science, Vol, IV, No. 2, August, 1936.)
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Length of Central Sheet Pile from the D. S, Floor 4
U. S. Floor Higher than the D, S, Floor by

4

4
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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.

This case covers the various types of weirs and falls. Seventeen different cases of this
were tried in model form.

The following table gives the experimental and theoretical values of yE, yD and ¢c.

TABLE
8= s1= &= ¢E ¢D ¢C
_da b1 _ _ b2

di—dg d,—dg d1—do Exp. Theor. Exp. Theor, Exp. Theor.
4 4 00 770 763 434 438 00 00
4 4 10 77°1 765 440 44'3 66 68
4 4 2:0 774 76'9 456 45°6 12°4 137
4 4 30 782 771 471 47-3 187 194
4 4 10 786 781 489 49-2 24-2 248
4 4 50 793 788 505 512 279 289
4 4 60 799 795 53'3 53°1 319 327
4 4 70 807 800 554 54'8 371 360
4 4 0 817 808 56° 5 564 394 389
00 7 7 56°7 568 537 539 537 53-9

05 7 7 58°4 520 48:2
10 7 7 602 598 514 517 456 466

15 7 7 621 510 43-3
20 7 7 632 63-2 506 50-9 404 416
30 7 7 660 66-6 503 504 36-2 37-2
40 7 7 697 696 498 50~6 32:3 334
50 7 7 726 724 49'5 49-8 29-2 300

Case 1

Flooy with Sheet Pile at Downslream End, with Siep.
Scour at Tail End.

,";‘7/
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The mathematical solution for this case is given in Equatious (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.

The exit gradients in this case are of special importance in determining the factor
of safety against flotation at the toe of a weir.

Case 11
Single Sheet Pile, no aprons. Unequal fill on two sides.

100 = == am o o e i e —— R

95 — 2
90 — | . A o SINGLE SEET PILE.
‘5?"'“““‘— —'0'/’ Length=6
85— | Drop =2
———
S5

8o

|
|

75 J

5
70° 20
25
65
N30
80 55 S50 45 40 35
Figure 93 Proro 9-3

The mathematical solution of this case is given by Equations 7-46 and 7-47.

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 theum.
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Pressure Contours.
Length of pile=6
- Drop=5
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Figure 94 PHoro 94
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Case III
Single Sheet Pile. No Aprons. Equal Fill.

NO FLOOR STREAM LINES

and
100 == sim = aominm i = -chat ------------ °% Pressure Contours.
95 — =

75

2 & B
\u\\\
¥ % 4
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60 55 50 <95 40 35 30

Figure 9:5

PuoTo 9°5

The theoretical solution for this case is given by Equations 7-48 and 7-49.

Cofferdams are an instance of this case.

Casg IV

Floor with Sheet Pile not at End.

: Floor . . . . 3 : . I2
ol Cental Sheet Pile , , s s .4
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TFigure 96 Proro 9'6

Figure 96 (a) ' Puroto 9:6(a)
The mathematical 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, Cand 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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Casg V

Floor with Pile at End
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Figure 9-7 Proro 97
This

is another common form for designs. The mathematical solutions are given by

Equations 7-61, 762, and 7-63. The graphical solutions are given by curves of 'Plate VII/b
Floor thickness can be allowed for as in the previous case.

The exit gradients for this case are given on Plate VII/3.

Cask VI

Simple Floor. —No pile lins.

60 50 40
Figure 98

The solutions for this case are given by Equations 77, 7-64 and 7-68.

This case is more or less of theoretical interest. ‘I'his

, however, is the fundamental foim
of which all other forms are modifications.

This will be ravely referred to for purposes of desigu
except if it be to demonstrate unstable forms of structuares.

Case VII

Depressed Floor. No sheet  pile.

TImpervious Floor Length

70 as g 88

o 45 <0 35

Figure 9-9
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CasE VII-—contd.
Depressed Floor. No Shect pilc.
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Figure 96 (a) Proto 99 (a)

In practice this case is not common, but it occurs in combination with all other cases.
It represents the thickness of the floor. 7The other application of this case is for wells with
considerable base 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 as well as from theory. The values are almost iden-
ucal in both cases with those of Table IV, 3.

Casg VIIL
Flooy and Multiple 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 confirmation of the mathematical formulae. Where calculations are laborious
experimental 1esults 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 casesit 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) FLooR WITH A SHEET PILE AT EITHER END

(1) End Piles Equal.*

Length of U. S. SheetPile . . ., 1
Length of D, S. Sheet Pile . S . 3
Length of Floar . . . % .12

AR EEEEEEE

=
-.3:::j = ki F E:;::l
470 7 %ies 6o " !o' 4 40 W4 0 ab 14 N = —
Figure 9'10 » Proro 910

* A solutionto this case has hbeen derived by Malhotra, and compared with experimental results, See
Chapter VII, Appendix pp, 88-80.
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floor length

“depth of pile’
The follwing table givas the values at the corner points D, C, E and D, with b=12.

The pile lengths ranged from 0'5 to 6 and values of a = from 24 to 2,

d 3 1 14 2 3 4
d 3 1 13 2 3 4
D 857 817 787 766 732 717
c 797 74:0 89-7 663 61'3 582
E 20-3 264 30-7 341 40-0 42-1
D, 15-2 189 217 240 26-2 29-2

(2) Piles Unequal.

Length of U* S. SheetPile . . . 3
Length of D, S, Sheet Pile = . . 1
- Length of Floar % ¥ % " . 12
S
L3
o
WO~ — — — — i
s—"" |
De/

”7
LY
75 NT0 €3 €0§77IS5 S0 45 40 35

Figure 9'11 ProT0 9°11
See Plate IX. 2. Figure 1 '

Here again the piles ranged from 0'5to 8 and values of @ from 24 to 2. The experi-
mental values for the corner points ate given in the table.

b=12
d 2 3 3 2 3 3 3
d 1 1 2 3 4 5 ]
D 750 700 719 732 a4 758 770
c 645 577 59.1 613 63-4 66-2 67'3
E 25°1 237 32:22 400 44-2 487 52°0
D1 181 168 22:0 262 29-7 329 3

| 8

(b) FLooR WITH PILES AT ENDS AND MIDDLE.

80 75 70688 65 60 55 50550 45 40 3% 30279 25
Figure 9:12
See Plate IX, 2, Figures 2 & 3,
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FLOOR WITH PILES AT ENDS AND MIDDLE—contd,

— s ——s

PrHOTO 9°12

Th= observations in this case ware all carrizd out with thez end piles 2 units long and
floor length of 12. The interm>diate piles ranged from 0°5 to 5 and were located atb/8, b/¢
3b/8 and b/2 from the downstream end.

The results at the corner points are tabulated below:—

b;/b=§. b,=9, b=12.
d =d, 2 2 2 2 2 2 2
d, 0.5 10 15 2:0 30 4:0 50

¢atp 764 76:92 77-45 7788 7845 7902 8026
o atc 665 6650 66:62 67°18 6879 69-72 71:67
¢ at E, 2.3 43-21 450 46-92 505 5430 5859
¢ at p, 40-0 30°76 400 400 39'12 41'66 41-99
@ at ¢ 383 36-12 34.8 32-58 28-92 26-10 23-33
¢ at E, 3325 32-10 31-82 30-34 27-88 25'00 23-66
¢ at D, 23'5¢ 23-05 23-08 22:69 2098 2058 17°24

b=Ilength of floor.
b;=distance of intermediate pile from upstream end.

by/b=3. b;=7.5, b=12.
¢ at D 76 7717 77-28 7720 77-92 7924 80-00
P atc 66-8 66-76 6706 67-52 68:70 70-48 72-13
O at &, 4703 4878 50-30 52-28 55'40 59-29 6260
@ at D, 44-70 4500 4500 4473 45-72 4552 45-61
¢ at ¢ 4283 41:07 39-48 37-72 3510 31:66 2839
O at B, 33-24 33:09 32:13 31°68 29-53 27-89 2562
¢ at p, 24:15 2318 23.40 22-90 22-27 21-41 18-99
b,/b=1 : }. b1=6; b=12.
dato 77-27 77-29 77-69 77-94 78'6 79-23 80.40
& at ¢ 66:52 6732 6732 67-90 693 71-43 72:97
® at E, 32:30 54:06 55°83 57-66 6093 ‘ 63-88 66:42
O at n, 500 5000 5000 50°00 5000 5000 §0-00
® at ¢ 47:79 4627 44-14 42-93 30-3 36:56 33-89
d at E, 3367 33-30 32:80 32:60 30-92 29-07 2748

& at p, 2298 22-90 23:50 23:08 22:53 21-27 20'60




STANDARD FORMS

by/b=1. b, =105, b=12.
a=d 2 2 2 2 2 2 2
2 .

d, 05 10 15 20 30 40 50
®ato 770 7696 . 7712 9726 7800 7875 8020
@ at ¢ 6678 66:68 - 6655 6700 . 67:90 7000 7142
® at B 32:27 . 3820 . 40000  41:53 4500 4989 5417
® at Dy 3598 3470, 3403 3380  34% 36:17 38:19
date, 34:00 3180 30-18-  28:90 2395 2065 1768
O at E, 33:00 3168 30-00 28-32 2398 2052 17:40
® at D, 23-68 2313 2284 22:50 2000 17-82 16-08

(c) Froor WITH A PAIR OF PILES NOT AT THE ENDs

80 73

This case consisted of a pair of piles each b

70

and down along the floor,

65 60532 55 532150 45

See Plate IX. 1. Figure 2

The results at the corner points are tabu'ated below e

Figure 9°13

40

35 325 30 259 28

125

/12 long and b/2 apart which were moved up

b=12 and distance between piles=b/2

d=d,= 1 1 1 1 1 1
by= [} 3 b5 43 4 3

E 68-8 607 652 679

D 534 56 0 _b68 592 61-6

c 47.9 49-2 510 53-2 556

E, 273 282 300 825 352 400
D, 19-9 213 234 25'9 28 4

¢ 00.0 63 11:5 156 196

The hydraulic gradient diagrams of Plate IX,land 2sh
fluence of piles in various positions. One go
that the insertion of a pile anywhere results

by==distance of pile from upstream end,

ow graphically the mutual in-
neral feature which is noticeable in each case

in heading up or increase of pressure upstream

is
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and a draw-down or reduction downstream, the increase or reduction being maximum at the
pile decreasing rapidly further out. The main influence is confined to aradius 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 generally negligible in designs.’

Phe 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 a‘pout 2} per cent. These rules have been derived and
their application to designs are explained in the next chapter.

et g et
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| PLATE IX.1 =
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) ') 2 3 B 5 6 7 g 9 10 I'I
Unequal piles at ends PLATE IX.2 ]
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CHAPTER X

Working Rules and General Princlples of Design

The fundamentals of sub-soil hydraulics and their applications to the design of &tructures
testing 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’ ex1stmg 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 along 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 residual pressure, and a certain pressure gradient,
i.e., the rate at which this head is being dissipated.

As has been shown before (Chapter VIII), the pressure gradient at any poiut repreSents
the force which the sub-soil water exerts in the direction of flow. It follows that there ate
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 isless than the upward pressure of water at
that point, and secondly, the pressure gradient or the force of water acting along-the direc-
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 forceof water is in excess of the restraining
force of the sub-soil, viz., weight, internal friction, efc., 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 ;—

(@) Residual or uplift pressure on the weir floor, and
(b) Exit gradients.

These iwo 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 1/5to 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 absoldte safety with
utmost economy.

Khosla’s Method of Independent Variablest for tke Determination of Uphft Pressures cmd
Exit 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 ate supposed to form the basis of this theory, go to disprove it. The field
researches at the Upper Chenab Siphons (1926 to 1929)2’% showed how the pressure gradient
lines derived from this theory were entirely different from those given by actual obser-
vattons at site. Since then intensive field and laboratory researches have been carried
out in the Punjab with a view to discovering a simple, rationat and correct basis for de-
sign, and thus to fill the blank created by the rejection of the Bligh Theory.

A new method—the meithod of independent variables'—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 determmed with almost mathematical accuracy. - (See page 104 for
equal sheet piles.)

In Chapter VII, we have complete solutions of :(— -

(2) 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 Publicatians, Vol. IT
No,20 “Notes on Khosla’s Principle of Independent Variables I—Mntual interfetesice of equal piles at enda
of a floor” and Vol. IT No. 22 “Notes on Khosla’s Principle of Independent Variables ITT—Pressure Distri-

bution undet a floor with equal end piles and a vatying intermediate pile”, by J. K, Malhotra and E,
McKenzie Taylor.

(2) “Hydraulic Gradients in Sub-soil Water Flow'* by A. N. Khosla, Paper No, 138, Punjab Engineering
Congtess (1930),

(193?):;) “‘Stability of Weirs and Canal Works” by A. N. Khosla, Paper No' 142, Punjab Engmee.ing Congresa

129



130 - DESIGN OF WEIRS ON PERMFEABLE FOUNDATIONS

(6) A horizontal floor (without step) witha pile line anywhere along it but no de-
pression.
(c) ‘A horizontal fléor with depression in the sub-soil but no pile line.!

.(d) A horizontal floor with equal pile lines at either end but no depression of the

. former!s - v

(e) A horizontal floor w1th no piles and no depression.
(f) A sloping floor with no piles and no depression.2

.+ (g) A vertical pile line with equal or unequal fills on the two =1des or no fill at all on

. . the downstream side.

These are the basic or elementary forms for whmh complete mathem atical solutions are
available. Solutions will become too involved or indeterminate if two or more of these ele-
mentary forms are grouped in a weir section. In general, the usual weit se ctions rarely con-
fofm to any one single ‘elementary form. They consist of a combination of almost all the,
forms mentioned aboveé. They have the floor in one or more steps, one, two or more pile lines
of equal or unequal lengths, 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. The method of independent variablss fm'mshes
such a complste solution. -

'In this method, a complex weir section is spilt up into its elementary standard forms,—
the ‘entire length of the floor with any one of the pile lines, e¢fc., making up one such form,
Each elementary form is then freated as independent of the others, The pressures at the
key points are then read off the 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 pomt 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.
The readings at the junction pomts are then corrected for :—
(a) the mutual interference of p11es
) the floor thxcknesses, ,
" () the slope of the floor. ' ' ' '

For s:mplxclty of workmg the pressure curves for the essential forms, ViZ., & ﬂoor with
pile line not at the end or at the end and for a depressed floor, are all grouped in one s1ng1e
plate—Plate VII/6. Great accuracy will be possible in some cases, with other relevant curves
of Chapter V1I, 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 hélped in establishing the validity of the method of independent variables.

For an illustration take Figure 101

FlG.10-1 .

: . - by -~ ‘-""'-:—’;-7"—','
[

SNy Y S, g

o A‘.—‘-'—'_L__lba—-q

b —— b3 -—-——--7 | |

{1) Punjab Irrigation Research Institute Memolrs (under preparation) by J. K. Malhotra, M.A,

(2) ' Uplift Pressures under a sloping floor”’ by J. K. Malhotra, Punjab Irrigation Research Publication
'Val, IL No, 18, 8ee Flate X-1. Jab Trrigation Research Pu '
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This complex section will split up into the following elementary forms, 1llustrated in
Figures 102 to 105.

FlG.l102

A SR o
R ' | ® . 3
1,_0__-_.__'__1_ | 8] _.
r{ (2) !
s}
Figure 102 resolves itself into two cases of depressed floor and no sheet piles,.
Form ().

Read ¢p’ from curves of op’ (depressed floor)—right- hand diagram and top—most
‘cutve (Plate VII/6).

Form (2).
1/a=d’[b.
Similarly read pp for this value of a,
FiG.10-3
b—2%— |
o - —— - e I
-L- — e e —— —— —-—-—— — a— -—-‘—‘—‘J Yobid
= ———— : - . —
i
e —
! i 1o
d2 d‘ ' ‘ Il
o 1L '

Figure 10'3 represents a plain floor thh a p11e of depth d; or d, at distance b, from the
upstream end. v i

1

The base ratio b,/b remains unchanged but e has two values.

b b g
mgede=g

Read the values'of b, for the two, cases from the right-hand bottoim curves of
Plate VII/6. Where the fall is small compared with the depth of piles the two values of ¢D; -
will not differ very much. Otherwise the value of (st obtained for a—b/ﬂl should be

used for the part of the floor on the left and that for a—;l— for that on. the right of the pile
2

line.

Read ¢E, for a=—
[ 1 oo )
‘ LCurvgs of Plate VII/6.

¢C for @=—1 ' o S
dy

¥y and yC, represent values at points on the fioor d; and A above the bottom of rhe

pile respectively. Wt
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To obtain ¢¥,’ and pc;’ under the floor, assume a proportional drop along the vertical
E,D, and DyC;. Then

d
?El'?¢E1——d;(¢E1-¢Dz) for a=—-
‘= pC —d—'( Dy fora=2

pCs'= pCat a,\ ¢ 5= ¢Ca) "’-—72

¢C'z will be further corrected for the interference of the pile line. This will be
explained later.

Form (3).

Fl1G.104

e — b —

e i e o s e - ’L

. ¥ - ' 24
U W . ' _|d

L

k . b

This case is similar to the above except that the floor of lengtﬂ bis assumed horizontal
at the downstream level and all pile lines except d; are considered non-existent.

Read ¢%, and ¢Cs from the yCcurves, and yp; from the pp curves (Plate VII/6)
for a=-b+ and base ratio=4,/b. . ‘
d3 !

pEy and ¢Cy’ can be determined as for case (b), These have to be corrected for inter-
ference of piles d; and d, respectively. C

Form (4). .

F1G.10-5 .

[

T —b

..',h*___:kﬁlk

R |'T ] -

T b4 . dl4

, l

This case is sumlat to (3) except that all pxle lines except d, are assumed as non-existent.

Read px; ‘and ¢c4 from the pC curves, and gD, from the ¢p curves, for a=b/d; and
base ratio=b,/b. .

i Determing ¢E. and 90, as before ¢E¢ will have to be corrected for interference of
pile d.

~
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Mutual Interference of Piles.
The mutual interference of piles is given by a simple formula :—

D dt+D ” 4 i
c=19 v/'—b,—"T .o . (10°1)
where C=the correction to be applied as percentage of head,
p'-=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.IO-G
| b —ri
F——1

. _
This correction (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 (se¢ Table VII/A/1 of Appendix to Chapter VII).

But this equation does not apply to the effect of an outer pi'e on an intermediate pile if
the latter is equal to or smaller than the former and isat a distance lt‘ass than twice the
length of the outer pile. Subject to these limitations! the equation 10-1 can be applied to
find the influence of outer piles on intermediate omes and vice versa irrespective of their
depth or spacing.

The mutual 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 the distance
between the two and the floor length.

