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The main purpose of this thesis is to present the electrical
analogy investigations in the field of three-dimensional subsoil
flow, with most of which the author has been associated or is
currently assoclated, An attempt has b also been made to conci-
sely present the available information concerning the history,
theory, technique, applications and the recent develo;amentsof
the various electrical arialdg% methods, viz, the two-dimensional,
the sector, and the three-dimensional model methodss The several
diffienlties and 11mitations encountered in the various methods
have been dismissed in the appropriate contexts, Apart from the
applications to the subsoil flow problems which have been dealt
with in greater detail, some important hydraulic applications in-
volving surface flow phenomenon have also been discussed and typi-

cal results presented, The review of research work already per-
formed by the analogy methods has been given, and exhaustive but
typical results have been presented,

Investigations in the field of subsoil flow under hydraulic

structures on permeable foundations, with which the author
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has been associated, have indicated that almost all such problems
require a three-dimensional approach, except for a very limited
number. The need for change of tpe usual two-dimensional concept
in tackling such problems has, therefore, been indicated. Design
considerations for the undsrground parts of hydraulic structures
on permeable foundations may be improved by the use of the three=
dimensional technique in general. Particularly, for simple three-
dimensional structures like syphons and falls, where boundary
conditions are not too complicated, rational criteria for the
design of foundations with respect to subsoil flow may be obtained
by this techniques. Such criteria for canal syphons have been
presented typically.

Problems of simulation of a tubewsll, design of dewstering
systems for deep foundations, and design of relief wells for
hydraulic structures have been discussed and typical results
presented. It has been concluded as a result of some basic stu-
dies carried out recently, that the relative performance of a
properly designed filter, and of properly designed fully penetra-
ting relief wells, provided %o relieve pressures at some inter-
mediate reach in case of long escaping structures is almost the
same. Certaln problems for further research and experimentation
have been indicated, and the desirability of observations for the

study of model gnd prototype conformity has been stressed.
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ELECTRICAL ANALOGY AS APPLIED TO SUBSOIL
FLOW STUDIES WITH SPECIAL REFERENCE TO

THRER-DIMENSIONAL PROBLEMS
CHAPTER I
INTRODUCTION

l.1. HISTORICAL DEVELOPMENT: The electrical analogy method
is a comparatively recent technique for the solution of many
important problems in various branches of Science, Bngineering,
and Technology, and has been very extensively used during the
last three decades or so. Undoubtedly, it 1s a very efficient
tool in the hands of research workers and designers today. In
the field of Hydraulics, the first application of the electria
cal analogy to be published was done by N.N.Pavlovsky1’2 in
‘Russia in 1922, for the investigation of problems relating to
seépage flow under dams; although HeB. Muckleston and B,BE.Sands
used it even earlier to make laboratory investigations of the
flow through earth-fill dams. Other subsoil flow problems,
essentially two=-dimensional in nature, were studied later on
in the thirties using this method, by éeveral other research
workers notable amongst whom are, Ce.GeJ. Vreedenburgh and O.
Stevens,3* % R,D. Wyckoff and D.W.Reed, M.MuskatS, E,W,Lane,
F.B.Campbell, and WH.Price’, L.F. Harza®, V.I.Vaidhianathan
and Gurdas Ram®. M.A.Selim'Q used the two-dimensional techni-
que in 1947, to study the uplift forces acting on a dam, built
on porous media having different conditions of substrata, for
various coméﬁations of simple horizontal floors and cute-cffs.
Numerous research workers have, since then, used the two-dimen-

sional method to ha solve a variety of subsoil flow problems.

—- .



The first successful use of the three-dimensional electrical
analogy technique was made by BeFoReltov!l in 1933, who used the
method for the study of seepage flow patterns under complex struc-
tures built on pervious heterogenesous foundations. Subsequently,
the method was used in 1936, by the engineers of the UeS.Bureau of
Reclamation}z for investigating the head loss in the trash-rack
structures of the intake towers of the Boulder Dame. The use of
sector model technique was made in these studies. H.Rouse and

13 carried out interesting studies on sector models in

M.M, Hassan
1948, for design of cavitation free inlets and conduit contractions
Almost during the same period, H.BE.,Babbitt and D, H.Caldwell ' used
pressed carbon sector models of gravity wells, to simulate the free
surface around the well by a method of systematic trhls. Sector
models, and full three-dimensional electrical analogy models, were
used by PeGoHabbard!® in 1949, to investigate problems of boundary
pressures for flow confined by various surfaces of revolution,and
of flow patterns around bodies in parallel uniform flow. Important
advance in the technique of sector models was made by F.G.Hubbard
and S.C.Lingl6 in 1952, who investigated the problem of boundary
pressures for prototype transitions, in which the absence of an
axls of symmetry makesla mathematical analysis imprgetical or vir-
tually impossible. At about the same time, the problem of study
of horizontal earthquake shock on dams was admirably tackled by the
electrical analogy method by C.N.Zangar and R.J.Haefelil?, whose
results are of direct application in calculations of stability of
gravity dams.

F.W.Opsall8 in 1954, used a new conductive materisl consist-

ing of gelatin, glycerin, water, and salt, for carrying out tests



to determine the potential distribution around a gravity well for
dif ferent penetrations of the well, and also to determine the free
surface around the gravity well. An important advance in thils
direction ﬁas made by C.H.Zee, D.F.Peterson, and R,0.Bockl? in 1955,
who combined the electrical analogy for hydraulic flow with the
membrane anglogy for the free surface, in order to study the problem
of radially symmetrical unconfined flow to a well, and obtained
empirical relationships between the flow and the geometric wvariagbles
of the system.

He AeJohnson?0 in 1955, using both two - and three - dimen-
sionlel models, investigated the seepage forces in a concrete
.gravity dam and its foundations, by means of the electrical analogy,
assuming flow to occur through both the concrete and the rock
foundaéion.

Apart from the development of the linear elsctrical analogy
mentioned above, non-linear electrical analogy has developed consi-
derably during the last one decade or so. Non-linear electrical
énalogy has made possible the seclution of unsteady and periodic
phenomenon in the field of Hydraulics and allied branches. H.M.

Paynteral

studied cases of pressure transients in a uniform pipe,

and surges in a tank,'by the use of electronic analogs and computers.
DII..S‘a.IEIIcIlroyz2 used electric network analysers comprising of special
non-linear resisters to obtain solutions for pipe networks, compara-
ble with results of rigorous algebraic solutions. Blectronic analogs
for stream-flow routing have been used, amongst others, by M.A.
Kohler2d for preparation of river stage forecasts. Studies on an

analog_computer model have alsc been carried out by Re.B.Glover,

D.J.Bebert, and C.R.Daum?4, for finding out flow distribution
patterns, and estimation of water level stages, in a network of
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channels with or without tidal effects, Recently, L.Bernell and
R.Nilsson®® in 1957, used an electrical analog, consisting of about
400 capacitors, to solve non-stationery two-dimensional flow problems,
such as consolidation processes and pore pressures in foundations

and earth dams.

The development of the electrical analogy method in India,
started with the pioneering work of V.I.Vaidhianathan and Gurdas
Ran? 227 15 the early thirties, at the Punjab Irrigation Research
Institute, in connection with the design of weirs and similar
structures on permeable foundations. Since then, the method has
been used extensively for solution of twoedimensional problems of
subsoil seepage at various Reseakch Institutes of India. The first
successful application of the three-dimensional electrical analogy
technique in India was made in 1955, at the U.PeIrrigation Research

Institute, Roorkee, for the case of remodelling of a syphon28 on

a
major canal of Uttar Pradeshe This technigue has been used at an
increasing rate at this research station ever since, and today,
several problems of subsocil flow of hasic as well as appllied nature
are being tackled-by this technique. Recently, in 1958, the three-
dimensional technique was also used at the Central Water and Power
Research Stationgg, Poona, for seepage studies of the foundations of
a major barrage by use of wax models,

1424 FIELDS OF APPLICATION: Of all the experimental techniques,
electrical analogy holds xkkmpk kkx almost the widest field of
application in various branches of Science, Engineering and Tech-
nology. Some of the important fields of its application, alongwith

a few typical problems in each, are mentioned below :-

(1) Magnetism and Blectrostatics - Problems of field plotting
in various casses.



-D-

(2) Thermodynamics - Problems of heat-transfer
in the design of furnaces and
internal combustion engines.

(3) Mechanical Engineering - Problems of torslon of shafts
: and stress analysis in machin
partse
(4) Structural Engineering - Problems of design of framed
structures.
(5) Blectrical Engineering - Problems of design of electri
cal distribution systems.
(6) Municipal Engineering - Problems of solution of pipe
net-works and water-hammer
phenomenon,
(7) Hydraulic Engineering « Problems of irrotational fluid

flow and subsoil seepage flow.