‘

Malhotra? 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 (Figure 101} will be as below :m
—a  (dg—d)+(dy—d’) -
at 0y : C= +19.V,/ %——ibz‘(z )+ly—d)
where dp —d'=Cy'Dy
and dg— d&'=E,Ds, | -
Where thg floor 1s level, this cvorrectio“n may aé well be applied at Cy by taking the .equation
[_ds tds
V, by—b b .

and then applying the correction for floor thickness to obtain pressure at C’;. The former
method is, however, more suitable,

C= 419

(1) When such limitations exist, thesolution can be found from the Appendix to this Chapter (p;l47) which
forms a summary of the Punjab Irrigation Research Publication, Vol. II, No, 22, *“Notes on Ighoslu's
Principle of Independent Variables II—-Pressure Digtribution undera floor with equal end pilesand a
varying intermediate pile’’ by J. K. Malhotra and E. McKenzie Taylor,

(2) Memoir of the Punjab Irrigation Research Institute, Vel. II, No. 20, by J. K, Malhotra, and E.
McKenzie Taylor. ““Noteson Khosla's Principle of Independent Varxlables I~Mutual Interference of egunal
“plles at ends of a floor,”” Bee also page 89 of .this Publication. ) B



134 DESIAN OF WEINS ON PERMEABLE FOUNDATIONS

Similarly, the correction for the point Ey' for interference of pile 4, will be

—-.19 / dz_.df (d —d')+(d3—il '
Vi bs—by

The correction at Cy' will be

Cet19 / d—a (da—d)t(d.;-d)

_ V by "ba
andatEy o ds-—-d’ (ds—) +(ds—)
. C==— \/‘ —"bs b

-Where da"""'d‘=CSIDa and d4_d1=E4’ D4'

Method of using Cuyves of Plate VII|[8.
' _ . Curves for pc and 4=.

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 upstream or the down-
stream end. The only change will be in the values to be assigned to the equi-pressure lines,

If pc= %X 100, be the pressure percentage at any point, with the flow reversed the pres-

' Sure 'percéntage at this point will become 100 ¢é=(l—ﬂ’)100 In other words an- equi-

pressure line which indicated 5 per cent with normal flow will indicate (100 —5)=95 par
- cent with reversed flow. This property of reversibility mmphﬁes the work of plotting
curves.. For example, assume the flow as in Figure 107 from A to'B, The values of ¢ can

- be directly obtaiﬁ_ed from the 4c curves of Plate VH/G, for .vaiues of aé% and base ratio ';;'—

FI1G./0-7

—

.._Q_J

To obtain the value of ¢E, assume the flow to be reversed. “The rear point C
will now become the facing point. ¢® will read the same as ¢C with' a base ratio of
b= TNV . . - ' b
b—bli‘—' But the head in thiscase is negative, Hence tpE for base rat:o—b-_lﬁo—-?c for
b—-b, : : : o '
b - , . . -

(A
i

base ratio

) o E - ) V- ) b
The curves of ¢p are exactly symmetrical with respect-to base ratio —b-!=0 5.

Hence to save space only one-half of them have been plotted. For the base ratios 0'B
to 1, ¢D can be read direct. For. those less than 0'5, yD can be determined from
those .curves by making use of the ‘principle of reversibility. Thus for base ratio

f—b——O ‘4, ¢D should be read at base ratio 1—-:——-06 and the reading subtracted

* from 100. The'same principle of reversxbxhty helps m obtamlng valués of pc and pp for
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the case where the pile line is at the downstream end and values of ¢p’, 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;Lbles X1, X[z and X [3 show the comparative values of ¢ at the key points ;—
(a) as read off the curves of plate VII /8,
(b) as corrected by Equation 101,

(c) as obtained from theory by Malhotra for cases of equal piles at either end,
(d) as obtained from the electric model by Vaidhianathan.

The é.greement between (b) and (d) is within very close limits except in cases which
come under exceptions mentioned above'in deal'ing with the mutual interference of pile lines.

For the cases of equal pile lines at either end which have been theoretically worked out,
the differences between the corrected and theoretical values are no more than 02 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.

=== Fl16, 10-8
‘ ;

b——A—— b,

HG E|c, £]1

| 4, |

o D,
. Dl v . |

TasLE X/r.

Equal piles at ends, no pile in the middle. Case VIII/a/l of Chaptézr IX.
b=12- d1=0- d=d2.

d=d2=é' . A
Curve Corrected * Theoretical Experimental
‘ (a) (%) {e) (y
. . . o
! 1 ' ! R
¢ . . e e 81-8 82'1 822 797
o+« .+ . . 182 179 178 203
d=d2—1
e . . .. 44 1 s 54 74°0
F 256 247 246 T 264
d'——dz:lé
¢C . . . . . - 689 ' 70°8 70-8 69'7

¢Es . . . . . 8l-l 2044 - T 292 30'7
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d=d,=—
_ Curve Correcteb Theoretical Experimental
(a) (b () (@
oC . " . 644 67-0 671 663
oEs .. 35'6 330 32:9 341
d=d,=3
)
oC . 57°0 6l 62'1 61'3
oE, .. 430 381 379 400
d=dy=4
oC . . . 512 585 58-6 582
pEy e . 488 41'5 414 42-1
TABLE X /2 '
Unequal piles at ends, no pile in middle. Case VIII/e/2 of Chapter IX.
b=12. 4,=0
d,=2, d=1 dy=3, d=1
Curve Corrected |Exzperimental Curve Corrected |Experimental
() () gy - (a) (b) @
pC . 644 66-8 64-5 1 570 588 577
¢Es . 256 237 251 256 22-4 23-7
d,=3, d=2 d3=3, d=3
¢C . 570 602 59-1 570 61'g 613
pEg . 366 316 32-2 43-0 383 40-0
dy=3,d d,=3, d=5
¢t . 570 634 63-4 57-0 65-2 652
¢By . 488 ' 43°3 442 53'8 471'5 48°7
¢ . 570 87'1 67'3 . .- .-
oEq 576 505 629 .o . .
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Table X[3
Two equal piles at either end, a variable middle pile with varying base ratios. Case VIII (3)
of Cha.pte‘r IX
. =12. d=rdg=2
d,=0'5 dy=
bllb’-_-ﬁlﬁ blbs=6/6
Curve Corrected |Experimental Curve Corrected [Expetimental
- (a) (8 @) (a) () (@
o . 844 655 66'5 644 66-3 673
- 52.4 50°1 52-3 565 52-8 - b4l
oGy 478 498 47-8 ' 447 47-4 463
¢Eg 858 34'3 337 356 337 33'3
d1=1'5 d1=2
by [b,=6/6 by/b,=6/6
o .. ees | 12 673 64:4 68°1 679
9E1 518 546 568 801 56°5 511
o - 42'3 455 441 397 434 42'5
pBe . - 35'6 | 328 ' 32'8 866 32-0 v 326
d1="3 ; dl=4
by /by=6/6 ' by/b,=6/6
oC 644 70°0 69-3 - 644 722 714
¢Ey . o 648 602 60'9 68'5 630 63-9
oCt . 350 398 30-3 31-0 36°5 36'6
¢Ey - - 356 300 30-9 356 279 20°1
d1=5 d1=0'5
by/by=6/6 . ‘ byfbs="'5/4'5
1 .
oC . 6i4 746 730 844 654 66'8
0B . 716 o es2 664 446 426 470
9C - - 279 34-3 330 394 42:0 42'8
Ry . . 356 ] 255 215 356 343 332
d1=1 d1=1'5
by [by=T-5/4'5 : by [by=7"5/4'5
o . . 644 661 68'8 644 669 67'1
6By - . 474 450 48'8 50-0 471 503
oS . . 364 306 411 3¢0 377 305
9By . . 356 834 331 . 38 32-¢ 32:1
. \
d1=2 , : d1a=3
by/by=T"5/4'5 : by/by=75/4.5
Py 644 877 615 - 644 894 687
¢By . 630 497 . 523 580 589 554
¢S . R . 31'8 360 311 2716, 329 351
¢EBg . . 356 314 317 35'6 20°1 205

2r
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-Table Xj3—Contd,

d1=4 : d1=5
by/by="T'5/4'5 by/by=T'5/4'5
Curve, Corrected. Experimental, Curve. Corrected, [Experimental,
i (a) (b) (@ (@) - (@) (d)
¥ .
. ( . B -
c 644 713 705 Baa 730 . 72:1
¢ . :
oEx 623 57 59'3 - 66°5 60-8 626
' . . o ‘01, .
oCy 2o "303 : 817 21 290 28.4
¢Eg 35'6 266 279 356 240 256
d,=0'5 d=1 =
by /by=9/3 +b1/b;=9/3
oC . 644 653 66'5 | 644 660 66'5
E: 36-3 st 423 805 37'3 43.2
-~ ) 302 - : §3'4 | 383, 273 . 812 36°1
oEs 356 ] _340: 333 356 329 821"
- © o dy=15 o T Ta=2 T
by/bs=9/3 - . by/by=9/3
o ) i 644 - - 668 666 844 673 672
oEy 5 428 | 10-2 450 46-2 440 46°9
¢ ) 250 - 295 348 22,9 28'9 32.6
Es 356 317 318 356 30-4 303
. d1=3 . d1=
©t by by=9[3 b,/b,=9/3
. . -.; - - i -
e 644 68-9- 68-8 644 07 | 697
o . "".‘51-7 Care | 505 568 523 543
oGy il 257 289 165 24-3 261
¢Ey 356 27 279 356 247 250
d=5" 4,=05
by by—9/8 ! by/bg=10°5/1'5
oC 644 726 717 644 653 668 °
. 56 T sge . P 3.
oEy 614 56°2 | L 270 ’253 323
¢ - 148 239 233 - 188 234 380
oEy - 356 21-3 22:7 35.6 334 34-0
o dy=1 3 4,=1'5
© B,/b,=105/15 b1jby=10"5/1'5
pe y o 669 867 64-4 665 667
¢E; 815 294 38°2 358 330 100 °
¥C1 16'3 218 317 140 204 300
¢T a 356 318 A 356 3011 30-2




WORKING RULES AND GENERAYL PRINCIPLES OF DESIGN

Table X/[3-=~Conid.

139

4,=2 4,=3
b, /by=10-5/15 B1/by=105/15.
" Curve Corrected | Expefimqutal Curve Corrected |Experimental
' (a) (?) {d) (a) () ()]
X . _— : : 679
e L. 64-4 67-2 670 644 686
CEL . . 39-8 370 415 46'5 431 450
oS . . 12-4 197 . 283 102 - 193 237
vEs . 356 283 - 289 856 244 24-0
d1=4: d1=5
by /by=10-5/15 by/by=10-5/1'5
o< 64-4 70-2 700 644 12:0 714
$E; 52-3 482 499 570 52:2 542
o1 - 84 194 205 72 200 17
vEg . 356 " 201 207 356 1574 177

“Table X/4 gives the comparative values of p 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. ,

. . Table X{q
5 81 8 ¢E ¢D ’ gC.
dq b, b, Experi- As |Experi- |Compu- [Compu- | Experi- As
di—d, | d=a, | d—d, mental compu- |mental ted. ted. mental computed
ted from U8 }from DS

4.0 4.0 0.0 77.0 77.0 43.4 45.8 44.3 0.0 0.0
4.0 4.0 1.0 77.1 77.2 410 63 | 450 6.8 7.1
1.0 4.0 2.0 7.4 7.5 156 | 470 | a0 | 120 13.8
4.0 40 . 3.0 . 78.2 78.0 47.1 48.3 48.0 | " 18.7 .20.0
4.0 4.0 4.0 78,8 786 { 489 | 500 f50.0 24.2 24.9
4.0 4.0 5.0 79.3 79.2 50.5 61.5 52.1 27.9 29.9
4.0 4.0 8.0 799 79.7 53.3 53.3 53.8 31.9 33.1
4.0 4.0 7.0 80.7 80.0 56.4 54.7 55.6 37.1 36.8
4.0 4.0 8.0 817 80.5 58.5 56.0 57.1 30.4 39.3
0.0 7.0 7.0 56.7 546 | 537 | 50.0. |- 500 | 637 53.7
0.6 7.0 7.0 68.4 56.8 -52.0 50.0 50.0 48.2 418
1.0 7.0 7.0 60.2 58.9 51.4 50.0 | 500 45.6 45.4
1.5 7.9 7.0 62.1 61.0 51.0 500 | 500 43.3 43.2
2.0 7.0 7.0 63.2 63.0 50.6 500, | 500 40.4 41.2
3.0 7.0 70 868.9 87.0 50.3 50.0 59.0 36.2 37.0
4.0 7.0 7.0 69.7 0.0 49.8 | 500 50.5 32.3 93.0
5.0 1.0 7.0 72.6 3.0 40.5 | - 50.0 50.0 20.2 \ 300 -

" —

e

%
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Sloping Floors

Both theory and experiments have, sofar, been confined to an investigation of
horizontal floors and vertical sheet piles, as these are the elements of most common occur-
rence. A theoretical investigation of the sloping floors ot glacis has been made by
Malhotra.f The results are plotted in Plate X.I. The general conclusion from these curves
is that the pressure percentages under a floor sloping down or sloping up in the direction
of flow aré respectively greater or less than those under a horizontal flour 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 direction of flow.

For a sloping floor the lengths of pile D in the equation 10-1 giving the mutual
intetfergnce of piles, will be the length below the level at pile (@) at which the interference
is sought to be calculated. The corrections for a sloping floor will be best explained by
an example. ' '

R L 6720

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=11.29%,.
. Length of slope=b; (along horizontal).
Spacing of piles=b5,.
Correction at C & F=~— by [0, X11-29.
’ Correction for down slope G Ei}tol.
Similarly correction at B, & G= +b,/b,x6 ‘6% as the correction for § : 1 slopzis 63
(Fig. 3P1. X. 1)
The mfluence of pile d’ on pile 4 is given by
/D D4d
v 5 b
and that of pile d on pile 4’ by
/ /D D4ad
Vb b
The Method of Independent Vaviables tn relatson to Exit Gradients.
The exit gradients can be simply determined from Plate VII.5 even though the leval
of the pervious bed downstream of the D. S. pile line may be below or above the level of
the impervious floor.

c=—19

c= 419

Figure 10.9 (a).

{1) Puntjab Itrigation Research Institute Memoir, Vol, II, No, 18. "Uplift pressures underalePing
floor” by I. K, Malhotra,
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Pressure at P expressed as a percentage of total head ( 8,)
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PLATE X.1 + Showing Pressure Distribution under b
floors with different slopes
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Figure 10.9 (a) shows a typical section of a weir floor. Assume that the downstream
bed has scoured down toa depth (d-d;). To find the exit gradient at B;, assume the down-

stream pile line to be of depth d, instead of d, and the floor length b as usual. Then a=-— b

d
Read value of - for this value of @. The exit gradient at B, will then be :—
k.
N3 1 b
t B =" '—'—
Gg at B, 3, ‘ﬂ'—b-}'/)c , fot a= i

This exit gradient can be more accurately obtained from Plates VI’/3C and VII/4 but
the differefice is small and for all practical purposes,the simpler curves of Plate VII /6 will do.
The n;ethod of independent variables, tHus offers a complete and accurate solution both
in respect of uplift pressures and exit gradients for any complicated foundation profile. The
. pressure under the floor at the key points of any compouent standatd form explained on page
130, can be simply read off the curves of Plate VII/6 and corrected for the interference of the
, ad;ommg sheet piles or slopmg ﬂoors from Equation 10-1 and Plate X/1 reSpectlvely The
" exit gradient can be obtained from Plate VII/5.
' Thus between Plates VIills, VII6 and X/I and Eguutwn 10'1, it 4 is ‘now possible to
determine, wilh almost mathematical accuracy, the uplift pressnre under and exit gradients at
the end of the floor of any complicated weir section. - :

The Application of the New. Method fo investigale pressuves under some actual we:rs

The followmg typmal weir sections will be investigated:— :
(a) Panjnad Weir,

(b) Khanki Weir—Bay 8,
Case I.—Upstream apron pervibus.
Case II,—Upstream apron impervious.
" (¢) Deg Escape Head.
(@) Lloyd Barrage,
(¢) Proposed Kalabagh Weir (Indus Rtver)
The actual and experimental values of uplift ptéﬁsure under g, b, ¢ and 4 have been
" compared in Chapter V1. : . :

The values of uplifts have also been calculated for a large number of other éases includ-
ing several cases of the proposed Trimmu Weir. The experimental values have in all cases
been obtained by - the Electric Method h-y_ Vaidhianathan' and Gurdas Ram.. The agreement
in all these casés is os good as in the cases worked out in detail in the following pages.

e FlG.10-10° '~ '
. PANJNAD WEIR BV

'

2. e 78
pt PV Terr e W y R.L.3i5-0
‘;.‘ — a8 — : ' "o §
) 298 ) . 298 " . ]
1 79 : : 52
' S - 163 s 3
' Length of floor—b-163:,
' N 20— 381"
Upstream pile line. ' pC correction for deptﬁ ==§—8—23-1—‘5 9-7
d=320—298=:22'. " + . ,l" S . 4 - =+1'1%-
1/a=22/163=0"135, ' : : Interference of 2ad pile line
oD=T1"1%. ' D=d=317'5—298=19'5".
pC=689%. , : . o iR 1954195 o
o pim 0T, C=19 VI'5/48 X g~ -2 9/,.

, vc corrected=68+1' 142 9=72-09.
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320317

Intermediale pile line o8, correction for depth=""="g5 " ><10.

d=320—208—22', bjd =163/22=T4=a

) Ry b LAY
il;i%it{ib"/:.m/l%_o o e correctian for depth=2'5/22x85
oDy=61"4%, . o =-{.—0'9%. :

9 C=b532%,. _ - Interference of upstream.pﬂe' line on g,
pBy~ ¢Dy==10%. == —29%, as the two pile lines are equal
¢Dy— 0, =82%. and placed at the same level.
oBy corrected=71¢—1'1-2-0=67" 4% Interfmence of downgtream plle on ¢Cy, |

¢Cy corrected =53-240'9+2°6 ~0-24=564%. D=317-5-202=25'5.

d=317'5—298=19"5."

256-56+4-19'5
163

C=19v/25 51100 x— = 4259,
<y cotrection for slope. v

slope 1 : 4, correction=—3 3%

) ' . (Plate X.T. ,Figulre_ 3.)‘ .
Length of slope 8’ and spacing between piles
=110'5".
Correction=8/110-5x 3 3= —024%,.

SN S ) U T

315 311

Downstream pile liire ¢E;y correction for depth=--—z—= XIO"".% o
d=315-202=23", D ==17%. "~ .
le=d/b=23/163=0-143. . . ' Interference of intermediate p11e lme o
oDp==23%,. Ny ) . D=311-208=13." .

Bz =33%. ' B d=311-202=21" .,  , .

- T R 21
¢Ey— pDy=10%. c=19 v 13/110- 5x1%3-—=—1 3.
oEy corrected=33—-17-1-3=30%.
, _  Comparative Table

1\ 'u.s. Pile Middle Pile. . , - .. ..D. 8. Pile,
.(PD} . pC. 't Ny #D; PC1 - | * PEgi | . PDy

Colewlated .0 .o «o .. | 77T | 7m0 81'4 ora | 564 s00 | .. 280

Experimental e, we s ae 76°8 . 70-4 640 587 542 30-8. 1, -230

Difiecetice  v0 a0 o0 o 19 |7 1e-|c 3 27 22 08 00

* This relatively large difference is dueto the actual pressure point in the experiment being at R,
BL. 316 instead of 317°5. This will reduce the value of qoplby 1 2%. 30 that the actual dxﬁerence is no

more than 2-4%.