(8) Petroleum Technology - Problems of oil recovery in
drilled wells.

(The types of hydraulic problems which can be solved by the elecirie
cal analogy technique, may be classified as those pertaining to

sloy flow of water through porous media, and irrotational motion of

rwater in surface flow. The most important application of the first
category lies in the estimation of uplift pressures and exit-grade

ients, under hydraulic structures on permeable foundations®0. Other

31

applications of this class are the study of pore pressures”' under

dams on permeable foundations, study of seepage flow in earth dams

92

and embankments, tubewells, galleries and coffer damsy~ computation

of rapid draw-down effects in earthen dams,3 investigation of

seepage forces in a concrete gravity dam and its foundations?o and

design of well point gystems for dewatering of deep foundationsa4.

The applications of the second category can be enumsrated to be,

13

design of cavitation-free inlets for sluices in damsy“ cavitation

around stream-lined bodiesl®, design of transitions for conduit

contractions35

s determination of negative pressures developed in
. overfall spillwaygs, and the determination of velocity and pressure

distributions in g liquid jet deflected by a normal boundaryS? The
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analogy also finds an application in the study of horizontal earthe
quake shock on dams®®, In fact, this method has been developed in
many of its important aspects, and has becoms a very powerful and
reliable method for the solution of pressure and flow problems in
various structures.

The applications of the non-linear electrical analogy are
also numerous and important, andafew applications in Hydraulics
and allied branches have already been mentioned in Section 1l.1.
Wide use of electronic analogs and computers in wvarious fields of
Engineering and Technology bears recognition to the importance of
the nonelinear analogy. The scope of this thesis does not permit
any detailed discussion of the technique and applications of the
non-linear electrical analogye

Apart from the detailed diéeussion of the technique and
applications of the electrical analogy as applied to subsoll flow
studies, its technique and applications for certain surface flow
and other important studiss in Hydraulics have been included in
brief in this thesis, because of thelr interesting nature and rela=-
tive importance in broadening the conceptions of the electrical
analogy method.
1. 36 OTHER METHDDS OF SOIUTION OF SEEPAGE FIOW PROBIEMS: In
approaching the solution of any problem of seepage, the graphical
representation of flow, known as the flow-net, is of great assistance.
Hence, the problem of subsoil flow boils down essentially to ome of
determination of the flow-net, under the given boundary conditions.
Apart from the electrical analogy method, various other methods

have been developed for this purpose. The most widely used of such

other methods 1s the graphical solution by trial sketching, more

— e W e T
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popularly known as the Forchheimer Solution®, It requires little

equipment, and it gives the investigator valuable understanding or
feel of the flow pattern and the way in which the pattern would
change were the boundaries to be revised slightly. The solution is

obtained by systematic trials40

s based on certain recommended guide
ing principles and past experience of working by the method. A
second method of solution is the theoretical or'mathematical solu-
tion. In this method the boundary cénditions of the problem are
expressed by equations, and solutions are obtained by mathematical
procedures. The ¢lassical work of W. Weaver4l by this method for
some simple cases of floors on porous media illustrates the comple-
xity of the Mathematics involved. Thé mathematical solution becomes
sufficiently complicated even for ordinary problems, and hence the
method is largely of academic A& interest only. The third method of

solution through the use of sand or hydraulic27’3°

models has been
appiied widely for the determination of paths of seepage or flow
lines. Another method less commonly applied is the capillary flow
analogy42 or the viscous fluid model method, based on the analogy
of capillary flow between two closely spaced parallel plates to the
two-dimensional flow through soils. The method is in many wgys
similar to the sand model method, and has been used mostly as a
check on other methods of golution.

Most of the two-dimensional subsoil flow problems can be solvs
admirably by one or more of the methods given above besides the
electrical analogy method. Other analogies which can be used con-
veniently in certain two-dimensional cases are the slab analogy43,

membrange analogy44, soap film analogy43, and elastic analogy45.

The three-dimensional subsoil flow problems are, however, difficult
and most often impossible to be solved by the methods and analogies
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given above, except by the electrical analogy method. A limited
application of hydraulic models?8» 46, and membrange analogy cum
electrical analogy modelslg, has been done in such three-dimen-
sional problems.

1.4. ADVANTAGES AND LIMITATIONS: The chief advantages of the
method are that the laboratory equipment is cheap and handy, and
'the analysis of many complicated flow problems can be done speedily
and with a very reasonable accuracy. Both three- and two-dimension-
al systems can be studied by the electrical method, the former in
particular being much more readily investigated in this way than

in any other, owing to the possibility of probing the interlor of
the system even when it has no significant symmetry characteristics.
The three dimensional electrical analogy in many cases represents
the only means to obtain a corrsct solution of problems connected
with the design of underground parts of hydraulic structures. The
irregularities of the boundary forms of the prototype add almost

no extra labour for the solutions by the electrical analogy method.
This advantage is in sharp contrast to the drawback of the analyti-
¢al methods, which are easily applicable only for g fewvgeometrical
boundary forms. The scope of the electrical analogy method, as
already outlined in Section 1.2, 1s wider than that of any other
analogy techniques or computational methods.

The general practice in the solution of most of the hydraulic
problems in the past has been to take recourse to hydraulic models,
but it has now been established, that in cases whers the problem is
amenable to solution by electrical analogy technique too, as is the
case with almost all subsoil flow problems, it is always more desir-

able to use this method 46, While, results of practical accuracy

can be obtained from either of the two models, there are other
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definite advantages in the slectrical method, besides those given

in the above paragraph, which make the electrical analogy method
more preferable. Models of much smaller scales can be used with
electrical set-ups, while capillary forces will vitiate the results,
if the scale is rednced very muqh in hydraulic models., Also, the
pressure pipe piezometers used in a hydraulic model cannot be placed
exactiy in the required position, due to their having a certain
optimum diameter to minimise capillary effect in the piezometers to
a negligible value; and as such, thé pressure read by the plezometers
will not correspond exgctly to that at the point at which 1t is
requireds In electrical models such a_g};;;pulty;iswnot»encount-

e T -
ered due %o EE@ use of very fine probes for potential observations.

Other disadvantage527 present in the hydraulic models, which do not
come up in electrical models, are that the difference of levels in
the piezometers being génerally small is difficult to mesasure
accurately, effects of surface tension vitiate the readings some-
what in the usual size models, stable .conditions are achieved in
the model after a considerably long period of runnaing, and ends
of pilezometer tubes in sand get choked at times. The electrical
model has a very important advantage46 over its hydraulic counter-
part, in as much as, it is much easier to study the effects of
changes in any part & of the structure, the only thing required
being to drain off the electrolyte and then introduce the necessary
changes wherever desired, while the hydraulic model should be
dismantled first to enable the changes to be incorporated in it.
The electrical analogy method has its limitations also, but
1f they are recognised,results of practical value will be obtained.
The greatest disadvantage of this method is that the top flow lines

or the phreatic lines must be located by trial, or use made for
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their location of other methods usually mathematical or sand model
methods. In regions of high velocity subsoil flow, such that
Darcy's law becomes inapplicable, the results of analogy method
become unreliable. Similarly, in irrotational surfacé flow problems,
such as flow around submerged bodies of revolution, 1f separation
occurs in the hydraulic model, the results of analogy method no
longer become applicable47. Capillary forces, which often affect
the seepage flow conéiderably in prototypes, are not amenable to
simulation by the analogy. Also, in the analogy methed, since the
electrical resistance and permeabllity coefficient of soils cannot
be related together, there is no direct method of assessing the
amount of seepage through or below a structure. Electrical analogy
results must be supplemented by data of permeabiility, obtained
separately, for such a purpose. Although, in two-dimensional flow
cases the seepage can thus be determined rather accurately, yst for
three-dimehsional cases it can be determined only approximatelyll.

In most of the problems, usually in the three~dimensional
onés, assumption has to be made for the subsoil to be homogeneous
and isotropic upto the depth of the impermeable layer, since it
becomes rather difficult to represent stratification of subsoil in
the models. That such conditions of homogeneous and isotropic
subsoil do not exist in the field has to be kept in mind. But,
fortunately for most of the problems, such an assumption will not
be very wrong46. And, after all, most of the calculation procedures,
even for two-dimensional work, are based on the above assumptions.
However, even in three-dimensional electrical analogy work, it is
possible to simulate stratification with a properly developed
technique:/ |

Do add



CHAPTER 11

THEORY OF THE EIECTRICAL ANALOGY

2.1. LAWS OF SIMILARITY: The various laws of similarity enter-
ing into the scope of electrical analogy as applied to hydraulic

problems are mentioned below -

GO G0 U U D > P O G e G e o wn o o B o G O an wm $Eo A e T R - W T G TR A AN G S WS W - ™ -y W

It 1s well known that the slow flow of water through sub-
soil obeys the Darey's law, which may simply be represented by
the equation, ‘

Vv = K. B @

L

where, V represents the velocity of flow through ths subsoil bed,
the proportionality factor K represents the permeability of the
medium aﬁd is known as the coefficient of permeability, H repre-
sents the head causing the flow, and L represents the fhickness
of the bed measured in the direction of flow.

The above equation can be written in the following differ-
ential form:

v = -K_%_E eee ee e (2)

where, JH is the average hydraulic gradient along the path of
flOW,‘BI?%;ing the eiementary length along the path of flow.

If we consider three-dimensional flow i.e. the flow of water
not only in two directions, but in all the three directions, as is
the usual case of subsoil flow, tﬁe easlest way of studying the
problem will be to resolve it into three components along'the théree
cartesian coordinates. Thus, if vy, Vy,and vy, denote the velocities

- parallel to x,y,and z,axes respectively, the general vector law of

-lle
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Darcy, equation (2), can be written for isotropic and homogeneous
subsoils as:

vy =-K OH; v, =-K 3H; v, = -K 3E ves  (3)
x Bx’ v ay’ z 2

Since, the flow of water in a soil is not different from
the flow of a hypothetical incompressible fluid, which we may
suppose to replace both the water in the soil and the soil itselffa

the equation of continuity,

¥z + A + % = o ces  (4)
oX Yy d2

will hold good, which expresses that the volume of water flowing
in a small elemental volume of soil during a certain interval of
time must be equal to the volume flowing ou€?3t during the same
interval of time.

Substituting in equation (4) the values of Vo VykVz as
given above in equation (3), the followlng equation is obtained.

E‘ag* £H+ &H:O eee (5)
X

¥R dz2
This equation is the well known LaPlace's equation governing the
subsoil flow. The pressure head function H which satisfie§ this
‘partial differential equation is called the potential function.
This potential function determined from the equation (5), will
be subject to the boundary conditions presemt in each particular
problem, The function is finite, continuous, and single valued,
at all points of the medium, and the general methods of solution
usual in potential theory will apply.
For two-dimensional flow, the equation (5) reduces to:

E2 H =+ ag H = 0 eoe (6)

9x2 Jdy?



2.1.2, Steady Irrotational Flow of a Fluid:

Using the same notations as applied in Section 2.1.1, the
following conditions (Cauchy-Rismann equations) for irrotational

flow of a fluid in three dimensions may be written:

BV; = E‘LZ_ 3 avz = va Ay = évz ees (1)
CET B Y2REY dx dy
Considering the incompressibility of the fluid, the equation of

continuity (4) holds good. ‘Further, the steady flow requires
that the velocity at any point mist be constant. If § is the
éelocity potential of the field, the velocities in the three

directions are equal to the gradient of @ in the corresponding

directions, as expressed by

Vx:‘._a.ﬂavy“._ﬂyvz-‘_?_ﬂ oo (8)
IX dy dz :

- Substituting in equation (4) the values of vy, Vy, and v,, given
in equation above, the following LaPlace's equation is obtained,

Rg o+ XPp + Py =o0 ceo (9)
Jx2 ng 322
which, for two-dimensional flow becomes,
}2 g & QZ g = O . cee (10)
3 dy?

201630 FlOW‘Of Blectricity Through.a Homogeneous Conductor:

The flow of electricity through a homogeneous and isotropic
conductor or electrolyte follows the well known Ohm's law:

I = E seo0 (11)
R

where,I is the current flowing through ths conductor of resistance
R, under the applied wltage B, If ix, iy, and iz, are the compo=
nents of current parallel to x, y, and z, axes respectively, the

Ohm's law (11) can be expressed in the following differential form:

°
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i

x = LE; ly=1E; 1z=123 s (12)
R 3x Ry R 9z
where OB, OE and 3E are voltage gradients at any point x, y, z

dX Ay 9z
Furthermore, for the steady flow of current in the e€lectrodynamic

system, the equation of continuity given below must be satisfied.

gix +* 3{2 +* g{'z = O K] (13)
X oy 9z

Substituting in equation (13) the values of ix, iy, and iz, given

in equation (12), the following La Place's equation is obtained.

a2 2 2
d%? JyR dzR
For two-dimensional flow, this differential egftion reduces to
2 2
.a E + ‘3 E = 0 oo (15)
x® dy?

The forms of the La Place's equations (5),(9), and (14), or
(6),(10), and (15), are identical respectively, and thus clearly
- indicate the analogy between the slow flow of water through a
porous medium or irrotational flow of a fluid, and the flow of
electricity in homogeneous and isotropic conductors.

The important analogy between the subsoil flow and the elec-
tric flow can be more directly visualised by writing down the two
corresponding laws of flow as below, to bring out the simmilgéiry

similarity between the two.

DARCY'S LAW OmM!S LAW
Q = KAH 1 =KAY .., (16)
L L?
where, Q = rate of flow of water I = current (rate of flow
of electricity)
K = coefficient of per- K!'= conductivity coeffi-
meability of soil cient of the electro-

lyte.
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A = cross-sactional area A' = cross-sectionsl area
for the flow of water for the current flow,
H = head producing flow .V = voltage producing
current.
L = length of path of L' = length of path of
percolation current

Moreover, by writing the two laws as above, the analogous or the
comparable quantities involved in the analogy become obvious. A
knowledge of such analogous quantities 1s essential for the correct
simulation of boundary conditions in the analogy model, and ths
projection of the results obtained on the model to the prototyps.
22, THE FLOW-NET: The flow-net is a means of representing grae
phically the nature of the flow of a fluid, and gives a vivid pictare
of the flow conditions ina region specified by definite boundary
conditions. It permits the accompanying velocities and pressures
to be computed for many conditions, which were otherwise usuélly
determined by measurement on hydraulic models.

26201 Tha Stream Surfaces and the Equipotential Surfaces.

The La ?lace‘s equations (5), (9), and (14) derived in Section
2.1y all represent two sets of surfaces; the stream surfaces and ths
equipotential surfaces represented generally by}P (x,y,2) = constant
and ¢ (x,y,2z) = constant respectively, These surfaces are mtually
orthogonal for isotroplc conditions of the medium, and comprise
the three-dimensional flow-net. For the case of a two-dimensional
problem, these surfaces become lines -¥(x,y) = constant being the
stream lines, andéﬁ(x,y) = constant, the equipotential lines. For
the case of flow of water through subsoils, the streamlines are the
Aokix wkoxkxaxzm paths which a particle of water follows in ifs
~course of seepage through the saturated soil mass. The equipotential
lines determine points where the total pressure head of water is

constant,



The same quantity of water 1s assumed to flow betweem sach
pair of consecutive stream lines in a two-dimensional net. The
velocity, therefore, must be inversely proportional to the spacing
of these lines at each point. Since the drQp in pressure is
directly proportional to the velocity, the spacing of ths equipo-
tential lines must everywhere besar a constant ratio to the spacing
of the stream lines at that point. It is convenlent to make the
spacing of the two systems of lines equal and each figure an appro-

ximate square with the same agverage breadth and length.

Since the La Place's equation has a unique solution, one
and only one flow=-net is possible for a given set of boundary
conditions. The flow=-net gets changed by changing one or more of
the boundary conditions. This possibility of obtaining a unique
solution under any given condition strikes a note of caution, since
a flow-net can always be obtained for any assumed form of boundaries ,
even if these are incorrectly reproduced for obtalning the solution
by any of the methods; But, the results will not naturally be
applicable to the prototype unless the boundary conditions are simu
lated accurately,

The solution of the La Place's equation for drawing the flow-
nets can be found by various procednres. Analytically, the solution
can be obtained by solving the equations for known boundary condi-
tions. As an illustration, such a solution for the case of an
impervious dam with a flush horizontal basg@ resting on a pervious
infinite foundation is shown in Drawing 1. The stream lines are a
system of confocal ellipses, whose limiting forﬁ is a straight 1line,
being the base of the dam itself, with centre at 0 (see Drawing 1)
having the equation,
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x2 . y2 = 1 eee  (17)
(% Cosh g*{’)z (% Suakg‘l’ )2

where,the notation used and quantities entering in the equation
are the same as indicated on Drawing 1. The equipotential lines
are given by

: xz + y2 = 1 seo (18)
(.g. CoskT & )2 (-% Sk} b )2 |

and are shown on the Drawing l.yandd, as already mentioned, are
the stream function and the potential function respectively, The
uplift pressure,h, along the bage of the dam has also besn shown
on the Drawing 1 in terms of H, the head acting. The equation
for this line obtalned mathematically is

h= E Cos™t  2x- ces  (19)
v b -

Apart from the electrical analogy and analytical methods,
_graphical methods of trial sketching®, relaxation methoas®,

and method of sources and sinks7, are the other methods that can

be applied. However, as already discussed in Section 1.3, elsctrical
analogy method 1s very preferable for such a purposs, morsso in
three-dimensional problems, which become far more tedious and of ten

impossible to be tackled by other methods.