FIG.1011. ;
C KHANK! WEIR
—_— e — R ) .. R . -
e T i : -
ADGRON IMPEHVIOU;-—."'_———- — 75 . T Yoo
P L e T o
l_s,r r\ LT
—— 525 45 5 —_ — 05 S : ﬁ";!,-s"'“: ;
: - swl L . T o |
: ‘.:\ . [T I RRER S 689 NI ;:...r,, oo ’”V‘ €59
<

: ; — 2aoe’ —— »
The upstream apron, in this case, though not part of the permanent concrete floor, is
nevertheless impeivious as the blocks rest on stone beded in puddle. . The design of this

weir i3 Jiscussed later in the chapter, :
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Botiom of upstveam loe wall
Depression =d=710—705=5".
}/a=d[b="5[206="024,

9Dy =94%. ’ ‘ {
o | - »

e U?stream pile bine. X
d=710.7_691._—_1“9'_ o L ' - p¥ correction for depth at R, L. 705 -
a=206/19=10'8, ' v 700—705, .y

=" =20/
by /b=525/206=0"255. = 19 Z .
oB=173%,, ' ¢C correction for depth=5/19 X 6-5=41-7%,
sD=656%. : ' Influence of middle pile on e
gE—oD="T4%. . d=705—691=14",
D—¢C=6 5(y - TR E 16-!—14:__ )
oC corrected=59°1. +1 7+1 6=62-4%. ' N
t ! e

Middle pile line. : No correction for depth necessary’in this
d="T10—689=21". : é case as top of pile is ta.ken atR, L. 710
a=206/21=9'8. ' : Influence of upstream pile on o,
by [6;98[2062‘0‘475 ; D=1710—691=19".
pE,==58'3%. : d=710—-689=21".
¢Dy=b1"6%. - ! _ TolanE + 19+21 . .
505, =19VIO/45'6 X ——=—25%,
¢¥; corrécted=58:3—2-5=55- 8%. Influence of D. 8. pile on ¢y,
¢Cy corrected=45-941° 7=47 6% : D=710—689=21'=4,

21 21421
C=19 \y/mss S =+17%.

Downstream pile line, pE, correction for depth at R, I, 706=4/21
d="7T10—689=21". - X8=—15%.
1/a=221/206=0'1. S Influence of middle pile on pE,
pEy=28%. D=706—689=17".
oDg=20%. - - d="106—689=17".
pHg—pDp=8%,. : —197TT05sx LT H g0
¢ cortected=28"1-5—11 =25 4% C=10V17/106°6X —pe I'l%
Comparatsve Table
I , . B
Tae U. 8. Pile Middle Pile | P.S.Pile
D | o8 ¢D gc ?E, ¢D, e PEg #D,
Calculated . . . | g0 | 710 | 650 | 624 | 568 | 516 | ave | 254 | 2000
Ewperlmental . . . | 934 | 725 | ev¢ | 627 | s86!| 530 | 472 | 266 | 200
——— et~
Difierence . . 0's 15 1.8 03 28 1'5 02 03 00

e - .
. . - - 3 e . —
-



WOREING RULES AND GENERAL PRINCIPLES OF DESIGN 45

L

FIlG. 10-/2.

DEG ESCAPE HEAD

R.L.670
RL.ESS N

[ 17] -~ - L4

. 20 R.L.657 e

p—— a0 —— R.L.654 e 653 ]

[ 656 e
a3
L a5 -
832
L o J
K b=r1s J

Bottom of upstream toe wall,

d=6065—681=4'.
1/a=d[b=4/111=0-036.
QD’=92%. .

Junction of upstream apron with drop wall.

d=665—632=33".

b =20.

a=111/33=23"36,
b,/b=20/111=0-18,

oE' =8T70%,.

eD=04'5%,.

ph!— pD=22'5%,

¢E corrected=87'0—1-4=85"8%,

Upsiream pile line,
d=657—0632=25'",
b,=25'.
a=111/25=4"44,
b;/b=25/111=0-225,
eE=81"79%,.
¢D=064"5%.
' ¢C=51'5%.
gE— pD=172%,
gD—pC=130%,
¢E corrected =81-7—4-8="%5699%,.
¢C corrected =51'5+3-641-7=5687%,,

7 Downstream pile line.
d=657—640=17",
b,=108.
a=111/17=6-5, g
b,/b=108/111=0-973. '
¢E;,=34'89.
¢Dl=24'3%,
90, =309,
$E,—¢D, =10'5%,.
¥D)—pc; =21°39,.
¢y corrected=3'04-65=89,
¥E, correCted=34'§—2'5 ~2:8=29'5%,,

— e f— —

B

¢& correction for depth=2/33 x 22'5
=—1'4%.

657650

35 X <172

¢E correclion for depth=

=489,
¢¢ correction for depth=7/25X l3=+3'6%.
Interference of downstream pile on ¢c,
D=650—640=10",
d=650—632=18",

C=+19 v T0/83 x 10+18

= +17%.

¢E, correction for depth=4/17X10.6=—2-59,
for  depth = 4/17x2}'3
U=45%,
Influence of upstream pile on ¢Ey. ¢
D=653—632=21". '
d=6853—0840=1%".

C=19Vy21/83x 21+13 ==_.~_-2‘8%.; |

¢¢;=correction

111
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Comparative Table.

T[S ,
Toe. U. 8. Pile, D. 8, Pile,
. 9D | PE ¢D PR ¢D gc PE; | ¢py 7| ec
Calcnlated .. . 920 | 866| 645) 769 | 45| o568 205 2¢43| 80
Experimental .. .. | 9030 | 830 | e49| 78-4| ewo| o50| 328 | 26| 82
Differenice .+ .0 o 10| 171 04 18 04| 09 31| 07] 18
FIG.10:13

o

ALLOYD BARRAGE

. lias

4

b= 190

For upstream and downsiveam toes of floor.

d=6'.
© 1/a=6/190=0-032,
¢p’=8%and 92%.

 Upstream pile lma.

d=171-153=18",
'2=190/18==106.
by=5", bI/b—5/190:-026.'- :

PE=963%..
?D—SO'O%
- $e="2:2%.
$E—9D= 1639,
¢D— Pe="T 8%
" 9B corrected=96'3— 5 4-*90 9%
¢ corrected="172'24-2:64-2:3=77-1%.

Second pile line.
a=171-145=2¢/,

b=45'G.

e=190/26=7-3,. .- .0 i . i,
by/b=02¢ .

L pE=T7-0%.

T pD=05'6%. -
pc; =567°3%.
pEy—9¢D,=11"6%,

1’Dl-¢C1=8'5%. .

¢E; corrected="77'0— 27— 1 |= 72 5%.
gc, corrected=570+241:3=60-39,

ISR H . R
.

32 correctlon for thickness—6/18x 16-3
=—54%.
¢c correction for thlckness—6/18x7 8
=42'6%.
" Influence of second pile on gc.- '
D=165-145=20"
Ad=165=153=12'

co19yHE0E x 0H12

= 0 .
190 +23%

e s el

depth=6/26 X115
=—27%.
gc, correction for depth=6/26 X 8:56=+2%-.
Influence of Ist pile on ¢E,
D=165-153=12
d=166—-145=20" .
124-20
190
Influence of 3rd pile on ¢c,
D=12', 3=20'

C=19y12/70 X

correction for

Al -

v,

~1'8%.

C=19v/12/40°5 x

12420
190

~ o

=+!‘3%.
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- Third pile line.
d=171-153=18.
b,=115'5, a=190/18=10-6,
b,/6=115-51190=0-61.
PR,=49-29,.
¢D,=43-2%,.

Cy=36-7%,.
PE;— PD;=6'0%,
~?D,—¢c2—6 5%, )
¢Ey corrected=49'2 —2-1- 7—45 5%,
gcg corrected=36-7+2-241=39-9%,

Fourth pile line.

¢C3=100 — ¢g=100 - 90-90=91%.
¢Dy=100 — pp=100— 80=20%.

eC.

147

¢E, correction for depth=6/18 X6=~2%, -, .

- geg correction for depth=6/18 X 6 5—+2 2%,
Effect of 2nd pile on ¢5;. 4
D=165~ 145=20.
d=165-153=12".

C=19/20/70 x

Effect of 4th pile on ¢¢,.
D=12,d=12.

c—19v12/70 X

12420 —-171%
124-1
T =419%.

. Effect of 3rd pile line on 5y

=19v/12/70x

Corrected for depth only=100—74-8
: =25-2%,
Corrected for pile effect, ¥E,=252—1
=24:29,.

e vt e

C ompa/atiua Table

12412

190

———=—19,.

v

Toe 1st Pile Line 2nd Pile Line 3rd Pile Line 4th Pile Line

¢D’ vE | oD | o | ¢y | #Dy ] 9cp | #Dy | PEy | Cy | P | 9Dy | PCy
! — 3 —
Calculated. | 920 | 80 | 909 | 800 | 77°1 | 72:6° | 66'6 | 603 | 4556 ) 432 39'9 | 242 | 20-0 91
Expfti— 940 64 |916 | 81'0 | 761 | 708 | 642 | 6583 | 46'4 | 43'1 | 394 | 246 | 19-3 ' 83
mental. —- || -] —_——_—— | —— . — — | | —_——— e e | — — | -— -
Difference.| 2-0 16 07 1'9]-10 1.7 1'8 20 09 0-1 0'5‘- 0-3 07 08

FIG./O:/4

HALA BAGH WER
(PROPOSED)

b=139".

d=882—6

Upstream toe of floor,
77="5".
1/a=5/139=0-036.

D'=92.0%,
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First pile line. ¢k correction for depth=2/15x8-4=—1-19},
d=082-667=15." ' . #c correction for depth=3/15x 7-3=4-1-59%,
by=34", ' ' Influence of 2nd pile on ¢cC.
a=139/15=9-26. = - D=679~658=21"."
by [b=34/139=0-244. T 4=679—667=12". '

=74-7%,. v 5=s | 12412
:§=66'3‘V/z. C=19V21 /30X 55— =+3%-
rc=59-09. N ¢C correctioh for slope.

PE — PD=84%. ., Slope1in 1.3 upwards.
PD —9c="7-3%. ‘ Correction=—9-29,.
PE corrected=74-7—-1-1=73-6%,. = Proportional length=35/50=1/10.

¥C corrected=59-04+1-54-3—0'9=62-6%. gC correction=9-2,i0=—099,.

Second pile line. 4 672—666

d=672-658=14". ?E, correction for depth= —35 X 64
b,=84. . : o =—27%.
a=139/14=9-9 #C; correction for depth=614x7=43%,.
by [b=84/139=0-6. ' Effect of Ist pile on ¢g,=nil, as the bottom
PE,=50-49%,. i * of the latter is at R. L. 667 and ?E,
- ¢Dy=449,. relates to 666. . )
e, =37%. ¥PE, correction for slope.
pE; — oD, =6-49. Slope=1/1-4 upwards ; correction=99%,
$D; — 9C,=17%,. Proportion of length=19/50.
PE, corrected=504—27434=>51-29 . . 9%x19 .
#¢; corrected=37+34-0-7=40-79, : ¢E, correction for slope— 50 =3-49%,.
Effect of 3rd pile on ¢c,.
D=666—658=§".
d=0666—658=8"
C=19 Y Fmx—13__ 1079,
v 139
, Third or DJS pile live. , _ 672666 _ _
d—=072 —658—14". PE, correction for depth———r X86
a=14/139=0"1. : = —36%,
eE; =283, ¢Ey correction for 2nd pile line=—0-79.
#D,=190'6.
'E_. 9D3= 8' 6%.
pE; corrected=28'3-3-6—0-7=24-09,.
Com parative Tablz )
Toe 1st Pile ond pile 3rd Pile
¢p' | ¢g ¢D ¢c ¢E, oo, | 9, | #m, | on,
Caleulated .+ . . 920 [ 7136 | 663 [ 626 { 512 | «0 | 07 ]| 200 | 1986
Eeperimental, . . | o8 | 48 | 677 | 62t | 526 { 3o | 433 | 20 | 23
"Deflerence . . . | 02 { 10 | 14 § o2 | e | so0 [ 28] 30| 17

The above fllustrations demonstrate the soundncss of the method of independent vari-
ables in dcterminlng uplift pressuecs under weirs.
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Design of New Works .

As stated before there are two main factors for consideration in design of weirs :— .

(a) Uplift Pressures, and
(b) Exit Gradients, . _ A ] ‘

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 ‘bf 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 level of normal flood scour for that 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 pilesis at a high level, 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 Bay! of the Khanki Weir! occurred from upstream scour. The
extensive damage to the Rasul Weir Bays 2, 3, 4 and 5% (August 1929) occurred mostly from
the same cause. The damage to the Deoha Barrage (September 1929) occurred presumably
from a combinaticu of scour upstream and undermining downstreams$. The failure of the
Islam Weirt (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 case of dangerous flood scour is shown in Figure 10-15. ‘This occurred during -
the record flood of 1928 in the Chenab River.

| F'IG.Io:-Is" .
) MERALA WEIR SEPT:(1928)

PERVIOUS | | IMPEARVIOUS +psnwou.!_

*

v .
0.0 — a0k 385k 54 776

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. 1If 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 upstream or downstream is obvlously as important as that of
the exit gradient. .
Depth of Scour.
The depth of scour for any discharge pér foot tun may be worked out from Kennedy's
silt formula, ' '
Vo=0-84 d0-64
¥

which applies to Punjab conditions. It can be modified to suit other grades of bed sands.

) H'story of Khanki Headworks, Punjab Irrigation Branch Publication.

(2) “Repairs and Remodelling of Rasul Weir (1928-1031)" by T. A. W. Floy', P, E. C. Paper No, 155 (1032),

(3) **Design and Construction of the S8arda Canal’’ by Sir Bernard Darley, Kt., C. 1. E., Paper No. 4814, ¢
Institute of Civil Engineers, London, ’ ' '
+
4) Report by the Islam Enquiry Committee into the Failure of the Islam Weir, Punjab Irrigation
Branch Puhlication (1930),



SCALE /50 : '

Photo 10'1 : Showing scour dow‘r/zstream of Panjnad Weir Bay ;4. (September 1934)

0¢1
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rl

Let g=discharge per foot run,
then g=V, d=0'84 g1-¢4
or d=1-11¢"61 . .. - (10°2)
The critical depth d, which is also the depth to wh1ch 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 Lacey?!
. - 2
Ve ( Qf )
and R=0'7303 V,2f

‘where V,=Critical velocity,

R=Hydraulic mean depth,
Q=Maximum flood discharge,
f-Sllt factor

Hence—
R=0"7305 Vo2f

_07305(38f S LUt

Plate X. 2, Curve II,
R in this formula is the depth of scour corresponding to 4 in the Kennedy fofmula.
The values of R can be read off the curve in Plate X2, Curve IT, for values of f=1.
This relationship, however, is not directly applicable to the design of weirs.
For any given flood discharge @, the minimum stable waterway is given by
Py =267/ . . . - {10-4)
Plate X. 2 Curve III,
The discharge per foot run is given by :—- =
= PQW =2%7VQ—.=.\; Gg . . . . (10:5)

which is a unique value of discharge per foot run fora glven maximum flood discharge
“through the minimum stable waterway. . :

Plate X. 2, Cu:ve 1V,

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 oceur 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 direct relationship between the discharge
per foot run and R the depth of scour. . '

_ From Equation (L0-4)
Q=(2 679)?
Substltutmg in Equatmn (10-3) we get

@67 ) . sgty, L 106
R._o7305(“f):_og(-f—)Er . o (106) .

The graphs of this equation are plotted in Plate X-3 for different values of (). CurveV
of Plate X2 is the plot of this equation for f=1.

Kennedy's formula gives the relation— -
d=1-11 g0 (for standard sands only, with /=1 .  (10-2)
(Plate X-2, Curve 1.)

{1) Lacey 01 Stable Chanaels in Alluvium, Paper No. 4738(103J, Iustltute of le KRugiaeers, Landon,page
279,
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Lacey’s formula gives somewhat higher values than Kennedy's and may be accepted as
being on the safer side, * : :

The curves of R for different values of [ are given in Plate X 3.

In a weir with undersluices, "the discharges per foot run are d:fferent 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 casés. These depths obviously cannot be got from the Iacey formula (Equation
10:3). The formula (10°6) will be the correct one to use with due allowance for the value of fa
Where there are no undersluices, that is, the crest is at one uniform level thr oughout 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 -
this case, too, the formula (10-6) will apply..

According to Springl, scours are classed as :—
(a) normal, caused by straight unobstructed currents,

(b) abnormal, caused by deflected, but nevertheless onward flowing currents, and

(¢) extraordinary, caused by swirls set up in non-forward moving water.

. Class—

(a) ranging between 30 and 40 ft. '
(b) ranging between 60 and 100 ft,
(c) ranging between 80 and 120 ft.

With good design, the extraordinary swirls should never occur but the notmal and
abnormal scours will have to be allowed for in the sections of the work where they are likely
to occur, ' - o

Lacey has glveu a clearer deﬁmtxon of the classes of scour whlch cand be su1tably adopted
for designs.

Let R= depth of scourina channel with a level bed, as for instance the downstream
apron of a weir, ' ' B

P

Class A.—Straightreach , .. . . , . I'256R. (Lacey gives
, | | 1-27.)

Class B.—Moderatebend : . . . .. . L'50R.

Cla§s C.—Severe bend . . . . . . 1'T5 R.

Class D.—Right-angled bend . . . . 20R

Cldss A is likely to occuf anywhere just below the loose aprous,

Class B is likely to occur anywhere along the aprons of gulde 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 scout equal
to R. For the design of loose aprons, upstream and ‘downstream of the weir, the depth of |
scour should be taken between 125 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 reckoned .
below maximum flood level.

At Khanki, during the dismantling of Bay 8 for conversion into undersluices, the original
blocks and stones of the looze downstream apron wete met, with as low as R. L. 704 to 703 and
of the upstream apron bstween R. Ls. 705 and 706, In 1895 when 100 ft. of the weir crest’

"subsided in Bay 1, scour depthto R, L.701 was discovered upstream of the crest, To this
depth were the wells and wooden piles up.tream -of the crest sunk and diiven in 1896 and
1897, The maximum flood level upstream is 7380 and downstream 7346, |

Thus, scour upstream=32 to 33 ft., and scour downstream=306 to 316 ft,

(1) “River Training and Control””, by F. J. Spring, Techni~al Pubtcation 1568, Government of Indla,
Chapter V, Para, 7 (1908)..

-
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The dlscharge per foot run of weir is 145 cusecs, which gives R=25’ (Equatron 10 5).