A correct knowledge of the flow-net in the field of subsoil
flow problems, enables the computation of loss of water through dams
and their foundations by seepage, uplift pressures on the foundations
of hydraulic structures with which the seepage water comes in contact,
and the exit-gradient and safety against piping. Bxamples of its
.uses in other flow problems are to be found in prediction of cavita=

tion in steady irrotational flow of water over overfall crests of



19~

or eddy losses are more likely to set in, and the results are apt

to be less reliable. On parallel reasoning, it can be seen that

the flow through suddenly expanding sections cannot be accurately
analysed, since eddies are very likely to be caused in such g flow.
The accuracy of the agreement of the flow-net analysis with the

flow of the water in the actual case; will depend upon the close-
ness with which the flow of water approaches the action of a perfect
fluid. This has to be kept in mind in deciding on the probable
reliability of a flow-net analysis.

3 s ek o
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spillways, and in flow through inlets and conduit contractions. It
is also applied in the studies to eliminate or minimise the effects
of caﬁitation, in the boundary design of hydraulic machinery like
turbine runners and ship propellors. |

It is worthwhile to stress that the flow-net loses most of
its significance when applied to three-dimensional flow cases. 1In
a flow-net for two-dimensional flow the veloclty at any point varies
inversely as the width of the stream tube, as pointed out in |
Section 2.2.1. But, although the discharge through a stream tube
still remains constanf, the cross-sectional area of the stream
tubes in the threesdimsnsional net is not a function of the width
of the stream tube alone, but also of its depth, which is aw varia-
ble. As such, it is not possible to obtaln the velocitles directly
from the three-dimensional net, as c¢an be done in the case of a
two-dimensional net. It is possible, however, to obtain velocities
in these three-dimensional nets by a simple but laborious metho&?
“The mailn purpose, therefore, in drawing three-dimensional mets is
to indicate the directlon of flow.

It is importgnt to keep in mind the various limitations of
the flow-net solutions, since at times it might be tempting to
extend the method at the expense of factors which cannot be consi-
dered in the flow-net theory. Thus, the flowahet solution is inapp-
licable where friction or impact losses are appreciable, in so far
asy such a behaviour of water detracts from its assumptlon as a
perfect fluid, which is the basic assumptian in the theory of flow-
net as applied to hydraulic problems. Where water 1is accelerating
as in the case of flow over a weir or a dam crest, through an
orifice or under a gate, the flow-net analysis can bs used with

considerable accuracy; but vhere water is decelerating, impact
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or eddy losses are more likely to set in, and the results are apt

to be less religble. On parallel reasoning, it can be
the flow through suddenly expanding sections cannot be
analysed, since eddies are very likely to be caused in
The accuracy of the agreement of the flow-net analysis

flow of the water in the actual case, will depend upon

seen that
accurately
such a flow,
with the

the close-

ness with which the flow of water approaches the action of a perfect

fluid. This has to be kept in mind in deciding on the
religbility of a flow-net analysise.
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CHAPTER III

ELECTRICAL ANALOGY TECHNIGUE

3.1 TWO~-DIMENSIONAL SET-UP: The basic primciples and technigque
used in tw-dimensional electrical analogy work are the same for the
various types of problems tackled by this method, and are presented

hereunder:

The first step in the constructien of the electrical analgy
model is the simulation of the boundary conditions accurately. This
is a very vital and important part of experimentation, and often a
correct representation of the boundaries is the most difficult job
of the experimenter. To explain the various details, the case of
flow beneath an impervious earth dam with a central sheet pile cut-
off resting on permeagble foundations is considered. Referring to
Drawing 2, the boundaries to be simulated are s

(a) the upstream face A B, where seepage flow enters,

(b) the downstream face E F where seepage finds its exit,

(¢c) the intervening boundary B C D E of the impermeable base and
the sheet pile, and

(d) the subsurface rock stratum G He
At the upstream and downstream ends theoretically the boundaries
are to extend to infinity, but for practieal purposes it is consi-
dered sufficient to simulate regions of length of about five times
the depth of the pile. These equipotential surfaces are simulated
by copper strips or other perfectly conducting strips, and the
stream line boundaries by non-conducting strips such as ebonite,
pyralin, plexiglass, perspex or other plastics, seasonsd wood, or

any other perfectly non-conducting material, T physical dimensions



of the model and the prototype are kept in prbportion, and the
various strips are secured in position in a flat insulated tray
of suitable dimensions by noneconducting adhesives such as plase
ticiene, wax, or durofix, care being taken to keep the copper

plates flush with the surface at the tray sides.

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

In addition to the simulation of the boundaries as men=
tioned in Section 3.1.1y a conductive material through which
electric current can flow is required to be substituted for the
granmular material through which pater percolates in the prototype.
The requirement for the conductive material# is that it be homo-
geneous so that the elecﬁrical resistance is constant. Both
solid and liquid conductive materials have been used, The follove
ing two solid resisting media are commonly used:

1) tin foil of about 0,005 inch thickness pasted on stiff
. manila paper, and

i1) heavy firm paper sprayed with a number of coats of
graphite colloid, called 'aduadag' papsr. Thin metal
sheets other than tin have also been occasionally used
for the purpose.

In case of liquid resisting media water is used usually
with an electrolyte solution of sodium chloride, ammonium chloride,
or copper sulphate. Even ordinary tap water 1s found to be quite
satisfactory.

With conducting sheet models D.C. 1s generally used, while
with electrolyte solution A.C. only should be used to obviate
polarisation effects. The conduction paper method possesses the
advantage that impermeable barriers, such as sheet piliné, is
particularly simple to represent. ARl that is needsd 1s to cut out

frpm the conduction sheet figures geometrically similar to the
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barrier being studied. Also, this method is free from shock

hazards. However, liquid conductive materials are versatile to

uséy since they are the most satisfactory medium for three~-dimensional
work alsos, The conductive materials to be used in a particulasr

model is determined by the problem required to be solved.

36 1o 30 Simulation of Stratifications

Problems of stratification in subsoil can be handled with
elther type of conductors, It is not so easy with solid resisting
media, but in case of 1liquid media all that we have to do is to
keep the depths of solution at respective places in the ratio of
their permeability coefficlentss Thus variations of the permeabis
1lity can be expressed by variations in the depth of the electrolyte,
brought about by proper stepped construction of the model. In order
to satisfy the condition of two=dimensional electric flow in the
electrolyte where the depth changes suddenly, it 1s necessary to
fasten small metal strips or wires vertically oh the boundaries of
the stepped section of the modely particularly if the ratio of
the depths is large. Another way of simulating permeébilities is
%o use electrolyte solutions having proportional conductivities
in the required places in the model., Sometimes, wheﬁ the ratio of
permeabilities of the strata to be represented is too large, recourse
is taken to a combination of the two methodsy, i.e. varying the
depth as well as the conductivities at the same time. In cases with
extreme differences of permeability, a good conductive material,
such as copper, may be used for the extremely permeable layere

Quite frequently, the permeability at any point is the same
in all directions in the prototype but diminishes with depth,

Ihis condition is gimulated by tilting the tray and allowing the
depth of solutlon to be proportional to the permeability at respece
tive places in the modele
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A coﬁmon type of non-homogeneity occurs due to stratification
of the foundation material, when the permeability in a horizontal
direction is greater thgn 1n a vertical direction. The horizontal
cosfficient of permeability may often be as mich as ten times as
large as the vertical value, If the ratio, k, of horizontal per-
meability to vertical permeability is constant at all points, the
condition may be simulated by studying a model of the structure
that has had its horizontal dimensions reduced by the ratio _;=_.
To get the actual flow=-net in such a case, the flowenet obtaiégd
with the compréssed model 1is expanded to the proper scale by
plotting vertical ordinates of the flow-net obtained for the com=
pressed model under the corresponding points of the natural-shaped,
non-reduced structure. As a rule, equipotential lines and stream
lines corresponding'to this case are not mutually ‘hormal.

The technique is still not fully develéped to enable simula-
tion of complex cases of anisotropy. |

3ol 4, Determlnation of Potential Distributiont

The Wheatstone's Bridge circuit principle is used to determine
the potential distribution slong and inside the boundary of the
model. The apparatus consists essentially of a source of slectric
supply, a potential divider, and a null detector. It has been found
that for work on eledtrolyte models, A4.C. at a high frequency of
1000-1200 cycles/second is more suitable. Accordingly, an audio
oscillator is incorporated in the set-upe The other equipment
needed for an accurate work can be an amplifier and a head-phons,
or an amplifier with a built-in speaker, s.g. a signal tracer.

Visual methods of null detection may also be used, and in that

case an oscillograph is used in the circuitd?®?

o The complete
;et-dp using an audio oscillator is shown in Drawing 2 for the

example referred in Section 3.l.l. Referring to this drawing, the



two electrodes AB and BF representing 0% and 100% potentials respece
tively are connected in parallel with a simple 10-wire potentiometer,
which is fed with the output of the audio oscillator. One terminal
of the null indicator is connected to a prob®:which is a thin cone
ducting wire of very éhall dimensions projecting from a shielded
insulated sleeve, and the other terminal is connected to a jockey
vhich is moved on the potentiometer wire. To make the sete-up more
sensitive an amplifier can be incorporated, as shown in the drawing,
in series with the null indicator. The connections are completed
as shown in the Drawing 2. The general lay-out of a two-dimensional
model, with the electrical set-up used as described above, is shown
in Photograph 1.

Water mixed with weak solution of an electrolyte is filled
in the tray to the required depth to simulate the depth of homogeneous
subsoil, when the current establishes its own path and distribution,
The potential at any point can then bs found by just probing the
point, and moving the sliding contact of the jockey on ths potentio=
meter wire to hear a mull sound in the indicator. Knowing the per.
centage potential at every point, the equipotential lines can be
easily drawn. Alternatively, by keeping the contact at a fixed
percentage on the potentiometer wire, the equipotential lines can be
obtained directly by moving the probe at points in the model boundary
to hear the null sound in the indicator. A pantograph may be ine
corporated to directly trace the points-probed*in the boundary on
a map1°o

In 4¢Co cirecuits an electropic vacuum tube voltmeter 10s16
can also be used in null detection. A sensitive A.Co galvanometer
can likewise be used. However, it has been the experience of the

" author that the best setetp for null detection is the one using an



- | amplifier with a built-in speaker. This set-up enables the detere
mination of null points with accuracy and speeds 1In case of visual
methods one can not attain that spsedo The use of head-phones

also 1s not much recommended, since the experimenter gets a dizziness
in his hegd due to all sorts of shrill sounds coming in the ears
directly for g long period of time in a work done at a stretch.

The accuracy of measurement depends to a certain extent on
the electrolyte, the electrods materials and the frequency of
supply. The electrodes require to be sand-papered often to minimise
the effect of a rust film which forns on copper plates rather earlys
Errors may also creep in due to the electrode plates not being
flush with the surface at the sides. Also, the walls of the elece
toolytie tray usually introduce slight errdrs due to reflection of
current paths, which can be overcome by som choosing the dimensions
of the tray'0 as to minimize the boundary effects below a certain

value yhich can be neglectedo

Having determined the potentials at all convenlently chosen
grid-points within and along the boundaries of the electrical
ahalogy model, the results are analysed in accordance with the

" demands of the problem being tackled. For example, in the case of
determination of uplift pressure distribution under weirs on pere
meable foundations, a knowledge of potential distribution along
the weir foundation profile alone will sufficeo

It is essential to have a clear conception of hydrostatic
potential and hydrostatic pressure for a correct evaluation of the
results, Hydrostatic potential is given by the elevation of water

. level in a plezometer tube inserted at thaé point, measured with

respect to a certain fixed datum; whereas, the hydrostatic pressure
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i1s the depth of the water in the plezometer tube erected at that
point., Mathematically, this can be expressed by the relation:

p =HF y vee (20)
wvhere, p is the pressure =- head,cj)the potentlal, and y ths eleva-
tlon of the point under consideration with respect to certain
fixed datum. Bvery care should be tgken to convert the hydrostatic
potential to pressure-head in any design calculalion,

In most of the problems, the flow-net is required to be
drawn. The net is easily drawn by first drawing the equipotential
lines by interpolation from the observed potentiafs, and then draw-
ing the stream lines orthogonal to the equipotential lines guided
by the various rules that have been developed for the purpose4°.
The stream lines may, however, be constructed electrically by
changing the terminalsv. Tms, referring to the example shown in
Drawving 2, the foundation profile of dam and sheet piling, BCDE,
are formed of metal strips to act as one terminal, and the base
of tray and its side edges similarly formed to act as ths other
terminal, the former tw terminals AB and BF being replaced by a
non-conductor. With these new terminals, the set of potential
lines would be identical with the flow lines of the actual case.
Having drawn the flow-net, computation of additional design data
may be carried out from it. Ths exit-gradient is calculated from
the formula : |

iS = XX (21)

Nd.z;s
where 1s 1s the exit-gradient, H is the total head of water ine
ducing flow, Nd is the number of equipotential drops in the net,

.and AS is the length of the end-square on the discharge facs.

The total quantity of sespage flow underneath the structure is
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calculated from {

Q - KOHO .Il_g’_g._ ' oo e (22)

where, Q is the quantity of seepage flow, and Nf 1s the number

of flow tubes in the flow-net., It may be remembered, that a

flow-net consisting of squares is to be used for the calculations.
Often, the construction of the flow-net may be obviated

for problems of estimation of seepage loss. This is done by direct

determination of the !ghape-factor!, which is the quantity %_ﬁde-

pending only on the shape of the boundary profile. The shape= -

factor is deduced from the electrical analogy model by usinélfhe

formula47:
Nf = £ vee  (23)
Nd R

where,ﬂfis the specific resistance, and R 1s the total resistance
of the electrolyte measured between the electrodes (AB and EF in
Drawing 2). The total resistance of the electrolyte ismeasured
by the Wheatstone's Bridge circuit, and the specific resistance
of the elsctrolyte is measured in the usual way for a sample
siphoned out from the tray.

302, TWO-DIMENSIONAL SET-UPS OF VARIOUS RESEARCH WORKBRS:

The fundamental requirenments Qf electrical anglogy may be
obtained i1n a number of wayse To give a comparative idea of such
arrangeme nts, the different devices used by the various research
workers at different times have been briefly described, together
with certain typical results obtained by each,

3.2 1. Pavlovsky's Apparatus:

e En G S W ER ER W ED S G N AR ED YR NS W S EW T em

The scheme of NoN.Pavlovsky's apparatus is shown in Drawing

3(a), vhere P is a tested plate of staniol, R a rheostat, R!' an
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agometer, Ace an accumulator, G a galvanometer, A an ampermeter,
I and II are buses, and e is a needle for plotting points. Draw-
ings 3(b) and (c) give an example of the construction of equipo-
tential and stream lines for a dam with three sheet pllings of
equal length, with only one symmetrical half of the permeable

region having bsen reproduced on the drawings above-mentioned.

The apparatus used by E.RLLanév is shown in Drawing 4(a).
The tray conslsts of a shallow trough with plate glass bottom
and sides, provided with means for accurate levelling, and filled
to a depth of say ¥ inch with an electrolyte, usually a solution
of common salt. The model is made of a non-conductor, and is
fixed in position along with two 1/8 inch copper plates simulating
the pervioﬁs reaches. The terminals are connected to a 110 volt
alternating.curreﬁt through a lamp bank which reduces the voltage
drop across the terminals'£o about 18 volts. At the opposite
sidé of the tray, over a scale is a'highpresistance wire 1 metre
long, each end of which is connected to one of the terminals by
a heavy copper wire. On# the high resistance wire in question,
a sliding contact connects through a set of head-phones to a
probing pencil, to determine the potential distribution at the
required pointse

The Drawing 4(a) also shows a typical flow-net obtained
by Lane with this apparatus, for the case of a dam with one sheet

pile, resting on pervious subsoil.

The electrical analogy set-up used by L.F.Harza is shown
in Drawing 4(b). The tray is 24 by 46 inch in size, using a salt
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solution about one inch deep. Copper terminals, X and Y, permit
similating the base of a dam 20 inch or less in width, AB, of any
desired sectional design. With Switch E closed to ¥, the head-
phones P permit the determination of the proportionate woltage
drop at C along the base by selecting point D to produce silence.
Likewise, to determine the resistance of the solution between the
copper strips X and Y, Sﬁitch E is closed to F' through the known
resistanée R with headuphonés connected to C'e« To obtain unit
resistance of the solution for parallel flow, a bakelite frame
temporarily immersed in the tray having two corresponding electrodes
X! and Y' is used, as shown in the drawing.