Normal Scogrul 25 R forf-— P
S : —-25x 1-25,
=313 ft,

* his fits in with ‘the observed’ depths of scour. e o
The new undersluices have been designed for a dxscharge per foot run of 387 cusecs. For
this R=48’ nearly {for f_1). . :

R, L. of likely scour hole below the apron=734 6—48=686-6., , -

Further down] the ‘scour may'be 48X 1:25=60 ft. ' The "dowtistream sheet piles in ‘the
weir bays go down to ‘about R. L. 700 except where the presence of clay beds necess1tated
otherwue In Bay 8, the bottom of these prles is at about R. L. 689 s o

The scour hole in Bay 4 of Merala Werr (see Frgure 10-15) durmg the record flood of 1923
went down to R. L. 776'6 or 811:3—776:5-34-8 ft. below maximum flood level downstream.
“The discharge per foot Tun was about 160 cusecs giving R=26'56 and 1-25 R=33-1ft. It will
be noticed that the downstream wells go dowg to R. L. 777’8 (top of well curb).. . = .,

These scour holes occur not only during floods under normal fléw conditions; but also at
lower stages if there is parallel ﬂow 'along the We1r erther upstream or dothtream or if there

e

‘are swirls. -

Depth of Sheet Piling '

Having declded on the depth of scour below maximum flood level the next step is- to
‘ascertain the level of the downstream floor,” such that the standmg wave under the worst

: 'condrtrons, does ot form further downstream than ‘the toé of the glacrs This lafter aspect
is deaIt with i in the next chapter. The depth of’ the pile litie will ‘thed 'be the depth below
the top of the downstream floor to. the hottom of the hole due to normal scout, “This i isa

general indication but slight departures are perm1551ble to suxt individual cases.. _
B

] lees at the Upstuam and Downsh‘eam Ends Necessary e

. YR o e

It should be borne in mmd that scour holes can ocrur both upstream and downstream S0
that a pile line is required at the upstream end of the floor , just as much as at the down
stream end in order to prevent fa11ure by slrppmg of the subsoil mto the scour holes by
simple earth pressure oo : PR o

In the caseof a scour hole at the upstream end, the flow of seepage water will tend to
keep the soll in posrtron as its force will oppose sllppmg due to earth pressure At the
dosvnstream end this force will assist and accelerate shppmg due to earth pressure as the two
forces will act together This restraint agamst undermmmg at the upstream end and accele-
ration of it at the downstream end will increase in diréct proportron to the applied head.
Failure at the upstream 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 the acceleration imposed by the seepage is increased, o v

. The depth of the upstream pile line will be- governed by the depth. of Scour only and-of
the downstream one by the depth of scour and, exit gradient, . . -, .. P

“Under normal conditions tHe bottom of the scour upstream will be higher than the bottoti
of the scour downstieam by the amcunt of afilux or differerice between upstream and’
downstream levels in -maximim flood. The sheet’ piles at the upstream eud can, therefore .
be hrgher than those at the ﬂownstream end by that amount " s ey

The necessity for plles at the upstream aud downstream ends is obvlous They are t‘O'
protect the work against undermining of the foundation soil. The pressures under the down-
stream floor increase as the depth of the downstream pile line increases, The upstream pile
line has little effect in reducmg these pressures as the spacing of. these two. 1s"enerall'
much tmore than the range of influence of either, It myst, therefore be clesr]y ufderstooz

. 12D



154 . DESIGN OF WEIRS PERMEABLE FOUNDATIONS

il

that the upsiream end pile has little influence on the uphft prassures under the downstream flooy,
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 upstfeam floor is much in excess of
the uplift pressure, In the case of kigh dams the upstream pile line with consequent reduc-
tion of pressure at the upstream end, is of very great 1mportance as it might effect consider-
able ecouomres 1u the mass of the structure

Intermediate Piling a

'he intermediate sheet pile lines hre" required neither to prevent uudermining of the floor
at the upsream nor 3t the downstream end ; nor do they materially alter the pressure distri-
bution to give less uplift pressures under the downstream floor, But they act as important
secondary lines of defence so that even if the pacca (impervious) floor is damaged at either
the upstream or the downstream end by failure of the end piles under abnormal scour, the
rest of the- floor and the: superstrueture ‘will be saved from collapse by the intermediate piles,
The uplift pressures will increase but the undermrnmg will ‘be arrested as the exit gradients
will still be below* the critical'value.” The structure will thus be'saved from actual failure
which on a major work would be disastrous. & very apt demonstration of the value of a pile
line or a line of wells under the crest,. was furnished . by the Deoha Barrage!, The floor
jt:ollapsed at one point ,upstream and. blew up - downstreamr The damage occurred in.four
bays and extended to another three. “It was Jortunate that the main structure was founded
on deep wells and thus remained undamaged.”

Opinions differ as to whether there shoild be one'or more intermediate piles. The best
value will be obtained with one deep p11e lme drrectly under the crest, . This has been.done
in the ‘central and right underslurces of the Khankr Wer.r In that case if both the upstream
and downstream floors fa11 but there i is ,some Iepgth left upstream and downstream, the esse.
ntml part of the structure mz., the gates and gearrng‘ w111 be saved, A deep pile line by it-
self can stand a Iarge head For a 20 ft. heaq and 30 ft depth of plllng, with no upstream
or downstream floor the exrt gradrent w111 be GE—1/4 5 whrch 1s more than four trmes the
vritical. ' :

The next best alternatrve is to bave one lntermedlate pile between the upstream end and
the crest, and another between the downstream end and the crest, located under the upstream
and downstream toes of the glaérs. ‘I'The: Sukkut Barrage is'an instance: of ‘this combmatlon.
A similar combmatxon is contemplated at the proposed Tnmmu Wen- ey

f ool R SIS R e P TR
The recommendatron ( f ) page 8 of the Islam Enqulry Comnnttee Report2 ls agamst
carrying a line of plles vertically below the crest of a weir as it was consrdered that such a
pile line mrght lead to ‘unequal settlement and cracks. This recommerdation appears to be
open to serious questlon With a deep plle ’lmre uuder the héavy gates and gearmg, the floor
concrete reinforced agamst temperature and the ba.se pre.-,sure ]udlcmlly spread, the chances
of unequal settlement ot of cracks should be remote

P NS P s Wellst 0 e : Sy

Interlocked steel sheet piles’ should in'ail cases ‘be preferred to wells, as the gaps between
the individual wells can rarely be blocked effectively all the way from top to bottom. On the
upstream side their use will be less ‘Objectionable as their function isto restraih the earth
against slippage mto scour; holes, although if the gaps are ugt properly blocked, some slip-
page can occur, On the downstream grde, the use.of wells is definitely risky as undermining
of the sub soil can set in through any of the gaps if they.remain open at any .place along the
depth. Here the earth pressure and the force of subsoil water,act, together, By themselves
wells are more stable than sheet p11es - A suitable place for wells is just downstream of the
' inverted filter as at'the Panjnad Weir.- o o R

- S L , y St Lo .

(1) “*Design end Coustruetron of theé Sarda Canal“ by Slr Bernar& Darley, Kt C.L.E., Paper Na, 4814,

' Institute of Civii ¥ingineers, London, ‘
(4) Report by the Islam Bnquiry ‘Commiftee lata the Pailure of the Islam Weir, Puajab Irrigation
" .Branch Publication (1930)
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" Examples "of designs. | | .

The process of design will be best explained by an example, The newly constructed
right undersluices of the Khanki Weirl (Figure 10°11) afford a good example of how to
proceed with a new design and how to analyse a given one, o I
H=total head=19 {t.

H, F L =738.0 upstream,
' 734,6 downstream,
(Afflax=3.4 ft,

g=discharge per foot run=387 cusecs.

-
£

Level of upstream and downstream horizontal floor—710'0; ~ This was arrived at from a
consideration of the standing wave forming not lower than the toe of the glacis, R—depth of
scour=48’ (Plate X2}, . Bottom of scour hole downstream—734'6—48=0686'6, Bottom of

seour hole upstream=738 —48=6900. The bottom level of the downstream piles is actually
at 6890 and of the upstream piles at 691-0.

d'—'depth of dowristream pile line below floor
~710-689= 21 ft,

é,_depth of upstream plle line below floor o
-=710 691 = 19,ft

H
GE Emt gradient =———7— Vo
H ’
-d—=19”2lo

If factor of safety is 8 so that Gg=1/8

1 2xGe 2lxi '
 aruais i SR

; 1 =018,

=018,
a=b i
Thus for a 21 ft. pile line, the ffoor length to give an exit gradient of 1/8 need not have
been more than 5x 21=105ft. :

The actual floor length 156 ft.

From Pla"ce VII-5, for a valae of
' - A

o
This floor length was put in to glve a long eno.xch passage for the standmg wave to
dissipate its destructive energy before getting on'to the | pervlous apron,

The actual exl’c gradlent in this case works out as below —

; a 166/21=17 ~i $
D }
i +71_=0 16 (from Curve, Plate VII/..*"))
w
_H 1 19x0 16
, GE—“—X V ==="""3]

Thus the floor length is sultable.

1[7.11“3'{ -

To determine the uplift ﬁressures. et

Upstream pile line. b

=156, | ‘ ¢C corré:txon for depth at R L. 705

A =g X0 8= 20,

'?;-_69:)% s, L _ . Effect of middle pile on ¢C=19V/16/46°5 %

.:c coq;rected/GQ 0+2 64+24= 74%. o '1-6']—._*——14‘=+2 44- b

i,

oy

PR3

(1) *Reconstructiod of the Khankl Weir”,'by A N, Khosld Punjab Englneering Congress Paper No, 195 (1930)
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Middle pile line.
d=700-680=21 4t . ..
n=156/21=T4, - i . .
b,/b=48/156="308,

PE;="T1-2.
D,=61-7:

v .
pCy= 5329 SRR

‘_?Dl:;g'5%!

¢D; —¢C,=8:5%!

¢Ey corrected==71;2—3:3=6T-9%: .

<y corrected 63 2-|_-2 2-55 4%:

TR o F

! ' [N

Y
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No' correction for depth is necessary in this

case. "

Effect of upstream p11e on tpE,

P=T10-691=19",

d*-710 689=21".

19121
156
Effect ‘of downstream pile on 92y,
D=710-—-689=21’.
d=T710—-689=21";, ..
21421

156

c 19 V07855 x =3 34.

,
U

=+2 2%

" . A

- $Ep correct1on for depth~—4[21 X10-3=

Downstream pile line: ~2%,
- d=710—689=21, Effect of m:ddle pile line.
1/a=21/166==0-134. D—17' d=17." ‘
PE,=232'5%,! 1717 .
A c=19 \SLEERS o
#2;— #D,=10-3%,. 3
¢E, corrected=32-5 ~2—1'5=29-09, ) }
Comparative Table. . ;
U, 8. Plle ' Middle Pile D. S. Pile
" l v I
. i ¢D gc g8, | ep, ¢c, PE, #Dy
i . A - ‘ T ' .‘; ! ;A B C E .
Calenlated °, 78'8 a0 | 610 |67 [V ossa | Tabg 22:2
v, St ! e . ) R L ' ! . ,
Expern:uental .| s8] 730, 679 | 613 |., 637 29-6 22,2
. t N 1
Difference . 28 10 00 04 1:7 06 0-0
[ TR AR IR S . :

For a head of 19’ the absolute uplift‘p‘r'ess:m'tilejs( word out as below — .

1974 ,
Pe= —W"—M 1,
. Pn1=_19—i‘ogl'9-.=12-9'.
19 % 564 ,
- PC 1 100 K ~106
_19x29 .. v
Pr,= 100 - =55/,

.

The’ flcmr th1ckness ‘below the“nnddle pile line can now be calculated takmg the sub-
merged weight of stone masonary of concrete as 14 times that of water. The pressures aIOng
the floor between the middle and downstream pile lines can be obtained by assuming a

Jinear drop from 10,6 to 5 ft..along the, length between the two,pile lines.
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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 Jatter not
being individually strong against the total 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 relnforcement or otherw1se so that they

become inseparable, :

Damage on ‘account of separation of layers occurred at Naroral&? (1898) at Merala"'
1928 and 1929, at Rasulé, Tslam, and Ferozepur in 1929,

Of ,';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 layers. At Suleimanki:
the trouble arose during construction and was effectively set right. At Islam the trouble
was acute and 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 We1r° and will be noticed i in the next chapter.

The Inverted Filter

It is usual and, indeed, necessary to provide a protection, of graded ballast and st0ne
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-
page fiow. This graded filter. peimits free movement of water but prevents the movement
of sand. It consists of a layer 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 heavy blocks
(with open joints) against dislocation by the action of surface flow, An alternative form of
protective covering for the filter bed is a slab of concrete or masonry perforated by a series
of 13" G, I. pipes wh1ch are hedded Jnto the ﬁlter ‘bed. This latter method is generally less’
satisfactory, &

The use of the mverted filter isat present restncted to the tail end of the work but it
can, 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
action.

The idea of the lnverted fxlter ongmated mth Mr. Beresford in 18997 and was used for.
the first time at the Rasul Weir,
Pressure Relief or Dramagc
The idea of the inverted filter can be 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’
‘eflective will have to be very elaborate and extensive,- For weirs on shingle beds, drainage
can be used with a considerable degree of success but for those testing on fine sand drainage
under the impervious floor is likely to be full of grave risks. There are two schools of thought
those favouring drainages and those against it%. Tle conditioas- uecessary for permanent
pressure relief have been given by Haigh8 as ; —- .

*(a) the pressure relief should be horizental and should extend to the whole area to
be relieved,

. (). the gradient in the underlying material should be safe, ;

(¢) the filter and 1ts outlet should be protected from any. danger, of chokmg from.
downstream."”

(*) Engineering Conference at Simla..(1913), Paper Ne, 7, by C. H, Hutton, Chief Engineer,

(*) *“Design of Irrigation Works’* by W, G. Bligh, pages 185-193,

(%) **Stability of Weirs and Canal Works’’ by A. N. Khcsla, Paper 142, P, E. ©. (1930)

{*) Repairs and Remodelling tf Rasut Weir (1029-1831)" by T. A, W. Foy, P. E. C. Paper No, 15656 (1932).

(*) Rzport by the Islam Enquiry Committee into the Failur 1
Publication (1930), quiry ailure of t'he ‘Islam Weir Punjab Frrigation Branch

O] "ﬁgzg;;struct-on of the Khankj Weir" 'by A N, Khosla, Punjab Engmeermg Congress Paper No 186
LA ” -

Y] ]IJ:CLxg[;e;llme,nts on the passage of water through sand, Téchnnqal Paper No, 97, Government of Ind’a,
8y ¢¢1) H : m .

® pn;mlgoc:f Weirs on Sand Foundations’ by F. F, Heigh, 1.8.E,, M.I.C.E, Paper No. 182, P, E, C. (1635)
) "(l:g;é)ft and Secpage under Damg on Sand “by L, F, Harza, M.Am, Soc.C.E. Paper 1920, Am.Soc,C.E,

25
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Aceordmg to Haigh, ‘‘the best form of ﬁlter isga. layer of ballast ona layer of sand, the
permeability of pyhxch is 10 ;times that of the sand foundation, f,e., -average grain, size is
about 3. tlmes,as large. - The purpgse of the sand layer is to pravide for ‘any locally excesslve
gradients which m1ght result from the placmg of the ballast Jdirectly on the sub- founda.tlon.
and might cause, the latter to penetrate the ballaﬁts‘ The ballast merely acts as a French
draxn to prevent | the _escape. of sand wich the seepage flow.- Only one exit should be prowded
More than one ot 1ﬁce permits flow from outside through the filter with cousequent silting..
The orrﬁce should be arranged, to-discharge, yertically downwards at the site of lowest pre-
ssure and mlght be provided with a silt trap:in the thickness of the floor,’; v Ut NI

Whrle there is'no- question that pressure relief by dramage will lead to consl(ferable .
economy by reducing ‘the uplift pressures and therefore the floor thxckness ‘its introdustion
in'the design'of major weirs cantiot bé recommended in the’ Ptésent state of our knowledge:
If allowance is made in design for réduced’ uplift’ pressures dlie to dramage and if the'drain!
age Systeint’ gets' somehow fully or *partrally choked,’ the'Weir’ floor will have’ to“ withstand
pressures much in excess of thoseifor which 1t has been desrgﬂed and may give way, 1f, od
the other hand, some fault occurs in the filter 4hd sand mOVement starts the wotk may A
by undermmmg The use of pressure relxef would be perfectly leglt}m?te downstream of

s N t . ~f
the 1mperv10us floor 2 N

— - TS ST - I o T BN
Vit N A TR TR AR LD oL 3

. Y Deszgn of Flénks o - ‘
As a general safe guxde the foundations. of abutments and flank walls between any parr
of pile lines should go down . to the level of the bottom of. those pile lines, - If these latter
are at different| levels, the flank foundations can step doryn from. one ‘end to.the othef td
suit these levels, This, in effect, means a complete boxing.in of the foundations'of the entire
weir by means of pile/lines of suitable: depth upstrearh, downstrerm, and on the two flanks.
With such an arrangement of levels for the flank:: foundations; the-wuplifts under the weir
due; to flank flow will not be more than those dué to direct flow under the wair. \The Panj~
nad Annexe and the reconstructed Bays 4 and 8 of the Khank1 Weir are examples of. com~
pletely boxed in foundations,. L. T A S R U TA !

. Plate X* 4 shows the pressures at either side of the flanks at the corresponding’ pressure
pomts The préssures due to'flank flow, by thk time they are transmitted to the weir floor
adjoining the flanks, will be no more than those from drrect flow under the floor. The loca-_
tion of pressure ‘pipes 'of the ‘flank of Pan]nad ‘Weir-is“given in’ Plate V 2 by referenl:e to
which the results plotted in Figure 1, Plate X4,  can be correct1§ mterpreted b

i " I

;The foundations of the upstream and downstream ;:etum walls of the flank should simi-
larly go down to the levels of the bottom of the upstream and downstream- pile lines respece
tively,, These should project into the bank by a lengti equal to twice the depth of the corre-
sponding pile line below the floor level. Thusif the upstream pile line goes 20 ft. below
the upstream floor level the upstream return should. have it foundation 20 ft. ‘below that,
level and should be 2x20= 40 ft, in length ‘These ‘projections have nothing to,do, with the
uthtS under the floor, They are to.prevent, outflapking dne to, ssepage flow which; if not,
glven Slutable length and properly directed, may undermine the ,work from the flanks. . ...

The fill behind the flanks will be saturated up to the level of the pressure gradiemt
line at each point, These walls w111 have to be designed to withstand earth: pressure due
to the dry soil above the pressure gradient line and saturated scil below that' line, Opi-
nions differ as to the exact method of determining the horizontal -pressure on: retaining
walls due ‘to saturated fills, and experimental évidencé.on the sub;ect as meagre and
1nconclu51ve .

In de51gmng the abutments and ng walls of hydralilxc structures three d:stmct types
of pressures are met with, They are :— - ot e

FHS a0t P PR
() Pressute due to dry soil., Ve e S
- (b) Pressure due to saturated soil for the entire ot part of the depth. S e
(c) Hydraulic pressure acting in conjunction with saturared soil pressure the former
being proportional to the depth of water in case of no downward flow or some=
what less than this due to gradual loss of head in .case there is downward flow,

I ot N [ RS | AR ot
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. 160 DESIGN OF WEIRS ON PERMEABLE FOUNDATIONS,

K Type (a) is casy of solution, The horizontal pressure is given by :—
1 -sin ? . .
——* h
3wk TTein ¢ no surcharge,
‘where w=weight of soil per c.ft.
=height of fill.
o=angle of repose of that soil.

1

Types (B) anc:i {¢) ocecur together. ' They may be subdivided into four classes,..
illustrated in Figutes 1016, 10-17,'10-18 and 10°19, below.’ -
I FI1G.10-16

t . .