Typieal results for base pressure obtained by Harza with
this set«tip for the case of a dam on sand with no cut-offs, and
having a base width b of twice the head H are shown in Drawing
4(c). The drawing also shows the theoretically computed values
of uplift pressures, anmd the upward escape gradient at the sand

surface.

The details of the experimental arrangement used by V.I,Vai-
dhianathan are shown in Drawing 5. The set-up illustrated is for
the case of a simple floor flush with the upstream and downstream
surface of the porous strata. AB and CD are two thick conducting
plates of copper each 1.5 feet long, representing the surfaces
of the porous strata. BC 1s an ebonite plate 1 foét long and
flush with the conductors, representing the impervious base of
the floor. The outer boundary ARD of the tank formed of 1/16 inch
thick ebonite strips is made semi-elliptical, with AD as the major

"axis, and B and C as the foci, on consideration that elliptical

boundary conforms to the theoretical condition thit the boundary
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is at an infinite distance aways The ground-glass-bottomed tray
S is filled with a dilute solution of ammonium chloride. P is a
probe made up of a piece of platiwum wire fused into a glass
tube, with the end of the wire alone exposed., P; is a jockey
moving on a ten-metre accurately calibrated potentiometer wire

X X3, and T is a head-phone. The electrical connections are as
shown in the Drawing 5.

The A;C.soﬁrce was obtained from a Neon Oscillator with
an amplifier. This arrangemenf has been shown completely in the
drawing, and is a very convenient source of oscillating current
giving a sharp null foint in the phone.

A typical result obtained by Vaidhianathan for the case of
a sheet pile at the end of a flush s floor is shown in Drawing 6,
which also contains the results obtained by the potential theory
method, hydraulic model method, Bligh's Plaln Creep theory, and
Lane's weighted Creep theory, for a comparison.

3e2e5. Selim's SSt-Up:

10 is shown in

The experimental set-up used by M. A.Selim
Drawing 7(a). The expdrimental tray consisted of a wooden tank
(404" by 31" x 24" deep) coated inside with a waterproof non-cone
ductive paint. The model floor and cut-off walls were construgted
of 1/32 inch bakelite plates wvhen the potential lines were mapped,
and of 1/32 inch copper plates when flow lines were mapped. The
electrolyte § inch deep was a solution of copper sulphate aci-
dulated with sulphuric acid. A vacuum tube voltmeter was used
to detect the equipotentizl linés instead of the usual Wheatstonse's
Bridge and head-phones. The instrument was equipped with six

accurately calibrated scalss covering various ranges to a maximum

of 16 volts. It wgs also equipped with a 10,000 ohm resistance,
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and could be used to measire the voltage at any point/the tank

without using an appreciable amount of current, The equipotential
lines were detected by means of a probe attached to a pantograph.
The arrangement of the pantograph, equipped with probe and pencil,
and #the experimental tank are shown in Drawing 7(a), for mapping
the equipotential lines under a dam with a horizontal floor.

The general wiring diagram of the apparatus is shown in
Drawing 7(b), which is self explanatory. Drawirg 7(c) shows the
uplift pressure diagram for the case of a dam with horizontal
floor only, investigated by Selim with his apparatus for various
cases of depth to impermeable boundary. The uplift diagrams accord-
ing to Bligh's Theory and Weaver's theoretical formula4l are also
given in Drawwing 7(c) for a comparison.
3¢ 30 SECTOR MODEL TECHNIQUE: In cases of electrical analogy
investigations concerning bodies having axisl symmetry about a
line, or even those having one or mbre planes of symmetryle, it
~ 1s not essential to make full models. The purpose in such cases
is amply served by constructing sector models, since the flow
pattern in the model is representative of the entire ons.

As an illustration of the fechnique, a cross-section of the
assembly of the sector model of a three-dimensional boundary cone
traction has been shown in Drawing 8(b), the analogy set-up for
the corresponding two-dimensional boundary contraction having been
illustrated in Drawing 8(a). The segmental electrolytic tray is
formed confined between an inclined sheet of plate glass, two ter-
minal plates, and a flexible strip of some plastic like 'Pyralin'
to represent the boundary profile. On filling an electrolyte into
the space thus provided, until the horizontal plane of the free -

surface intersects the plate glass at the predetermined axis of



symmetry, the spgce occupied is a representative segment of the
entire volume. Thé segmehﬁal portion simulated may have suchha
small central angle, that the outer plastic boundary need be
curved in only one plane. Since, the interest of the ihvestiga-
tion is mostly limited to the potential distribution along the
boundary, and also since the required accuracy of measumement

can not be obtained by the customary probe, a series of fixed
electrodes are accurately located along the inner face of the
flexible boundary strip for potential measurements. The potene
tlals are measured, as usual, by the Weatstone's Bridge principle.

A circuit diagraml3

used in such studies is given in Drawing 8(c).
A precision decade potentiometer is connected in parallel with
the terminal plates, through which a constant voltage is applied
to the electrolyte. A sensitive null-indicator is connected bet-
ween the potentlometer and each electrode along the boundary, and
a variable range condenser is used in parallel with the pontentio-
meter to miﬁimizs the effect of capacitance and thereby increase
the sensitivity of the apparatus.

It 1s essential that the models should be thoroughly insu-
lated and water-tight, because any leakage of the elecgtrolyte
wlll upset the readings. Other precautions that should be obser-
ved are, that the electrolyte should be clean and homogeneous,
alternating current at a low voltage should be used to minimize
polarization and avoid heating of the electrolyte, the electro-
chemical reaction between anodes and electrolyte should be rever-
sible, models should be sufficiently large to maintain a close
relative tolerance in dimensions, and the size and spacing of the
fixed electrodes should be sufficiently small to measure the des-

ired trends - the smallest spacing being necessary where rapid
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acceleration and high pressure gradients exist. A precisely fini-
shed paraffin wall at the centre line of the model should bs pro-
vided, so that the electrolyte approaches a zero depth without
capillary irregularities.

Apart from liquid medium sector models, solid, and semie
s0lid medium sector models have also been used in some studies.
Pressed carbon sector models were used by H.E.Babbitt and D.H.
Caldwe1114, and gelatin models were used by F.thpsalla. Funda-
mentally, the technique of experimentation with these mediums is
almost similar to the one described above for liquid medium models.

The segmental method of construction is not readily appli-
cable15 to study of cases in which flow is external to the boundary,
such as various head forms fdr-submerged bodles, because the least.
accuracy would be obtained where the greatest accuracy is required,
due to the fact that the model would be located in the region vhere
the electrolyte approaches zero depth, and the measurements would,
consequently, be less relidble. The outer boundary would also
necessarily be placed at a large distance from the model or bent
to the form of a stream line.

No useful application of the sector model technique can be
made for decelerating flow around tail forms, or through expansions,
or outlets, that inwlve boundary-layer separationlﬁ. Moreover,
the analogy may not represent the actual pattern even for genera-
1lly accelerating flow, if regions of local deceleration exist
that tend to cause local separation. The model will indicate the
existence of such conditions, however, and ome of its most valuable
uses 1is in testing and médifying designs to obtain the most econo-

‘mical separation - free form.
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34 Eﬁ?@?___§}§?§§}9§§§_§§?_UP: The problém of flow of water
through a gramlar matarial is essentially a three-dimensional one,
and hence thres-dimensional electrical analogy models are more a
necessity than a choice in case of most of the problems of subsoil
flow. However, it would be difficult to lay any standard practice
for three-dimensional electrical analogy modelwork, due to comp-
licated and varying boundary conditions in each problem,and hence
every individual problem has to be tackled separately according
to the special conditions and demands imposed by it. Simulation
in the strict sense of the term is very difficult in three-dimen-
sional experimentation, and several simplifying assumptions and
approximations have to be made in each problem, The technidne of
model construction in such cases is much different from that in
t wo-dimensional models, although the underlying principles for both

are the same,

3ede1, Preparation of Model and Electrolytic Trayz

A typical three-dimensional set-up for the case of a hydrae
ulic structure on permeable foundations is shown in Drawing 9, for
the study of uplift pressure distribution on the foundations, The
three-dimensional model is constructed by engraving the bottom
profile of the whole structure undistorted, to a suitable scale
accurately on well seasoned wood, below a conveniently fixed datum
elevation, The types of wood recommended for the purpose are
Barmah Teak, C.P,Teak, or Andaman Padauk, since they give the least
trouble in warping after seasoning and maintain their ferm dcaira-
tely over long periods of time, Other non-conductors like various
types of plasties can also be ﬁsed, but it has been the experi-
ence of the author that they are not satisfactory for use in

tropical climates due to an easy susceptibility to warping.



The wooden model thus prepared is then well baked in hot
molten waxX, s0 as to make it a perfect non-conductor, The surface
of the model is then thoroughly cleaned and finally rubbed with
cotton waste soaked in kerosene 0il, in order %o remove any extra
sticking wax from the surface. As a further precaution to ensure
non-conduc tivity and water-tightness of the model surface, it is
given a thin coat of water-proof varnish.

The electrolytic tray may be an ordinary bath of weed, mas-
onry, or steel, of sultable dimensions to hold the model, and
provide enough extra kcapx space for simulation of other bounda-
ries to a sitisfsctory degree. The sides and bottom of the tray
mugt be perfectly insulated by applying repeated coats of hot
molten wax, and the entire tray should be protected from earthing
effects.s Three layers of 700 gauge'alkathene'! film installed at
the very base of the tray provides necessary insurance against
earthing.
3¢ 402, Fikting-Up of the Models
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, The completed and treated mbdel as described in Section
S04¢ 1o 1s placed upside down in the insulated tray, so that the
lowest point in the foundation profile of the prototype is actua-
lly the highest in the model. At this stage hot molten wax 1is
used to fix the model in position, and to bring the copper plates
representing the surfaces at which the water enters the subsoil
or leaves the same under the prototype structure, to the desired
elevation. The surface of the model and copper plates are cleaned
to remove any dirt or extra wax.

3¢ 4. 3. Determination of Potentialss

An electrolyte solution, or even owlinary tap water, is
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filled in the tank to represent the pervious material under the
prototype structure. The top of the electrolyte gives the bottom
of the pervious material, or the location of the impermeable layer
in the prototype. 4 vacuum tube oscillator with an amplifier
and a signal tracer are used, to provide the necessary current
source, and for the determinagtion of null points on a potentio-
meter. The electrical connections and the plan of a typical model
are shown in the Drawing 9. The different copper plates are, as
usual, given the percentage potentials corresponding to the water
head gcting on the prototype at  the corresponding areas. Spot
potentials at conveniently fixed grid-points on the foundation
profile are determined by the help of an insulated probe, which
makes contact only at its tip. The\equipotential contours can
then be drawn by interpoiation.

The general lay-aut of a typical three-dimensiongl electri-
cal analogy model is shown in Photograph 2.

The usual assumptions and limitations of the technique
have a%ready been discussed in Section l.4, Some other assumptions
and li@%atiens which especially come up in certain specific type

of problems have besn enumerated in appropriate contexts later.

bbbttt



CHAPTER IV

APPLICATIONS TO TWO~DIMENSIONAL PROBLEMS

Some important applications of the electrical analogy method

to two-dimensional hydraullec problems, with speclal emphasis on
subsoil flow problems, are described in this chapter,

4,1, HYDRAULIC STRUCTURES ON PERMEABLE FOUNDATIONS: The two-
dimensional models for analysing subsoilf flow under hydraulic
structures on permeable foundations are easily constructed, the
essentigl technique for which purpose has already been discussed
in Section 3.1, Applications of the method to certain problems
of this category, and the typical results obtained have been
presented briefly hereunders ‘

4. 10 10 WeirS:

Typical results of potential distribution? under a flush
floor with an upstream and downstream sheet pile and an intermediate
sheet pile of the dimensions indicated thereon, are shown in
Drawing 100 In fact, such results can easily be obtained for any
form of the weir profile,

The determination of uplift pressure distribution under the
floors of weirs founded on pervious homogeneous subsoil of infinite
extent can be dealt theoretically, by the well-known procedurs
given in C.eBeIs Publication No;12 by AeN.Khosla and otherssoo
Uplift pressures and exit gradients have been worked out for various
standard cases of weir profile, e.g., a single sheet pile, with,
or without fall, a simple flush floor, a depressed floor, a floor
with a sheet pile at upstream, or downstream, or at some interme=
dlate point, etecs As an example, for the case of a sheet pile at
the end of a flush floor, the distribution of pressure on the base

of the floor, and exit-gradient have been shown to be given by the
-3 .
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relation,
P = H Cosml d-2d + /32 + 2 vee  (24)
IAY A
and, GBExit= H __1 ees  (25)
d Py

respectively, where A= 1+ /1 *+&? (= b, b
2 d

being the length of the floor, and d the depth of the sheet
pile, H is as usual the total heéd acting, and x is the distance
of the point under consideration measured from the upstream end.
Similar results for other standard cases have been presented in
form of handy curves, which directly give the result, without the
botheration of solution of such equations. The pressure distribu-
tion for an actual weir profile is obtained by considering it as
composed of two or more standard forms, and consulting the curves
given in the publicsgtion. Suitable corrections are then applied
to the resulté, €.8.y that for slope, thickness of floors, inter-
ference of piles,etc. The solution thus obtained is quite satisfactory.
In cases of subsoil having different horizontal and vertical
permeabilities, or in cases of impermeable boundary eccurring at a
short depth below the floors, or giclay stratum occuring in a
localised area between the foundations and the impermeabls boundary,
the only solution possible is by electrical analogy methods. In-
vestigations53 have been carried out by this method for the case
of a simple flush floor, to study the effect on the path of flow
lines and equipotential lines of various combinations of layered
subsolils of different permeabllities. A typical flow-net below
the elementary flush floor, when flow occurs through three layers,
_having permeability coefficients in the ratios of 1:3:6 respectively,

is shown in Drawing 11(a). It is found that the course of seepage



«39-

flow lines passing from a more permeable to a less permeable
layery and vice versa, 1s comparable with'the path of light rays
passing from a rarer to a denser medium, and vice versa, in so
far as, the direction of flow lines and light rays after crossing
the line of demarcation of the two mediay are of the same type.
The uplift pressure distribution azlong the base of the flush
floor, for two typical cases of stratification have been shown in
Drawing 11 (b), alongwith the results for a single uniform layer,
for comparison.

54_of uplift pressures for the case of a

Investigations
flush floor having a horizontal-br sloping impervious laysr in
the foundation at a finite depth have been carried out, and the
results are shown in D?awing 12 (a) and (¢), for the depth to im-
pervious layer of 1/4 Q and L respectively, where ﬁ'is the length
of the flodr. Drawing 12(b) shows the percentage change in pressures
at various points along thse fluéh-floor, due to different locations
of the horizontal impervious layer below the floor. The percentage
change in pressure indicated is the quantity Q%%*qé) expressed
as a percehtage of qé , where qz is the uplift pressure at any
point on the floor for the horizontal'impervious layer case, andgg
1s the pressure for the normal case of homogeneous subsoil medium
of infinite depth. The typical results presented in the Drawing 12,
alongwith other results similarly obtained, for a simple horizontal

floor54

y give a good general 1ldea of the changes in uplift pressures
from the normal case of homoeneous infinite subsoil that can be
expected due to a finite location of an impermeable layer in the
foundation. These results can be applied with reasonable accuracy
to obtain the uplift pressures in any specific case of a weir or
barrage having an impervious layer in the foundation, if the up-

11f% pressures for the normal case are known, elther from



electrical models, or from theoretical methods like Khosla's method
of independent variables. However, such an application of the sime
plified results of a flush floor to the actual cases is rather
of theoretical interest, since it is not at all difficult to simulate
the lmpervious layer in the two-dimensional model for an actual
structure, as already mentioned earlier, to obtain the desired
results.