Case. 1.
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¢ Casesl, .2 and 3 relate'to abutments and wings of weirs and other structﬂres havlng an
impervious floor between the abutments.’ | N ,' i |
* Case r.— The pressure diagram in this case ils given by thel}u{:e A]BC (F1gu1*e1()r16)I At]

B, the pressure is :—
1-sin [ ) "
a=wy by (1+siu ¢ )
wiere w,— weight of dry soil per c. ft..

The pressure at the base is given by a+b+ c.

—Sin ¢
Here b=w, h (—mﬁ)

=pressure due to saturated so11

1

‘where w,=submerged weight of soil, |
=(2-65—1) (1—40/100)x 625 . P
=62-5 1bs. (approx.) for a soil of specific gravity 2-65 and’ pore space 40%.

p»=angle of repose of saturated so11 under water ; -
and ¢e=w, hy, where w-we1ght of 1 c. ft, of water=62'5 lbs.

Case 2.—The pressure lire is given by AB. (Figure 10°17)
The pressure at base=b+¢ o
where b and ¢ have the same signiﬁcaﬁce';as in Case I, viz,
b=1w, _h (%2;2—::)
c=wh=1full hydrostétic pressiite, '
Case 3.—The pressure line is given by BC. (Figure 10‘1‘1'3‘)" )
Pressure at A=w h, (hydrostatic pressure)
Pressure at o ‘ '
base=b+e' ‘- o g '- R
1-s.in ¢,) o | S -
1+s1n v1. _ i
and c=w(hy+hy)=full hydrostatlc pressute

‘where b=w, hy

Case 4 relates to aqueducts with pervmus 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 smgle sheet pile with uuequal f111 on the two sides
(Case 2 & T1, Chapters VII and IX)

1, i Cor s . .
Opinions differ as to the’ value of the angle of tepose.: of sa.turated sands ,below wqter

H. G. Husted! a ccepts ¢y the angle of repose ‘under water, ‘to be greater than p the angle of-

repose of dry matenal G Vo

According to the latest test carl‘led out in Europe2 and Amerxca.,s the value of py is
either equal to or a trifle less than o* According to the exha.ustwe tests of Parsm‘lsa the
value of w, ( i_‘;‘:g ‘;l ) is 259, ‘of w, i—_i%:—'t) in case of sands and 43%in case of fine
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 in case of sands and 439, of
that pressure in case of fine gravels, Jenkin’s? tests, however, show that the pressure on
the retaining wall will be made up of the full hydrostatic pressure plus half the dry earth
pressure—the latter being the pressure due to submerged Welght of sand which is nearly
half that of dry sand (Specific gravity of sand taken as 2:65 and pore space 40%).

(1) Bagincering News Record, Vol. 81, p, 441,

l
(2) ““The pressure on Retalning walls'’ by C.F. ]enkln, Paper No 4867 (103" 84) Institute of Clvll Ensl-
neers, London, T

(3) "Bome Soll Pressure Tests' by H, De B, Parsons, Paper No, 1881, Am, Soc, C. B, (1035), pages 12 and 3%,
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.. For purposes of designs, it would be quite ,reasonable to take the pressure as made up
of the full hydrostatic pressure plus 259% of the pressure due fo dry earth. But for extra
cathonP & may: be taken as the full hydrostatic pressure plus 50%, of the dry earth pressure,
the latter being the same as the earth pressure due to the submerged We1ght of the soil. ,
W ' S W

— ——

' o P \
bbb bbb bl Dttt A S i
By 1

Porous ]%gfl“'!

BTN ORI (T ;_.“.Q.U;
coadpl oned I Vi iy aanl]
- '-1'”il s
aeno ol e osdt s b Ty S . Lm
SR NS IITIOS S STESNNY {TRCS L BT F . ‘ , "I SIN @ ;
8 s sgin o Case 4"‘(F1gure 10'19)

The dlstrlbujclon of pressurea and the stresses set up in the Wall or sheet pile in this case
are somewhat comphcated but can bz determined w1th fair appm\lmatlon. ‘
oy Flgure 10 19 AB 1s the roof of an aqueduct aud BC tha side wall or a lme of inter-
18cked ‘steel shebt p11es ‘BB'is the porous sand surface, W’ is the free water level above
the aqueduct and w», w,” the water level below, The dlfference between the two levels=H.

&l 'T'hé forces b the hght of BC are — ’

T A L CYR .
1, Hydrostatxc pressure (Pl)-—wh

YIRS PR

_ “where w=weight of water=:62- 5 Ibs.
;,,._-1 tiy g e iDL o hi=depth of the: partlcular point below ww’,
Thm’pressure is glveﬁ by the horlzdnta.l mtercepts between DE and BC.

co T g oAb R T
% Acti arth pr ( i ¢>
. ;) Actiye Earth pressure (Fa) =wy b 1+sm v

TR B P T '
o ' where w2=sub1nerge(1 w e1ght of soil

=625 Ibs. per c. ft. as explained above

L7 T ‘ p=Angle of repose of dry soil or of that under water,
h=depth of the point below 45,

Thxa prebsnre is glven by the intercept betwéen BC and BG,

B T 110 & R A 1 S K B i

L
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3. Since the water is at different levels above and below the aqueduct the jpressure
at any point due to water will be less than the static by the amoupnt of head lost by water,
in flowing from BB’ to that point. If Pe=the pressure at B (above W; W) /and Pc——
pressure at C above the same datum, the loss m_transﬂ; from B to C=PB- Pc. ' f
On the diagram this loss is représented by ST EE Rt S

FE=(Ps—Pc)w . . -, o S

The hydraulic pressure line will now be represented by the carved hne DF Thls force
Jue to this lost head may be called (Py). k Cen e
The resultant pressute line due to these three forces is represented by the curved line DE

i .,‘.“:

»CG s v . Lot b

, —sin¢
2] 1+sm p
4. In adrlition to the forces due to earth and wat:r pressures there is yet. another
force (P,) which the water exerts in the direction of flow aund which -is ‘propor-
tional to the pressure gradient at each' point (See Yigure 8-1, Chap. VIII). . As'the,
flow is all downwards this force (P;) will act downwards ‘and 'will ‘on thei averagey

where FK=w,h

equal 0'8 (fB—i-;—Pi) w. lbs. per sq. ft. or
. A

Pe—Pc\ , 4 .. 0 & b
P,)=50 (———) at each point. PRSP
( .4) ( h’2 ) | - ‘
In this case Pp=H s Co

This force varies from point to point being minimum at B and maximum at c. Thls
force will produce additional horizontal thrust inthe same way asa surcharve atid Ban be(
prov1ded for by adding P4 to the we1ght W, of the soil wh1ch w111 now become wg—{JP4
per c, ft. - .

‘ T .r ki
. The cutved hne DL represents the combmed eﬂ'ect of all the above four, sets of forcesil
ViZ, i— ’ . . . N I T A
1. Water pressure (P,) '

2. Active earth pressure (P,)

3. Loss of head in flow through subsoil (P;) A Rt

4, Force of flowing water along stream lines (Pg) - I Sl

The centre of action of each force can be worked out, bt for all ‘practical’ purpodes it
will be enough to assume the forces P,, Py and P, to act at the centroid of the earth pressure.
The centre of action of P, (hydrostatic pressure) can ‘be easily worked OUt_ . lf ; l

Similarly, the forces on the downstream side are : — ' -,:' . 1‘ “ ‘ '” [

1. Water pressure (P, )=wh'. : R PR Y B
where A’ is the depth of any part below Wl W, Codd
This is given by line MN. e
2, Passive Earth pressure (Py’) T A
1+sm¢ Co P T T
‘ 1—s sm ? Vo ‘ e ST
These pressures are given by the line RQ. : , R I I |
3. Force (Py') consequent on the water bemg in’ flow. through the subsoi] from
S to R. IR S
If Pc=Pressure at C and w hg the hydrostatlc pressure of water, [I;hen at point C
Py=Pc—wk, R
The combined pressures due to 1 and 3 are given by the curved hne OT
4. The force (P,') due to upward flow of water thro.1gh the subsorl w111 in | thlS caqeu
act upward, thus reducing the submerged weight of the soll Wy, by P+ s, ’.Liae Jret
weight of the soil at the downstream end will thus be (w,-—P,,) per cubic foot 'l‘he
value of this force will be on the average ‘ \ 1_. .
(P,)=08. (Pc, PR) P¢c—~DPr Pc

- w=00. -2 =00. =, e

r
—wzh

[

as in this case Pr=0

The reduction in the weight of the soil in this case, can as a rough Tule, be allowed for

by taking the effective submerged weight of soil as & w, so that tlie passrve earth pressure.
14sin ¢ , - . .
1—sin P : B a0 o el AT )

The curved line T'S repregents the collective effcct of the above four forces.

hecomes 3 w,
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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-

is given by wzh'z (-1—4%11_}3—) This if desired canb allowed for in the same way as

the pressure of water due to its flow through subsoil. "It is, however, recommended that this:
may be 1gnored in calculations. The passive earth pressure as given by #, &', —i—’*’—::g—;—
is shown by expenments1 to be very much on ‘the low side. It works out in actual practice
to yery nearly twice that value. .,
The pressures Ps, Pcefc., at any pomt can be worked out by the method of indepen-
dent variables explained in the earlier pages.
Stren.gth of Sheet piles at the upstream and downsiream ends of a weir floor .

... As'in the above case of abutments of an aqueduct, the sheet piles upstream and down-

stream of a weir floor where the soil in front has been scoured or eroded (thus leaving
the tops of the piles exposed) will be subjected to the same four forces— P, P, P3 and P,.

oo

Upsiream piles

On the upstream face the water pressure w111 be given by P, —~P, ‘aud the earth pres-

sure by Py+P,. “ - _

On the downstream face the water pressure w111 be gwen by Py’ +P3 and earth pres-
sure by P, —-P.,, i :

‘-; On the upstream face of the upatream plles due to dowaward flow of water the hydrau—
lic preasure w111 be less than the static and the weight of soil will be greater than the.
submerged we1ght due to the dowaward -force of water actiug in the direction of flow. On
the downstream face of the upstream piles, the water pressure wiil be more than the static'
but the weight of the’ soil will' be reduced ' due to the upward force of flowing water: The
two sets of conditions tend toward stabulity. i

Downstream piles . | F
The forces on their upstream face will be P, —~ Py and P.,+P4
Those on the downstream face will be P+ Py’ and P, —
+ 'The sta,b111ty of the piles may now be calculated The factors to be provided agamst
are i— . :
1. ‘Spewmg or forwa.rd movement of the soil in front of the sheet piles where scour has
taken place.
2. Failure of the pile line as a beam in the unsupported length between the bottom of
floor and earth fill {at the scoured end) or as cantilever at its ]unctmn with the

\

floor. N

3. Failure of the floor slab at its junction with the sheet piles due to Eantilever action,

Figure 10'19 () represents a downstream end pile line (depth d;) with the soil in front
scoured to a depth (dy) leaving a depth of bedding=d, —d,=d,.

The forces acting on the two sides of the pile line are shown in Figure 1019 (). They
have the same significance as explained before. 'The static water pressures P, and P,* being
the saiie on the two sides will cancel out, ‘ A

Taking moments of the forces about E,

' MrR=Moments on the right="Pgx, 4 (P4 P,)x, ‘
- Mi=Moments on the left—(Py’'+ Py — P,’) x, ' ;

IfM R>MI. the ‘toe of the plle will have a tendency to move out but will be restrained
by the resistarice moment of the pileacting as a cantilever at E The pile must be strong
t.nollgh to resist this moment otherwise it will fail. - )

11 Jf Z=section modulus of the pile - '
and f=safe tensile stress
then, for stability

MR~ M1, must be less than f Z
MR—ML

7 , ‘ ' .
For steel sheet piles, f=16,000 1bs. per square inch. . .

,or Z must be greater than

(1) “Design of Bulkheads” by Paul Baumann, Paper. No. 1908, Americian Society of Civil Enginecrs (1930).
. : 2F
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0. S. WATER LEVEL __ _
h 3 —C .'..-\
i '
| d
ds x

‘ SCOURED

i . K 'F
——nat 2By Wz*Wsﬁ(—%ﬁéﬁ,’: -
Ws=addition fo submerged - W3 = addition (o submerged

weight of soil due to force Ps. ~ weight of soil due to P!

Figure 10°19(a) '

If MR is equal to or less than Mz, the maximum bending moment in the pile will occur
at some point x below 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 maximym B. M. can then be determmed and the section of the sheet pxles 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 # in case of sand may be taken as 3h°

1 sm'ﬂ
) andl‘““" Y =352

l-sine
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Magnitude of Uplift Pressure for Design of Floor Thickness

Opinions differ as to whather the effective pressure at any point under the floor is the
full indicated pcessure or only a fraction of it. Oae school of thought considers that as ths
water and soil cannot be in contact with the underside of the floor at one and the same time
hance the full indicated pressure will act only on that part of the surfaca which is not in
contact with the soil. The other schoo] contends that water will exert full indicated pressure
on the entire area directly or through th2 soil grains as the case may be. The problem is
similar to that of retaining walls with saturated fills and as in that case, the experimental
evidence is meagre and inconclusive. But the general indication 28 24 isin favour of the
assumption that the full indicated pressure acts on the entive surface.

- A safa policy appaars to be to design the floor thickness for the total indicated pressure
at the various points a,c;cing on the entire base area. This assumption appears to be the only
sound one, as local settlements of the subsoil are not unlikely under certain parts of the floor
where the entire 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 structure, should never be mneeded. 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 up or collapse due to its action as a beam.

The floor may as well bz dz=signed as a reinforced concrete slab held -down by the weight
of piers. The sutface reinforcement for temperature will also partially take the tension due
to uplift pressures. Where these pressures are high requiring great thickness of floor and
conseqit:ntly excessive pumping and expansive excavation, 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 tempar-
ature reinforcement on the surface is much to be preferred

Great economies may be poss1ble in a’ reinforced concrete design by treatmg the floor
as a “ flexible ”’ raft, so that the ‘maximum 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 considered in conjunction with the uplift pressures. At and
downstream of the crest where the piers are made heavy to catry the load of the gates
superstructure and the road bridge, the pressure intensities under the floor slab will be
governed more by the weight of the piers and th2 superimposcd loads' than by uplift pres-
sures. But the design must take into account both factors together 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 ba
due to i— :

‘(@) 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.

(¢) Time lag between the appllcatlon of the excessive head and its effect at the sectxon
of the floor under 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 b2en discussed in Chapter VI. The effect of aﬁy
application of head is felt throughout the structure almost instantaneously or within a very
short space of time, so that this factor is of no material assistance in sdvihg an btherwise
weak floor. No conclusive exp:rimental data exist on this subject in relation to weirs. Some
observations were made atthe Panjnad Weir in 1932 to investigate the time lag in the

(23) ¢ Hydrostatic Uplift in Pervious Soils.” By H, De B. Par~ons, M. Am Soc. C. E., Paper No. 1718 of
American Soc. of Civil Engineers (1929).
(24) ** Simple Tests Determine Hydrostatic Uplift *', by Karl Terzaghi, Engineering News Record, Jun®?

18, 1936, pp. 872-75. . * . Rgp
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response of pressure pipes to an application or withdrawal of head. The results have bzen
plotted in Plate X4, Figure 3.

Exp:riments were recently 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 cover of the reservoir was a thin brass plate which simulated the impervious
masonry of the weir. One arm B of an optical lever rested on this plate and the two other
arms on a brass strip A which was indep2ndent of the movement of B. Any microscopic dis-
placement of B would obviously cause a tilt of the mirror which was capable of measure-
me:nt by a bzam 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 the subsoil to changs of pressure was instantaneous although the pressure
pipes might take som: time to reflect it.

While evidence on the point is inconclusive, it will be 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.

Fl1G./10-20

OPTICAL LEVER
* MANOMET E”

A
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APPENDIX TO CHAPTER X

An emzbmcal formula"‘ for the pressmc percentages nt the jOHlS of a vtmable intermediate p;le ta
" a floor, which is also provided with equal end-piles. _
This formula has been evolved to supplement the correction formulated by Khosla for

the mutual interference of plles 1n such cases as gave rtesults departing widely from his
scorrected”’ values. Tt will apply's 50 long as the d1stance between the inner pile and either
one of the outer p11es is not less than one-eighth of the floor length. (See page 133).

* For end-piles each equal to 1 of the floor length, with the inuer pile under the down-
stream half of the floor, the formula g1v1ng the pet centage pressures at the points E1 and
C1 is— . - . .

42D : , | :
¢E1,c1—50 mxib e (-9
where x is the distance of the top of the mner pile- ;Erom the centre, D is the 1ength of the
plle and b is the floor leugth. ‘
© " This formula fits the expe imenal data w1th a maximum difference of about 1- B per cent.
Below are shown some values: experimental, Khosla’s, and those given by this formula —

(221 o ¥Cy
/b DJb '
Expt (10-A1) Khosla Ezpt (10-A.1) | Khosla

18 124 470 468 | 428 42'8 a2 | 420
18 112 488 48'5 460 a1 | 416 305
18 18 503 502 471 396 308 371
14 1/24 423 418 344 .38°3. 38-2 334
ye | iz | a2 | a8 373 "36+1 36°5 31+
e 1/8 wo | 452 40-2 g8 | a4 295
3/8 14 373 368 253 34:0 a2 | 234
3/8 112 382 38'5 20°¢ 31'8 31-5 21-8
3/8 1/8 400 402 33-0 30-2 29'3 204

The basis of this formula.is the assumption that the inner pile is a disturbing factor in
- the distribution set up by ' the equal end-piles, and that the préssure 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 % of the floor length could ke very nearly taken as 50-—40—!;—, and it only

remained to apply the correction for the inner pile.
For end-piles pot equal to 3 of the floor leagth, but not more than ith of it, the
following modified formula may be found useful.
' 9¥,,¢;=560—63 (1—2d/b) (x/bF Djb) . . . . . (10-A. 2)
where d is the depth of either one of the outer piles.

*By J. K, Malhotra, Officiatlng Mathematical Officer, Puntjab Irrigation Research Institute, Lahore,
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CHAPTER XI
Design of Welrs in relation to Surface Flow - =

In Chapter X the principles governing the design of weirs in relatmn 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 thz surface, will be dealt with in thxs Chapter _

With the extensive and comprehens1ve fie'd and laboratory researches in the Punjab, 1t
has been possible to reach a stage of finality in the treatmeat of the subject with regard to
sub-su-face flow for which the controlling factors 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 suffzrs from a partial lack of such researches. The material
discussed in this Chapter represents the accumulated experience in the field supplemented in
certain instances by a limited amount of experimental investigation, The recommendations
made as a result of the study of the material are tentative, but probably represent the best
practice at the present time. These recommendations will no doubt have to be . modified
somewhat when the subjects discussed have been more thoroughly investigated both in the
field and in the laboratory.

For the present it will be desirable to deal ouly 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 eutside 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 econémical sections for them. In subsurface flow, these governing
factors have been shown to be the exit gradients and uplift pressures which depend on the
total head and the foundation profile of the work. In surface flow there is the additional
factor of the dynamic impact, and the designs in this respect will depend cr (1) the afflux,
(2) the changes in the regime of the river caused by the construction of a weir, (3) the dis-
chargs per foot run, 4) flood scour, and (6) the position- and depth of the trough of the
standing wave.

ArrLux : ' oy

o

By afflux is meant the rise in maximum flood level of the river upstream of the weir as a
result of its constiuction. As will be shown later on, this afflux'though'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 weir is much the same as it was before the con-
struction of the weir., In the ‘design of weirs founded on alluvial sands, the afflux is
limited to between 3 and 4 feet—more commonly, threz feet. In very steep reaches of the
rivers with boulders or rock bed, the aflux may safely be conSIderably hlgher

The amount of afflux will determine the top levels of guide banks and their lengths, and
the top levels and sections of a flood protection bunds. It will govern the d}mazmc action,
as the greater the aflux or fall of levels from upstream to ‘dowastream, the g’leater will be
the action, It will also control the depth and location of the standing wave,

By providing a high afflux, the width of weir can be narrowed but the cost.of training
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 protectlons upstre'tm dnd
downstream, as well as the depths of piles at either end will also increase,

s
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Table XI-1

The following table shows the afflix at the various weirs in the Punjab :==

Maximum Flood Levels. Mazimuta
ot ‘Name of Weit, ’ Affiux, flood
C S . o ‘ . | Discharge,
' Sk uJs. DJs.
Rupar U e T e e e 8770 |- .. 87256 45 315,500
;Ferozepur IR CT e 6561°5 6485 30 450,000
Sﬂleim‘ﬂﬂkil - --‘ :‘00 ‘ .o .. ‘e 5720 569'0 30 325,000
15-18.';1‘1 se .n-, --- . -'- .o ‘ ;- 457'0 ' 4550 - 2.0 ’ 275,000
Panjnad e e e e e o e 341'6 3985 30 | 700,000
Merala . o0 cee T ee T, ae .o o . 814°1 811-1 30 718,000
Bhankl © ov© ee | we siiee  we ows |0 7380 7350 3:0 750,000
Rasul  ee  ei C e 4 ee o he. w7242 | 7235 07 |- 875,000
. ot e . } )
' (préposed, e T e . . 6090 6940 50 | 1,200,000
Kalabagh' (proposed) 200,000
' maximum.
e - ‘ o 30 900,000
S e ' Possible
L T : maximum.
- TrE Errecr oF CONSTRUCTION OF WEIRS ON THE REGIME OF A RIVER

 In the initial stages; the effects of the construction of a weir and the withdrawals of water
by the off-taking canals are ;— - C .

3

(@) The'slope ‘of the river upstream of the: weir flattens due to the ponding up of
.. . supplies, . ‘

' (b) An increase in tortuosity, as a Tesult of ponding up, as the bulk of the silt cha:ge
.oy of the river water deposits in the pond, leading to the formation of irregular
T ‘,shoals;, - y - .

" i (¢) A progressive degradation or retrogression of bed levels downstream, due to the
picking up of bed silt by the relatively silt-free water escaping overthe
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
~7 " 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-
tancé over which it has to travel. An increase in tortuosity will necessarily
.-"énhance 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.

{¢) A stage will be reached when 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 [weir will be below the normal due fo 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 tortuosity and, therefore, a recovary of bed levels
downstream, ' f

The final bed levels’ downstream may actually’ be higher than those existing before the
welr 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 ia 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 t'he Tivers 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 regime of any one river of an alluvial system will alter in sympathy with any
changes in_any other river of that system due to tke withdrawal of water by canals. A
lowering of levels in any alluvial jriver leads to a retrogression of levels proceeding up.
stream 1n a river of similar character which joins it.
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ErFFECT OF REGIME CHANGES ON WEIR DESICN )

The changes in tha regim= of a ‘IiVQ_I caused by the construction of a weir and the with-
drawals by th2 off-taking canals, have an important bzaring on design. -There has been
serious trouble in the past due to a lack of proper apprecigtion of these gffects.

(a) Retrogression of Levels

In the first few y:ars after the conmstruction-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 eariy stages if not duly allowed for in
design may result in a failure like that of the Islam Weir in 1929. This retrogression may

_undermine the stability of a work by an increase in the exit gradient beyond the safe limits.
It will increase 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 thatl end,
the wave will tend to travel down to the block and loose protection area. ‘

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 1-6 ft. o :

(8) Restoration of the original slope upstream of the wesr

In course of time, the weir upstream will régain 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 yeats, the free-board
may, in the first instance, be reckoned above the H. F. L. as determined by the back-water

urves., .
‘ (¢} 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 bed level has been of
thie order of 2 feet. A rise in the downstream bed levels may 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 1917 in the remaining bays. It was again raised by a further 2
feet in 1920-22. Merala was raised by 2 feet in 1025-26 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.
Nicholsor and Trench in their Report on the Bhakra Dam Storage,!

' DISCHARGE PER FOOT RUN AND WATER-WAY

In the Punjab weirs founded on the alluvial sands, the safe rule bas been to provide suffis
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 watet-way would be the minimum stable width for
the maximum flood discharge given by the Lacey formula '

Pw = 2:67 Qf '
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_ few 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 schools of
thought in this respect. One school advocates a width of the weir nearly equal to the
minimum stable width required for the maximom flood discharge. The argument advancad in
favourvof this is that with a restricted width of water-way the shoaling upstream can be
mostly climinated and a nearly straight and stable approach tothe weir secured. But as has
been explained above under 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 persist at all of them and in no case a straight stable channel
has been secured and maintained,

n Report of the Committee of Superintending Buglueers on the probable eflects of the Bhakra Dam oy
inundation canals ou the Indus (1931), Printed at the C, M, G, Press, Lehore, . 2G
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' e second school advocates, what may be called, a loose weir, with a relatively greater
width and‘shallower ‘;Iepth of water over the crest. In this case, the discharge per foot run
ovér tiie weir will be relatively smaller and as the dynamic action of water and the depth of
gcour are governed by thz discharg= par foot run, the length and thickness of th= impervious
and pa1vious floors can be made smaller, With an 1ncrease in the discharge par foot run,
the dzpth'over the crest and, therefore, the cost of gates will increass, so that what is saved
on account of reduced width may 'be used up by the hravier section of the floor and loose
. ‘Pfotcction and’by the additional quantity of steelwork. The possibility of damage due to
- local concentration of flow will, obviously, by greater with a higher discharge per foot run.
. In using the P, Q formula in connectiou with determining 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 regime coundi-
tions and the only formula that can apply in this'gase will be the one based ona discharge
( pér 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 thtough the undersluices and partly at a higher level over
the weir crest. In 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, efc., on Various Weirs
‘RIVER SUTLEJ JHELUM ‘CHENAB INDUS
. y Fcroze- Sulel- . ’ Trimmu .
Name of Weir Rupar pore - manki Islam Rasul Merala Khanki (Proposed) | Pavinad nit:l;:gg
Upstream H.F. L. . . . 87700 6851°50 572,00 54700 724,00 81410 73800 40350 341°50 20100
r Weir -. -, | 886:50 633°50 | 56000 44100 - | 711-50 802-00 727°00 47750 325°00 17700
Crest Lavels . . —
. -\ Undersluices | 857'00 63350 552:00 435°50 | 701-00 792°00 71500 | 47200 32500 176+00
T " h - ‘ .
Width between abutments (B) . | 2668 1958 2223 1621 4400 4475 4414 3022 3400 4725
. - Weir . . | o%02 1200 1400 | 921 4000 4000 $000 2220 2820 3240
Length of clear Undersluices. 240 540 480 480 240 240 060 420 240 750
water-way. - |
L TOrAL . 2532 1740 1020 1401 4240 4240 3960 2640 3060 3060
ai 0,000 875,000 | 718,01}
Pé;igned maximum flood.discharge ?;15,500 45 325,900 275,000 0| 750,000 845,000 700,000 1,500,000
- r Weir . . 251,60 310,000 210,000 | 218,000 [ 771,000 | 647,000 | 435,000 | 502,000 | 640,500 1,230,000
| -
Max. dischargin ‘ 40,000 0 104,000
Mox. Ho ’ {l Undersluices | 63,000 | 140, ‘ 115,000 | 170,000 ) 80,000 | s72,000 | 143,000 59,600 | 249 000
LTOTAL - | s15,500 | 450,000 | 850,000 | 388,000 | 875,000 | 736,000 | go7,000 |' 645,000 | 700,000 1,500,000
. » »
Mini mum stable width =Py, — 1500 | 1784 1520 1400 2501 2268 2312 2140 2230 3260
2'67VQ :
Ratio 1% A 17 1°10 1°47 1°16 176 1-08 1-91 1441 156 115
, D )
_ r Weir . 110 148 146 208 103 160 145 22¢ 248 350
Botween <{ —_—
© plers. Under- 59 342 433
Dischar- |- Under- 268 2 240 857 387 840 248 380
ge per ———
foot run i ontelde * Welr . 108 188 ! 126 186 165 167 142 ‘23 222 3
plers. 10
Undeuiul - ——
ces, 218 287 205 203 870 235 809 805 222 340
Weir . . 20.7 . 84 230 29_'5 26-8 26 24°4 8140 32 436
Depth of scour
(h;"{';"}'"‘r‘}__{-] L. || Undersiulees 32 84 313 397 403 336 410 405 s 436
UNDERSLUICES

The main functions of the undersluices are to provide and maintain a definite and deep
approach channel to the canal head regulators and to contiol the entry of silt into the canal
by providing a deep and relatively still-water pond in front of the head regulators, The crest
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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— wzare added during the reconstruction of 1933-35.! 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 in determining their capacity. The floor of the under-
sluices should be placed as low as possible subject to the limit imposed by a consideration of
the cost of foundations and floor, and the difficulties of pﬁmping 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 subsequently necessary in any part of the weir, as it will
be possible to pass winter freshets at a level sever-al 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 aMlux during floods, the
ponding up of supplies during the low water period and the withdrawals of comparatively
silt-free water into the caunal. 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 obv1ously high necessitating
a considerably thicker section of floor and heavier protections upstream and downstream.

WEIR

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 poud level, 7The latter can be
maintained by 2 permanent masonry crest with its top at pond level as at Rasul; or one at
a lower level supplemented by 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 appear 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 shuttered weir will generally be cheaper but will lack the speed
and effective control possible witha 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.
BARRAGE

A barrage is a gate controlled weir right 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 batrage 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 flogr, more particularly the upstream part. Where silt
trouble is likely to be acute a barrage will possibly be less effective in silt exclusion.

Ferozepur and Panjnad Weirs are of the barrage type. The so.called undersluices ate
just a part of the barrage separated from the rest by a divide wall to form a pocket in front
of the regulators.

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 and 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= 09 (¢*//)} . . .

o (Eqn, 10-6)
where R= depth of scour,

g =discharge per foot run, at ends of impervious floor (outside the piers),
and f =I,acey’s silt factor,

(1) **Reconstruction of thie Khank{ Weir'’ by R, N, 1 ) ingl i
Congress, 1636, ¥ R.B.A.N, Khosla, Paper No, 105, Punjub Engluneer gng
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The Tacey formula has been accepted in prefereice to that of Kennedy as the former is
hydrodynamically more rational and takes note of different grades of bed matcrial.

The values of R for the different values of g and f can be obtained from the Plates
X.2 and X. 3. The values of f can be obtained from Lacey’s formula cannecting Q, slope and
f. The total discharge and slope at that discharge for any site can be observed and there-
foréf can be determiﬁed. '

The relat1onsh1p is given by
ki
S= 178‘3 * 0
where S= slope,
- f= silt factor,
and Q= total discharge.
This formula can be re-written in te-ms of ¢ the discharge per foot run. for
=§V0Q .
Q =Ppxg=§y(Qxg. (Thisapplies where width is large compared to-depth).
Or V(Q=3%g, so that : - ‘

1 Il 1 f5
S=1753 > ( ) 2480\ ¢ )
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 discussed in the last chapter. The lengths

and depths of pervious protections to the pacca floor will now be considered in relation to
flood scour.

Accordmg to Sprmg1 the quantity oi stone in the aprons should be sufflcxent 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 ANL GU/ﬂf BANK APRONS
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oo : Figure 11.0
. If T be the thlckness of stone on the slope (see Figure 11-0), the depth of covering over
_.the slope made, by the falling apron due to scour should, accoiding to Spring!, be 1:24 T.
In the Punjgb weirs, T is generally 2-5’ so that 1-24 T=3-1".
‘The following Table? gives the thickness of stone pitching necessary to protect sand
surfaces for various grades of sands and slopes of rivers.

Fall per mile in inches DN . 3 9 12 18 24
Saud Classification, Thickness of Stone Pitching in inches.
Very Coarse ‘ . .. . 18 19 22 25 28
Coarse - .e .. .o . 22 25 28 31 34
Medinm L ., . 28 ~31 - 34 37 40
Fine’ o . . 34 87 40 43 16
Very fine .. .. v 40 43 46 49 52

(1) Technical Paper No. 153. Government of India (1903), *“River Training and Control o)i the
Guide Bank System'’, by T, J. . Spring, C, I, E, {Plate XX),
© 2} Page 31 of ahove,
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By the hand packing and careful gradation of the stone, that is by keepingeghfb fm’:ller
stuff, such as quarry refuse are even bricks next the sand and the large 80 to ’1, 3. S Zn'e’
for the outside, these thicknesses may perhaps bz safely reduced by 6 to 9. all foun .
According to Spring?, the design of apron should ve based on the unreduced' thlckne;ls of1 the
slope stone and that any reduction duz to graded packing should bz COI‘lflllled to the slope
stone only. The gradation of stone will be as desirable in the aprons as it is on the slop-es,
as by this means, the suction of sand from between the interstices of stome, by the high
velocity jets, will be reduced to a minimum. _ )
Now, if D be the depth of scour below the level at which the apron stone is laid, the

length of sand face to be covered on a slope of 2: l.will be /3 D=2-23 D.
The necessary quantity of stone per foot run will be 10
. . =693 D,say 7D . . . . . e .
Bi;ofe2;izrrﬁ)ting to detZrmine values D, it will be desirable to dec1d.e the class of
scour that is likely to be met with at different places along the weir and guide ba 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

Locality Range Mean
1. Upstream of Pz;cca floor . .. . . 126 Rto 16 B 19 R
2. Downstream of Pacca floor . .. . 1'76 R t0 2°25 R ’ 20 R
3. Noses of Guide Banks .. ‘e . .. . 2°00R to 26 R 2:26 R
fl. Transition from Nose to straight .e . . 125R te 1'T6 R 16 R
5. Straight reaches of Guide Banks .. . . JOR to 16 R 1R

The value of R is calculated on the normal discharge per foot run at the section con-
cerned, without allowing for any concentration of flow. If the usual 20%, is allowed for
concentration the 2bove coefficients Will need to be reduced correspondingly.

The values of D can now be determined from o

D=xR — (High flood level ~floor level)=xR—Y
where x is the multiplier in the.above table,and R is given by equation (10-6).

At the upstream end a further protection of blocks over loose stone should be given so
as to protect the soil adjoining the upstream end of the pacca floor. The length of this
protectlon should be nearly equal to D and the thickness the same as that of the stone apron

-at this 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
1:6D 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 blocks are apt tobe carried away by the current of
water. Deep blocks get wedged in and resist dislocation. This has been discussed in the
Islam Enquiry Commitee Report? and in a paper on the reconstruction of the Khanki Weir,
The interstices between the blocks are filled up with bajri.

The total quantity of material per foot run in the pervious protections iip:tream and
downstream, comprising the loose stone, blocks, and inve.ted filter sections, may suitably be
-equal to 10D as against 7D for the loose stone protection only, ,

The upstream block protection and the downstream filter area are meant to be immov-
able. They are flexible and are supposed to adjust themselves to slight subsidence but they
are not intended to fall in the same way as the loose aprons. Whenever the:e protections
are damaged they should be made good at once. ‘Their existence, intact, will be a definite
safeguar against any damage to pacca floor,

The following Table gives the discharges pe: foot run over the various weirs and the pro-
tections as provided and as calculated by the above method.

(1) Technical Paper No, 163, Government of India {1903). *“River Training and Control on the Guide
Bank Syetem” by F. J, E. Spring, C. I, E. (Plate XX). Page 49.

{2) Report of the Islam Enquiry Committee into the Fallure of Tslam Weir in September 1929,

(3) ""Reconstructlon of the Khanki Weir,” by R, B. A, N, Khosla, Paper No, 105 of Punjab Tugineering
Congress(1936). Page 9, : )
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Table XIj3
Analysing stone in aprons in relation to discharge per foot run
RIVER SUTLEJ JHELUM CHENAB INDUB
. Feroze- Sulel- Tri -
Name of weir Rupar pore manki Islam Rasul Merala Khanki (rr.:p'é’fég) Panjnad Bsn‘:l:z:;
r u/s | 877-00 651-50 572°00 457:00 724:20 814-10 738-00 | 493-50 311'50 201-00
HFL .. . -9
L D/s | 87250 64850 569°00 455°00 72350 81000 73500 480-50 338-50 198-00
Welr 207 340 236 20'5 26'8 260 24°4 810 32-0 43°6
Pepth off m}our (R) below
H. F. for f=
‘Under- 32'0 340 313 . . 386 . .
smlm. 39-7 46°3 41°0 40°5 32-0 436

r Ujg | 8700 | 83050 552°0% | 438-00 702:00 | 792'10 72200 | 470-00 | 32000 | 171-00

-0 210 . . . - .
v 20 200 19-0 222 220 18 235 215 S0
Weir floor level .. . N 70383 ™ —_
D8 85700 620°50 654900 434-00 701-20 789-83 71500 47000 31600 171-00
. . , . 16-17
y 15°5 22:0 20:0 210 22-3 TS vl 20-05 20°5 299.5 27

-0 . 50. . . . * y
857:00 | 630°50 | 532:00 | 43800 | 70100 | 79210 71000 | .c00 | s20:00 | 175-00

20-1 21°0 20-0 190 23-2 22-0 28-0 255 215 26-0

«

Uaderslaice floot level..
857°00 626-50 549°00 434°00 501-00 792°10 710-00 464-00 315-00 175-05

——— J\.———-——\ (———-—-.J\.—-—
S
[}

D/s
v 15°5 220 | 20-0 210 225 17-9 255 265 235 22:9g5
U/8 120 02 45 72 120° 160 120 200 153 380
Welr
Quantity of Djs . 192 120 936 150 - 200 300 800 192 870

astone per foot
run in_ ap- )
rons=7 D. vIs 620 92 Paved 72 ‘120 760 136 250 154
}Jr_nder- —_—
siuices,
[ ois | o20 102 200 17 140 215 480 36v 125 | g0
- uls 17°1 131 64 10-3 17°1 230 17-1 236 220 548
Welr — %
Depth of sco- . . 17-1 . R . 2. . -
ar (D) which Dfs 274 13-4 214 23-6 429 43:0 27-4 960
these quanti-
tim of slg:_)ue .
;vlvely ceovee‘:'. U/s 83-6 1341 ‘s 10'3 17°1 108-6 19-4 36+0 29-0 B
Under- [ —— _—
gluices, .
/8 838 274 286 167 200 307 656 514 60-7 135-7
{ois| 7 o 112 0:99 147 1-73 1+36 1-68 1-38 1°03
r Welr —
074 1445 157 . -62 170 2 2-05 . .
x=D+’ Djs 1-17 16 a8 80 5 156 2-82
B
840 100 0-64 074 087 8-89 115 1-52 1-36 0-8
Under- —
slulcea
324 1-45 1'65 0-06 092 1-26 2-28 1-90 2-63 8-64
© U8 120 178 45 149 120 230 324 200 242 S80
r Welr ~
D/8 . 4690 260 868 230 320 474 405 - 458 1162
Blocks and
stone protec
tion =10D. uis | 620 178 .. 140 120 823 336 1460 242 .

%Under- e

.1
siuice pis | o 460 P s01 400 516 ‘ 720 I 730 693 1505
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Table XI[3—=contd.

Analysing stome in aprons in relation to discharge per foot run—contd.

e

-

177

N

RIVER BUTLETY - JHELUM CHENHB INDU S
: 1 . : Trimmu Bukkur -
Nsme of weir Rupar F‘gg:_" gl%l::lld 1 lam Rasul rala | Ehanki (Proposed) Fa0inad Bnrn;e
r' u/s 12 17-8 48 14'9 12 28 82°4: 20 242 880
. r Welr 4 —— | — - -
De th of sconr !- .
D) which D/8 46'9 26 368 23 82 474 40°6 458 1162
these quanti- :
ued. (if bl ;11 .
and stone w . . 0
effectively U/8 62 17.8 14 ig 828 888 46 ‘ 24-2 e
sovel,
Under- —
sluices, . .
L D/g 62 46.9 444 301 40 51'6 720 | 78 69'3 166'5
|
u/s 1-65 1-i4 1:04 116 127 | 192 20 14 “148 | 156
r Weir .
. 1°85 .
| D/ | 076 2-03 ‘199 1-98 170 o7 2:77 194 2:12 828
Dty § ‘
u/s 288 1°14 0-64 0'82 076 27 is’ 1-78 1-43 06
{Un@ar- —
sluices, . . L. .-
D/8 240 203 208 1°52 136 1:80 2:36 2'68 2'59' 411

Downstream of the inverted filter area, the Islam Enquiry Committee! recommended a line
of wells 20 feet deep. This recommendation was given effect to in the desigu of the Panjnad
Weir Annexe and deserves consideration in designing any new ma]or 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 thé pérmeable floor.
This is the most vulnerable point in the work and failure to hold 1t places the
whole weir in danger.” . ‘

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 general,
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 cap be done to very nearly the minimum stable w:dth
but such narrowing in the case of a weir will expose it to serious risks,

Length, Shape and Free-board of Guide Banks

A detailed-discussion of these will be outside the scope of this work but the followmg,

quotations from Spring? and the Islam Enquiry Committee Report? are glven for ready 1e-
ference as they seem to embody modern practice. :
According to Spring?—

'

(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. - T ' S -

(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 th1cknesSes of the

bridge piers below low water.” ,
v

a

NOTE.--The guide banks at the Suleimanki Weir are curved inwards, aa they run upstream, to form
9 bottleneck, the width between the noses being 1,600 feet compared with 2,223 feet on the weir. The

-

object was tu Induce central flow and prevent the formation of shoals within the guide banks an object

which has not been attained.$
{1) Page 8 of the Islam Enquiry Committee Repost,
(2) Chopter VIII, para. 12, p. 41.
{8) Recommendation (b), p. 8.
(4) Cmnplctlon Report of Sutlej Valley Project 1035. page 42.

taw
~
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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 fenth longer than the bridge. But due attention should be paid to
the possibility of the river bending round above one guide bank mto the still-
water area at the back of it, and - etodmg the main approach bank. In specially
wide Khadirs this may involve the use of very long guide banks, '

. (iv) The length of the - downstream part of the guide bank may be a tenth to a fifth of
the length of 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 bridge. For the swirl—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 end of the guide bank may be such as
the main line- trains can run on, say 300 to 600 feet because it 1s,convement to
take the stone service lme by this route. .
"(v1) The radius of the upstream cnrved . part of the guide bank may be anything from
. 500to 1,000 feet accordmg to the estimate that may be formed of the probable
velocity of the current past it. The curve should- be carrled well round to the
back, fuliy 120° to 140°.” . o - -

On account of the afflux caused by the constructmn of a wxer, the length of guide banks
mll have to be somewhat greater than that recommended under (iii).

Recommendation (b) of the Islam Committee! Tuns as follows —

T *We cons1de; that curved guide banks, asadopted in the Panjnad design, are, pro-
vided that 2 sufficient length of straight stem is given, for preferable to the
'straight banks constructed at Ferozepur, Suleimanki and Islam. When the river
approaches the work atan angle, as it almost invariably does, a strajght guide
bahk on the side froin which the river comes acts asa spur, and, besides induc-
ing heavy actlon round its own nose, forces the current across to the opp051te
bank and not only is the guide bank on tha* 51de attacked, but a large shoal
s formed 'on the near 51de, whlch extends downstream almost to the weir, cont-
ractmg the channel which thus scours excassively. Curved banks not only guide
thé water more smoothly to the weir, but are }1kely to pzove far less expenswe

in mamtenance than the straight type."”’ )
The followmg Table nges the lengths of gmde banks, the distance between them and
quantity of stone, efc., at the various Pun]ab weirs, and at the Iloyed Barrage (Sukkur).

T able X1I|q4:
' . . ‘Sulel- ‘ Feroze- -
Namé of Headworks Panjnad Islam manki pore Merala Suklur
. . L, . _ .
UEHE.FL . . L . . 341°50 | -467°00 °| 57200 | 6€51-50 | 8L4'l - 201
E. L. of apoin (st nose and at shank) ".. .. 302-5 | 448'00 | 558-00. | 633-75 | 805°00 186
‘ ' Loft. | Right!
\ " 8600 2700 3500 | 0 | 5950
Norfmlfdllltsnce of nose from [ Upstream. 3000 8 3500 th : 1536 —
sofwelr .. .. Pownstream 800 830 ;125 800 1576 | 1625 1825
Lenath -um'g Blllde banks fxom Upstream .. ; 8700 - 3600 3650 2500 3700. 14850 . 6059__
G- L or [nownmeam 850 880 |- 1125 | 650 1575 | 1800 1800
T K 7 : ;
e . 1717 1600 2200 4475 5000
Width betweon guide banks e s .. 3606°0 B (aporox.)
Designed max. flood discharge(Q) - 700,000 | 275,000 ) $25,000 | 450,000 [ 718,000 1,600,030
Discharge per foot run (q} .. ... .. .., 104 160 208 | 206 160 300
Depth of scour-below-H, F.L. (R) for f=3 , , 30°5 266 310 l 210 .26'5 40-8
L 12 | 14‘ 1 | 1775 91 . ! 15
" ; ; § . 4 456 : 226
Quantity of stohe per foot run —7DJ At nose. 800 240 240 | 0. :
. At shanke 118 0 | 75 20 . 275 225
(.l; o - At nose 43 848 | 848 571 | 5 - 321
Do E e e e [ "AL shang | 1071 18 | 107 13 89'3 321
- D4-Y . - At nose 18 182 | 1566 241 - 28 1'16
S ee— [ X' ] L] - Y] - o -
R 0" At shanke | 0-02 102 ] 090 099 188 . L.16

The quantities of stone at the nose of most qmde banks have bean 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.

Ww eir(\l, Recommendation (b), p, 9 of the Report of the Islam Enqulry Commiﬁ;eg into failure of Islam'
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'A free-board of six feet is allowed at the guide banks and the portions of the mafginal
bunds in the neighbourhood of the weir. Beyond thata free-board of '3 feet is con51de:red
sufficient. As explained earlier, this free-board will ultimatety have I;o be ahove the h;gh-
est flood levels at each site raised by the amount of afflux over‘thel weir.

THE STANDING WAVE

As stated before, and as will be explained later, the thickness and length of the dow?-
stream floor depend also on the position and height of the standing Wave.. The latter, in
turn, depends on the discharge i)er foot run, the afflux, the shape of the glacis and th_e level
of the downstream floor. . : o

A detailed discussion of the standing wave or hydraulic jump is contained in the Centr?.l
Board of Irrigation Publication No. 7! and relevant extracts are reproduced below..' Thl-S
brief exposition will‘help i visualising the exact significance pf this phenomenon in weir
design. , :

«When a shallow stream moving with a high velocity, strikes watér of sufficient depth
there is commonly produced a striking phenomenon which has been appropriately called the
Hydraulic Jump (or the “standing wave). It consists of an abrupt rise in the surface in the
region of impact belween 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 the beginning of the abrupt rise
is constantly falling against the on-coming stream movingat bigh velocity, and farther
along in the jump, masses of water are continually boiliug 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 .clear. This phenomenon is constantly illustrated in the surf
of the sea-shore. . ' _
' The Momentum Formula "

‘The theory of the standing-wave may be concisely stated as follows :— .

77777

- a c o —
¥ 4 :
oV, // .
- - Vi 8ED
b d S h j
Figure 11-1 |

Let abfe (Figure 11°1) represent a mass of watet moving through a standing wave. Ina
short interval of time it is supposed to move to the position cdhg.- The standing wave has |
the following characteristics :— - ‘ '

(@) The water entering at ab has a nearly uniform steady high veloc{ty and is trans-
parent, : :

(6) The water leaving at gh has a fairly uniform but relatively low velocity and is
transparent, , o e ' ‘
(¢) Between ¢ and ¢ 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 aiuch internal impact.
The milky condition of the water reduces its specific gravity and accordingly
' the surface atthe top of the rise is above the normal level, but assoon as
all the air bubbles reach the- surface, so that the water is again transparent, the
surface becomes smooth and fevel. . . . IR

The moving mass of water loses much momentum in passing from the position abfe to
the position edhg. According to Newton'’s Second I,aw of Motion, the rate of loss o_f momen-
tum must be equal to the unbalanced force acting on the moving mass to retard its motion.

Against the face ab is the static pressure of the water acting towatds the right, Opposed
to this force are the static pressure acting against the face ef and the surface friction along
the bottom bf, The latter is small and may be neglected. o :

mi I ll‘g ‘l'zThetStanding Wave or Hydraulic Jump,’’ C, B, I, Publication Ng- 7 by A.M.R, Montagu, I: 6. E.*
. 1. C, B, ete. ' SN .
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Other assumptions made in the following analysis are as follows i

(a) the "Jump" is assumed to take place instantaneously,

(b) stream line flow lmmedxately before and after the wave,

(c) friction is neglected. _

(4) parallel side constraints, ‘

(¢ horiipntal bed. 7 o

In Figﬁre 11-2 et q' be the discharge in cusecs per unit width of the st}eam,
D, bethe depth of stream entering the standlng-wave,
V, bethe Velocxty of the same stream, '
P, be the total pressure over the vertical Sectmn of unit width,
D, be the depth of stream leaving the standmg-wave
Vs . be the velocity of the same stream,
: Pg  be the total pressurz over the vertical section of unit width.

| B

. BED

. -Figure 11-2
Then 9=‘V1' D1=V2l D. o

" Mass per secpnd=,~¥-g

and change‘of momentum per second==l;—q (Vi=Vy)
change of pressuré==§W (D3—-D3) ’ ,
* [.: D’ D’—’—"q (V:l V!) ve .e. _. s e » .o '.'(11.1)

“This is the fundamental momentum equation for the standing-wave.
~ Substituting ¢/D for V

i

. _D;—P;;Eq (g/Dy~g/Dy)

R

2 1
fon — —
sk D‘+D1 4 q"Dl.D’ —
2 o -
01' DllD (D +D2)"“E'qa . X} L) s %) ~.. .o (11'2)

By subst1tutmg the product V D for q, the equatlon (2) can be thrown into other useful
forms, thug ;— . , .

D, Dz(Dl"'Dn) —-Vﬁ.Da'
D;+D,.D§= = -r/",a.D1

A D'g+D,.D,+1Da=i.v=,z)l+w=

s Dz'i'%Dl— :[:V-—' V3.D +1D¢

L" D,-——«}D,,;]:V—-VHDL+}D’ e e v e (118)
or, by ehmmatmg V) ". o Lo .
' ==jDy, —,3—+iD : . m e e {134
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Alternatively

‘ 2
\\ D1D2(D1+D2)=?'V§‘Dg

‘whence
i ' . (114
. D1=—%Dziv,2§-V%-Dz+iD3 . .. Lo (‘ )
, ,
' 3 g2 - » "
=-§D21V%. %ﬁHDQ . . . “e . . (11-4-A)

Equations (113-4) and (1I4-A) can of course also b2 obtained direct from Equation
112, ‘

Cle’ar]y,ionly the plus Va:Iue of the expre:sion below the root sign can be used, as Dy
‘and D, must always be positive. : ‘

The applications of the above equations to.a standing-wave on 2 sloping glacis, involves
not only the assumptions (@) to (¢) on page 180 but also neglect of the component of
gravity parallel to the bed (Figure 11:3)
/

’

n

Tigure 113 Standing wave on Inclined Glacis

In this connection, Bakhmeteff! (pp. 233) remarks ;— .

*“Ihe advantage of considering the jump ina canal with a horizoatal bottom, lies
specifically in the fact that the effect of gravity-is eliminated. In case the bottom were 1ot
horizontal, as in Figure 11°3, one would have to add to the forces contributing to the change ‘
of the momentum, the gravity component W sin § where W is the weight of the liquid body
" abed. That would require knowing the length and the form of the jump, unless, as done by
many authors in the past, the effect of the weight component is simply: neglected. Such

an 4pproximation, however, is scarcely permissible and, as observations have shown, leads
to serious incongruencies’’.

For a full treafment of the standing-wave in all its aspects, the advanced student
is referred to this Author.! Nevertheless, provided that the slope of the glacis is not too
pronounced, neglect of the gravity component is ' justified on the grounds that the error 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 componexut on a sloping giacis, 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) rHydranlics of Open Chonnels” by Botis A. Bakhmeteff, M. Am. Soc. C, K, {1082).
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The loss of energy in the standing-wave can be comnputed thus (—

T’E Line, hyper- Crcttcab

R . : | ' TE.line, sub -critical

£ - T R

i
| .
! E
| V=D, e
l Sy
' ’ l L : ' N : ~
Avio
& PR 2 BED
Figure 114

Let HI, be the loss of energy,
Ef, be the energy of flow above the wave,
_ Ego be the energy of flow below the wave,

~

Then
Efl - Efz

=(D1+ 2g) (D2+ ) - o
=D~ +5 V1~V ‘

_ Ppyel 1 ' (11-
=D,_Dz+—2§_(D§_D:) PO . . .. . (11-5)

~ This is the fundamental equation for loss of energy in the standing-wave, f

Either D, or Dy can be ehmmat“d by the substxtutlon of the values given by Equatlons
11:4-A) or (11 3-A). . ’

Rewriting equation (11-6)

2 1 q% 1
Hr.=D,+~g— 'ﬁ —Dz—%g ‘DY

Substitute the values given in Equatlon (11-2) for the quantity q3/2g,
then- . ~

B . D,.D, (D;4+-D) D,.D, (D,+D,)
' HL"“DI_D2J| 1 24Dill 3)_ 1 84&); ‘2

[y

which, upon reduction, simplifies to :— '
Dby . : .
4D ‘DI . . ' . . e . , . . .(11‘6)

It is now necessary to examine the relatmnshlp of Dy and D, to D, the cr1t1cal depth
for the discharge g.

By def1n1txon, water is flowmg at cnt1cal depth and velogity when the energy of flow is
4 minimum, ‘
From any text.-book on Hydro.dynamics,

q Vc _-Do
Ve

55 = 1Do
Vc=v g. Do
and g=v/g" Dqs
Lor Do=3V g%g.
From equattion (11 2)
D,;'Dy (D,+D, Eq’

* =2 D2

and-
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Divide through by D8 and the above equatmn can be wr:tten

D1 Dy gD =2
. "Dy D Dc N

Let x=D1/D, ‘
and y=D,/D, . »
Then xy(x+y)=2 . « «  + o = . . . . S (1-7)
which is a dimensionless equatmn. ' '
' The relationship of HL to D, is found as follows i—
Put z=HL/D, -
and divide equation (6) through by Dc. thett 1e L
ly—=)3 . , (11-8)

- . . * . . - . . . ey .

=Tdxy 4xy

This particular analy31s is due to ¥. 8. Crump who utilised it to determme the pos1t1on
of the standing-wave, when Hr, and ¢ are known.” :

STANDING-WAVE AND DESIGN OF DOWNSTREAM FLOOR

In connection with the standing-wave the following facts which have an intimate bearmg
on designs, should be carefully noted and remeinbered. These are :—
(@) On a level floor with low friction, the position of the standing-wave is uustable.
For a slight change in the depth or velocity, the position - 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 predlcted

(6) Ona s]opmg glacis, the position of the standing-wave is definite and can be closely
predicted.

(¢) The length of the jump is approxxmately five times the height. While the begmnmg
of the jump is fairly definite, its lower end is indefinite, In estimating the length,
the lower end istaken as the place where the water surface becomes and
remains sensibly level, The position of this is variable and diﬁcult to locate.

-

The exact significance of the above three characteristics of the standing-wave will be
best explained by a reference to Plate XI.3, Figuresl and 2. o

Figure 2 (Plate X1. 3) shows the water ﬁproﬁles 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 wazer surface for the mazimum flood dis-
charge with a foot or so lowering of downstream flood level due to retrogression of river bed.
Curves 3 and 4 show the water proﬁles with smailer discharges 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 retrogressmn of bed Ievels the
~ standing-wave forms on the permeable floor. b

The dotted Cutves 1, 2, 3 and 4 repretent the p:essure gradient lines under the condi
tions of flow of the full curves 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 water
levels or, the weir floor level where the latter is higher than the downstre am water level,
The maxlmum uplifts due to this cause w1ll oceue when the pond is fully up and there is no
water on the downstream floor.

But the standing-wave superimposes a new set of conditions. For instance, during the
maximum flood when the total head over the weir is 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 112’ which represent the unbalanced heads or uplift pressures
at these troughs. The floor thickness will have to be designed to withstand these pressures
of 94 to 11-2 ft. Again, the standing-wave is not stationary. It moves downstream with
the retrogression of 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 due allowance Yor spread,
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Thus, the final thickness of the section at each point will have to be designed for the
uplift due to sub-surface flow or the standing-wave, whichever is higher. ‘The thickness 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 placas bigger than, that of the horizontal
floor. : o

Next consider the case of Curve 5, the standing-wave forming on the permealile apron.

The unbalanced head in this case may be about 6 feet. This head will suck ot sand from

peneath the loose stone and, to a smaller 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 smooth horizontal floor is unstable. It

" can form on the pacca horizontal floor or can travel down to the pervious floor downstream

with its attendart dangers mentioned above. For a structure to be safe, the standing-wave

should, therefore, be confined to the sloping glacis and not permitted to form on the

horizontal. A most essential condition for a safe design, therefore, is that th: standing-wave
should not form lower down than the be of the glacis.

Thickness of floor as determined by the Standing-wave _

In détermining the thickness of the floor for the trough of the hydraul ic jump, it should
be remembered that :—

() The actual position of the standing-wave is somewhat upstream of the calculated
position by a distance approximately equal to (Dy—D,). (See Figure 11.5.)!. This
is a provisional figure which experimenta] evidence may confirm or modify.

~ :

js 100 < ngc -
5 ' , Eﬁ,‘, COMPUTED POSITION FOR
g \thf L TAIL WATER
X< il
. ‘ l

- {0

wl-
2
ol
@
o

FEET

~ DIAGRAM SHOWING OBSERVED AND
COMPUTED POSITIONS OF THE HYDRAULIC JUMP

Figure 116

(3) Due to the forward movement of the upstream end of the jump, the actual depth
of trough will be somewhat smaller than calculated.

(¢) The upliit due to the maximum depth at the trough will operate only at 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) Atthe 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 a§ two thirds the thickness of jet. 1t 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 the 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 correspondingly reduced.

(1) “Theory of the Hydraulic Jump and Backwater Curves'’ by Sherman M, Woodward, U, 8§ A. (1017), - 87
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Length of Horizental Floor as determined by the Standing-wave

‘It has been laid down above that for a safe design the standing-wave should on no
account form lower down than the toe of the glacis, It has also been stated that the main
disturbance of the standing-wave dies out ata distance from the point of formation equal
to five times the jump or 5(Dy—D;). 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 should be nearly 5(Dy~D;), where -

Dl__depth of water just upstréam of the point of formatton of the wave,
and Dz-— depth of water just downstream of the pomt of formation of the wave.

Tag Gracis

The des:gn of the giacls, its slope.and shape, do not seem to have rece:ved much atten-
.tion so far. 'The older weirs were generally desxgned on a slope of 1/15 so as to follow the
‘Bligh gradient line of 1:15 and thus require a comparatively small thickness of floor to ,

withstand the small uphft pressures’ ‘resulting with such a design. No cons1derat10n was

given to the standing-wave. From actual observatlons at site and from calculations it has,

however, been found that the flatter the-glacis, the more intense the wave and the greater
. the range of ‘the’ trough, requiring :heaVy. thicknesses along a much greater Jength of the

floor. (Plate XI1.3, Figure 1). The steeper the floor, the less the range and depth of the
. trough of the wave and therefore, the shorter the length and thickness of the gIa.cxs (Plate
X3, Figure2)."

Slopes of between 1:3 and 1 5 for the glacxs are cons:dered to be the most suitable
both for the maximum ~ dissipation ‘of energy and economy

Montagu® has dealt with the design of the glacis 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 fact 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 standing wave is the outcome of thxs vertical component of velocity, the energy of
which is unaﬁected by the occurrence of ‘the standing-wave., He suggests that the proﬁle

of the glacis should be so designed that the maximum horizontal acceleration is im-
parted to the stream at all stages of dlscharge.

Bose! has, similarly, worked out a form of glacxs which w111 give the flowing
stream the maximum horizontal acceleration,

The profiles as given by Montagu and Bose are belng tested in the Punjab Irri-
gation Research Institute and it is as yet premature to pronounce on their merits.
Level.of Downstream Floor as determined by the Standing-wave.

An essential condition for safety lS that the standing-wave shall not form lower
_.down than the toe of the g1ac1s. For a maximum flood, thie downstream level, the afflux
“and the dISCharge per’ fost Tun ‘are known.’ “The loss of head L will be appreciably the
_same as the afflux, Whete necessary, correction for veloc1ty of approach upstream and
:veIoc1ty of recess downstream, may be allowed.

T.E. LINE UPSTREAM -K

l

e —\ L. t— T.E.LINE DOWNSTREAM

D,

I S S ___.___L__

Figure 1146 . _
NowILe=Ea—=En ° . . . . . .« 5.« . . (11-5)
where Eyy=Energy of flow just upstream of the pomt of formation of the wave,
“and Ep=Energy of flow just downstream of that point.

(1) "Irngatxon Canal Falls,’” Appendix VI.B, Central Board of Irrigation Publlcation, No. 10 (1035).
: . . - . 212
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The profile of water flowing over the weir can be easily worked out from Mon-
tagu’s?! hydraulic diagrams' which have be.en extended by Ka_nwar'Sain and are repro-

duced as Plate XI.I. For instance, at a point K on t.he glacis the total energy of

flow is KK, i.c. the vertical mtercept between the total ene'gy line upstream and the point- -

on the glacis.. Given the discharge per foot run (g) and the total energy at the point
(KK'),the depth of the jet at that paint can be read off directly from these ctrves.

Thus for E}1=20 and discharge = 240 ¢s, the depth D, (Figure 11:6) at hyper-critical flow ‘

will be =9 feet and that at sub-critical flow (D,) = 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 upstreem of the
standing-wave should be taken ‘below the upstream T. E. Line and that for points down-
stream of the standing-wave, belqw the downstream T. E. Line. - \

Now, given the discharge per footf run and Lm, the afflux, the energy of flow (Ej,)
below the standing-wave can be directly read off the curves of Plate XI. 2": These
curves have been prepared by Kanwar Sain, I. S. E., and are an extension of Blench’s
curves?. L T

Thus for an afflux of 3 feet and discharge per foot run of 300 cusecs we get
from Plate X1.2, E;=24-64. From Plate XI. 1, fox dlscharge per foot run g——300 and
. Ey=24-64, we get D,=216, -

The level of the downstream floor for these conditions will be—

—Downstream max. flaod length— D,

—Downstream max. flood level—21+6
. The downstream level so obtained should be tested for other conditions of ﬂow when
the discharge per foot run is lower and the effect of retrogression of down-stream bed levels
of the river fully 0perat1ve It should he not1ced in this connectlon that while in low
stpplies the water level may go down by as muoh as 4 to 7 feet due to retrogression of
the downstream river bed, the maximum flood levels will, not be materially altered a
reduction “of about a foot or so being the maxunum that might be expected.

The discharge per foot run over the downstrc.am floor should be calculated on the
width of the floor at the point under conmsideration, 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 ow';er the

loose stone apron. The one-man stone commonly used in the aprons will ord—manly '

" not be shifted with velocities as high as 18’ per second?, but it would be best to limit
- thesé velocities to about 10 feet per second. "

_Having determined the length of the horizontal floor and its level, and havmg got
the crest level; the slope of the glacis and the workmg head, we can complete the des:gn
with reference to sub.surface flow. One or more trials may be necessary  to work out
the most econbmical design;” -7 "7 ' ‘.;}

The effect of the reduction of the Iength of the downstream horizontal floor, other
factors remaining unchanged, is best illustrated by Plate XI1.4 (proposed 'Trimmu Weir).
A reduction in. length reduces uplift pressures and increasesthe exit gradients. If the
exit gradient is fixed, the " length of the horizontal floor will be determined by the

ratio a=>b/d required to give that value of exit gradient for the given head and depth

of piling (d). The length so obtained will have to be increased if it is found to
be insufficient for the requirement of the standing-wave. .

(1) “Hydraulic Diagrams,”’ by A, M, R, Montagu, M.L.C.E., &c., C.B.I, Publication No. 4,

(2) C.B.I, Publication No, 7, “Hydraulic Jump,” Plate V (1931},
(3) Page 43, “River Tralning and Contiol”” by F, J. B, Spring (1003),

ooy T T
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HHr&teN OF WHIR IN RELATION 70 SURFACKE FLOW ) T3]
’ SUMMARY OF PROCEDURE IN DESIGN
Enowan :— . .
1. Maximum flood discharge,
2. Maximum flood level.
3. Minimum water- level; .
4, River bed level at Weir site.,

To delc.ldf&ﬁlux. . . . . . . . v e w7 (R1ss).
2. Pond ILevel. This will be determined from a consideration of the full’ supply . ., ’
levels in the aff-taking canals and of winter (low discharge period)
storage, if any.

3. Discharge per foot rom . . .. . . . . . . {pp: 171-172) ¥
4. Length of water-way . . . . e . . . . {pp. 171-172).
6. Type of Weir, viz-, Bafrage ot weir and Underslnice . ey (pp- ...172=113)
6. Crest levels . . s . . . .- . . (pp. 172'”3).
Ta determine :— . ‘
1. Total length of impervious flocr, and depth and locatiou of sheet piles v {pp. 142-166)
2. Exit gradient at the end of the impetvious floor . ' e .« (pp. 140-142)
3. Depth of sheet piles in relation to exit gradient and flocd scour . . {pp. 152-154)
4. Level and length of harizontal part of the downstream impetviaus floor . _» . (pp.186-187)
5. Thickness of dawnstream impervious floor:— . L .
(a) With refernece to uplift pressures ' . : . . . (pp.'142-156 &
‘ / : - 188) .
(b) With reference ta standing-wave . . . L . . (p.185) y
6., Design of flanks . , , . . e . (pp. 158-165)
* 7. Léngth and thickness of upstream and downstream aprons . R . (pp. 173-177)
8. Inverted filter . . . L . . . . . (p. 167).
9, Length, shape and free board of guide bauks . » v+ . .. (PP.177-179)

The details of designs of weir section with reference to flow of wg.ter t'hioﬁg'h the
subsoil have been illustrated by examples in Chapter X. The following will ‘give a

general outline of the procedure for a complete design in respect‘ of 'subsoill and sur-
face flow (— . ' '

The 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 piles and the
intermediate piles if any, with reference to uplift pressmes, exit gradient, earth pres-
sures and flood scour. The detail of desigus for exit gradient and uplift pressures due to sub-
soil flow have bzen fully illustrated on pages 155, 156 & 166. The stability of end 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 11-8. | The downstream Total Enetgy 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 aflux 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 afflux. Now, having decided discharge per foot run, q (pages 171-172),
the c-est level can be worked out as below :— : : :

From the weir formula
. [ ‘

q=CK3/3 '
Where C=3:09 (theoretical value)
v and ) N : "
K=H+H, or the total head including velocity head,

‘The crest level can now be obtained by subtracting K from éhe" upsti'eam 'Tota:l
‘Energy Line. : : , ST

! Lo

Refer again to Figure 11'6. The crest leval having been determined, the upstream
Total Energy Line will remain fixed for a given value of q. The downstream Total
Energy Line will however have to be somewhat lowered, for purposes of designs, to
allow for a possible drop in the maximum flood level after the construction of the Weir
due to retrogression of the downstream river-bed levels. (See page 171.) A'lowering of
approximately 1 ft. will be sufficient in most cases. Thus while the upstream Total
Energy Line will remain unafiected 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 HI, (Loss of head)=afflux +1 foot=4 feet, where aflux is
assumed 3 feet,

- . . . N . l
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Now, the upstream and the downstream Total Energy Lines have been fixed ' for
the final design. '

" Let us next consider a point onthe glacis where it is decided that the stand.
‘lng wave should form. In Figure 11'6, Ez is the depth of this pomt below the up-
stream Total Energy Line and Ep is its _depth_ below the downstream Total Energy. .
Line depressed by 1ft. asexplained 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 discharge per foot run q, and the loss of head Hi. The value of Ep
can then be . directly read off the curves of Plate XI/2 against a value of Hr—afflux
+1 (=4ft, ia general). ' The ' downstream floor level, which will fulfil the essential
condition for safety that the standmg waves does not form lower down than the toe
of the glacis, can now be found out by subtracting. this value of -Ez; from the down-
stream Total. Energy Line, ‘

The next step is to -find the depth of the standing wave, as thls will determme the
length of the horizontal floor (page 186), and the thickness of this part of the floof and the
. glacis (page185) Now Efl—the depth of the pomt of formation of the standmg wave below the
upstream Total Energy Line is known, being=Ez,4-HL. The depths D, and D, (Figure 11-6)
for that given value of q can be directly obtained from Plate XI/1, D, and D, bemg thg
hypercritical and suberitical 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 Dy—D,. The length of the horizontal floor will therefore be 5 (D;—D,). (See .
page 186.) ' ' o o - PR

The next step is to deteimine the floor thicknesses with reference to the
standing wave page 185). For this it is necessary to work out the complete profile 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 explamed on page 187,
The thicknesses so obtained should now be tested for the maximum uplift pressures which
will occur 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 142-1566, 166.)

-

The semi-pervious floor and the loose aprons upstream and downqtleam can now be
“designed as explained on pages 157, 173-177.

The design flanks can similarly be worked out as explained on pages 158-165.

. 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 dividing the tofal discharge in a "particular section of the weir by the
length of crest in that section, the details of design worked 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 add1t10na1 20 per .cent. for such -concen-
‘tration. A simple way of dealing with this concentration is to take the active discharge
per foot Tun as g+a0 per cent.= 5/4 g. (See page 176. The details of design as worked
out for this increased figure can then be taken as deﬁmtely suitabla and ad=quate.

‘ENERGY Dzssnm'non AND PREVENTION orF DANGERO‘US Scorm DowWNSTREAM OF APRONS.

The length of the downst*eam horizontal ﬂoor can be reduzed with a corresponding
savmg in cost, if the range of turbulence of the standing wave can bé restricted and
the normal steady level of the downstream water obtained in a distance less than five
:timeé the jump from the toe of the glacis, A number of devices for restricting the range
of turbulence have been.tried :‘with varying degxees.of success in preventing dangerous

bed erosion downstream of the aprons.
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Before proceeding to a discussion of the devices for the dissipation of enetgy, it will
be desirable to refer briefly to the various factors leading to bed erosion downstream of
freirs. B ' ~

The bed erosion below weirs is due to the formation of vortices in the efluent water.
These vertices! may be horizontal or vertical. The horizontal vortices may be positive
or nega’cive according as they cause accretion or erosion of the bed sand at the toe of the
apron. - - . S '

NEGATIVE OR EROSIVE VORTEX

Figure 1.7
POSITIVE OR ACCRESIVE VORTEX

Figure 118

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

in the adjoinig bed of the channel. In this case the lines of maximum velocity of the efflu-
ent water at the toe have an upward trend. g
y

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 ; (6) unequal
discharge per foot 1un passing through adjoining bays, due to uﬁequal openings of the gates
in case of a level crest or 1o a difference in crest levels—as in’' a weir bay adjoinjng an
undersluice bay, : ‘

. These vortices are met with at the noses of guide banks and divi.de' groynes and at
. every change of Jevel in floor if not separated by a suitable length'of divide wall. The
failires of the upstream nose of the river guide bank at Suleimanki in 1925 anp of the Rasuls.

(1) ““The Causes and Preveﬁtion of Bed Erosion, with special reference ta the Protectian of Structutes
controlling Rivers and Canals”, by A. D. D. Butcher, C B.E,, and J. D. Atkinson, M.I.C.E., Paper
No. 4865 of The Institute of Civil Engineers, (London). !

(2y “Repairs and Remodelling of Rasul Weir (1029-31)", page 127, Papér No, 155, Punjab Engineering
Congress, 1032. ]
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' Weir in 1929 were due to.cause (4). 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 Pun]ab weirs.

To prevenf bed eros;on, it witl therefore be necessary to prevent the occutrence of the
vertlcaI and negative, hor1z0nta1 vortices: Thg former can be provided against by :—

(a) Constructing suitable lengths of divide walls at every appreciable change in
crest levels. :

(3) Maintaining as far as pbséible 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 continuous dwarf wall, such as,
1. a baffle, biff or lip wall, or
2. Rehbock’s dentated sills,
(b) Arrows,
(¢) Raised blocks.
{d) A roughened or toothed floor.
(¢) A combination of two or more of the above forms.

The baffle wall has been discussed at lemgth by Inglis!. Figure 11.9 shows a baﬂé
acting effectively.

BAFFLE ACTING EFFECTIVELY Y

aY
1
L T TLL VS
S

Figure 11.‘9
The dentated sill is best described by a quotation from Rehbocks i—

_ 1t is necessary to deflect the largest velocities to the surface and to diminish the bot-
tom velogities. After many experiments with more than twenty devices, the author (Dr.
Theodor Rehbock) succeeded in ficding in the ¢dentated sill” the desired solutiom. The
dentated sill isa ﬂat roof-like sill on which are placed teeth (dentates) with their vertical
faces upstream and with gently sIopmg 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 inaterially diminished and the depth of scour of the bed decreased to

“a fraction of its formfer amount. Figye 11-10 shows the arrangersent and mode of operation of

the dentated sill. The stream of water is lifted from the bed of the stream by the sill and

is prevented by the filaments of water flowing between the teeth from dropping suddenly to

. the bottom. 'The water filaments directed upwards increase the surface velocities while the

- bottem’ 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, Imglis, M.I.C.E,, and D. Joglekar. Bombay
Technical Paper No. 44 {1933).

(2) “Hydraulic Laboratory Practice,” by John R, ¥reeman, (1929) page 185, publlshed by the Ameri.
can Society of Mechanical Engineers,
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ARRANGEMENT OF DENTATED SILL SCHEMATIC DIAGRAM SHOWING EFFECT
LOOKING UPSTREAM, ’ : ' OF DENTATED S/LL
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Figure 11°10
The ar.ows and raised blocks have been used below Khanki Weir (Reconstructed!)
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 11°1

Showing arrows and blocks downstream of Bay 8 of Khanki Weiy

(1) Pages 117 and 138, Punjab Engineering Congress, Paper No, 162, “‘Reconstruction of Khank! Weir"
by AN, Khosla (1036),
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Failures of Dams andstheir Lessons

It would be highiy desirable to adda chapter analysing the main features of design of
the various existing weirs and dams including cases of failures and their causes. An analysis
of this nature based on the general principles of design laid down in this publication would
be of immerise value as it would draw attention 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,

T'he Balloki Weir is a typical _example of a wasteful dealgn. 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 knowledge, is to have no more than about 160 feet length. of floor
for a total head of 26 feet. '

'l‘he failures of the Khank1 Weir in 1893 and of the Narora Weir in 1898 paved the
way for a thorough investigation of the factors governmg the design of hydraulic works
resting on permeable foundations. The failures of the Tslam Weir K| Pun]ab } and of the
Deoha Barrage (U. P.) in 1929 and damage to the Anderson Weit { Bengal ) in 1935, estab.
lished the necessity for piles at the upstream and downstream ends of the impervious floors,
‘The existence of deep wells under the. crest of -the Deoha Barrage which saved the gates
and gearing from collapse showed that a deep line of piles or wells under the gates were an
important second line of defence. The failure of the Rasul- Weir in 1929 and the damage
to the Merala Weir in 1928 pointed to the necessity for providing against bed scour and
* the unbalanced head at the 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 consequen;g: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
- discussion,.must necessarily be left out for the present. Butitis hoped that engineers
conpected with .the design and maintenance of works of this nature will analyse their
Structures 1n the llght of the fundamentals set forth above and furnish the resuits to the
Central Board of Trrigation, so that if of sufftctent value, they can be incorporated in the
next edition of this publication, ' .

Need for further Research

As has been stated earlier, the experimental work on the surface flow in Yelation to
weir design has been meagre and of a fragmentary nature, and at best qualitative. Future,
research in this direction must aim at obtaining quantitative results. The nucleus for this

‘already exists, Co-ordinated effort is required to bring together what has already been
done aud to cover new ground on a carefully thought-out plan, so as to make the investi- .
gation complete and comprehensive. Field and laboratory. work must, asin the case of
sub-surface flow, proceed .in close collaboration. The model work in this case will be
somewhat more 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. g \

Large economies will be possible in first construction and in subsequent- maintenance
as a result of precise knowledge and uade-standing of the various factors governing design.
The small sums spent in research in the fie'd and on models will be more than repaid in
ove single new major work. We have paid heavily in the past for our ignorance.

- {
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