Investigation555 have also been carried out to study the
efficiency of sheet piles, for cases when stratification exists
in the subsoil. Some important results of such investigations
are shown in Drawing 13. The increase in pressures on the middle
point of the upstream face of a sheet pile at the upstream end of
a horizontal flqor of length 1, for different depth ratios n::% ’
and ratios m = %», where' § 1s the depth of the sheet pile and T
is the depth to the impsrvious layer, are given in Drawing 13(a).
It is ssen that for any fixed value of m (say Oe1 to 0.4) the
pressures on the upstream face of the sheet pile show a general
increase all through, and that the increase in pressure becomes
more and more as n decreases. Drawing 13(b) shows the decrease
in pressures along the same floor profile t&pically for the key
point at a distance of 4 1 measured from the upstream end of the
floor for different values of n, For the case of a floor with
two sheet piles of equal depth at the upstream and downstream,
the variation in pressures along the floor at important points like
$+1, 4+ 1, 41, and 1, measured from the upstream end, due to the
éhange in position of the impervious layer, are shown plotted in
Drawing 13(c). A general increase in uplift on the first half,
and decrease in the second half of the floor, for values of n from

'15 to 2 1is noted. For n below 2 the curves show a typical variation.
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Investigations for a floor with thres sheet plles have also been
carried outd9,

It is advisable to study the foundation designs of important
weirs and barrages, located on stratified subsoils, by actual elec-
trical analogy models rather than other methods. Certain specifie
examples of this type can be found in References 56 and 57,

4o 14 2o Earth Damss

The construction of the electrical analogy models of earth
dams and embankments are somewhat complicated by the presence of
a phreatic surface in the prototype, which is the upper limit in
the dam-medium above which no water flows. In an elsctrical
system there is inherently no such limit, because the electrical
carrent flowing through a model has only the limitation of the
edges of the econductive medium. It is, therefore, necessary to
establish in the model an insulating boundary at a location corres-
ponding to that of the phreatic line, and thms exclude the flow of
electricity e from that area in which water will not flow in the
prototype. . ]

The shape of the phfeatic line is eagsily determined by
experimentation on a hydraulic model, or by grabhical methods, and
in simple cases by mathematical calculations also. The mathematical
solution for determining the shape of the phreatic line 1s exact
for the case of an earth dam composed of homogeneous material,
located on a foundation of impervéious material, having a very small
angle of the dlscharge slopey and having no special drainmage provi-
sions. The phreatic line for such a case 1s fundamentally a

parabola as established by J.S.Kozeny having the equation

x = ¥y2 - yof ceo  (26)
2 Yo
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The focus and origin of this parabola both 1lle at the extreme down-
stream end of the base line, and yo‘is the intercept of the para-
bola on the perpendicular at its focus which can easily be deter-
mined graphically fér any specific case58. A.Casagrande59 has
developed the theoretical method for location of the phreatic

line even in actual complex sections of esarth dams, and has supp-
1ementéd them with results obtained from graphical studles by flow

nets. ;
Even without all this procedure the location of the electri-

cal boundary simalating the_phreatic line is established by a
process of trial and error on the electrical model 1tself. Since,
the phreatic line is at atmospheric pressure, the only type of
head that can exist along it is the elevation heads Therefors,
there must be a constant drop in elevation betwsen the points at
which successive equipotentials meet the top flow line, i.e. the
potential along the top boundary of ths model should very linearly
with the vertical coordinate. The electrical model can be made of
a semi-conductor like 'aquadag' paper, or more preferably liquid
resisting medium model 1s made which permits the representatione
of zoning in dams easily as already mentioned in Section 3,1.3.
The boundary simuléting the phreatic line is made of plasticiene,
which permits of easy changes in its shape to enable fixation of
correct boundary by trial and error. Once the phreatic line is
silmulated in the model, the other boundaries are simulated very
easily, and potential observations are taken in the usual way using
the Wheatstonets Bridge principle. The pressure-net can be drawn
easlly from the equipotentials thus obtained, by the use of equa=
tion (20), for use in accounting pore-water pressures in analysing

the stability of slopes for earth dams. & typical flow- and
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pressure-net for an earth dam has been shown in Drawing 1l4.

The electrical analogy can also be successfully employed
to the study of rapid draw-down of the reservoir in earth dam
problems. The draw-down is considered to be instantaneous.

In such a case, the phreatic line is first established in the

model for a full reservoir condition as mentioned in the paragraph
above. Next, the conducting strip at the upstream is taken out

and replaced with a number of copper strips, at the same time
rebresenting the upstream face below the lowered water surface as

an equipotential surface. Such strips are also distributed along
the phreatic line established for the full reservoir case. All
these strips are given corresponding potentials, which are easily
ascertained, feeding them from a separate potential divider. The
other electrical connections are clear from the set-up shown sche-
‘matically in Drawing 15(a). The equipotential lines can be surveyed
in the usual manner, and the flow-net completed. Froﬁﬁgquipoten-
tial-net, the pressure-net can also be drawn in the usual manner,

An example of the flowenet and the pressufe-net for an instantaneous
drawdown case is given in Drawing 15(b).

Lot of investigations on earthen dams, both for steady
seepage case and drawdown case, have been carried out using the
electrical analogy technique, by various research stations, notable
amongst which is the U.P.Irrigation Research Institute,RoorkeeGo’61.

4,1,3, Galleriss and Coffer Dgmss
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Infiltration galleries constructed in permeable soils below
river beds mainly with a view to supply water during the dry
months, and coffer dams built across river beds for dewatering
purposes, are capable of simulation by electrical analogy. Experi-

*ments can be conducted to assess the best location of the gallery
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with respect to the underlying rock. The Drawing 16(a) shows a
simple set-up for studies on flow through a gallerysz, and the
equipotential and stream lines for flow with the gallery resting
directly over an impermeable rock. Drawing 16(b) shows the flow-
net for flow through the same gallery when it is :aised above the
impermeable rock. The two drawings clearly indicate that when

a gallery is raised above the impermeable rock the discharge
increases.

In case of coffer dams, the simulation is almost similar
to that described for earth dams in Section 4.1.2., and the eqi-
potential and stream lines are easily obtained. Here also, the
free surface is obtained by either a hydraulic model, or a trisl
and error method on the model itself. The essentisl technique of
experimentation is about the same. However, 1t should be noted,
that in.many cases, the coffer dams do not run right across the
river and act as a kind of diversion. 1In such cases, the flow
may no more be two-dimensional,

A typical flow-net obtained by electrical analogy°® for
flow through a coffer dam across a river has been illustrated in
Drawing 16(c).

4.1. 4, Seepage into Drain Tubes:
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Application of the electrical analogy method has been made62

to study the case of flow into drain tubes embedded in subsoil,
especially when the subsoil is stratified. The analog of.the
problem which can be clearly visualised from Drawing 17(a), is

- shown in Drawing 17(b)s Drawing 17(a) is a vertical section of the
subsoil stratum containing the drain tubes, with ponded water

above soil surface. Dy and Dg are the horizontal circular drain
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tubeg of 6 inches diameter. Other dimensions and details are
given clearly on the drawing. The drain tubes are simulated by
using diagonally cut cylinders of wood of corresponding dimensions
coated with wax, with the semi-circular portion of each wrapped
with a thin copper sheet thereafter., Simulation of other boundar-
ies and electrical connections can be easily understood from the
Drawing 17(b).

The complete flow-net for a typical case of flow through
drain tubes is shown in Drawing 17(e¢). The numbers on the stream
lines are such that the di fference bétween any two of them gives
directly the percentage of flow entering the drain between these
lines. A number on an equipotential line indicates the percentage
of undissipated hydraulic head at points on the line; The results
obtained by the analogy have checked well with the corresponding
theoretical results of D.Kirkha83.

4, 1.5, Tubewells:

The flow through a tubewell installed iﬂihomogeneous sand
stratum is radial, and is symmetrical in all vertical planes pass-
ing through it. As such, the flow cannot be claésified as twe
dimensional., Nevertheless, the principles and the fundamental
studies of tubewell simulation have been introduced here for con-
venience sake, being of an elementary nature. The exact simula=
tion is complicated by the presence of a free surface called the
*cone of depression' in such a system due to the gravitational
force. As explained in case of earth dams, the process for deter=-
mining the free surface is rather a tediaus one of trial and errors.
It has been investigatedsz, however, that comparative results for
the yield of tubewells can be obtalned without serious errors,

even 1f the simulation of this free surface be neglected. The
exacl simulation of a tubewell has beenn discussed later tn Section 6.2.
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based on the techﬁ%ue described in Section 3.1. Even the investi-
gation of flow pattern around three-dimensional bodies in parallel
uniform flow is not difficult, and has therefore been mentioned here
for convenience sake. The technique of simulation and experimentation
is similar to that for the two-dimensional case, and only the cons-
truction and erection of the model assembly as shown in Drawing tha)
is somewhat complicated. Such a set-ip used by P.G;Hubbardl5 consists
of a large haxagonal plate-glass ténk filled with an electrolyte,
in which Luceti models of various bodies to be investigated are
immersed. Since; the interest of study is mostly confined to condi-
tions along the boundary, fixed electrodes flush with the surface of
the model are used for potential measurement, their spacing being
measured with the requisite accuracy, usually with a machinist's
pre@ision surface gauge or by optical magnification and comparison
with a standard scale. The arrangement for holding the model in
position in the bath is provided as shown in the Drawing 19(a).
A.C,voltage source is connected to the eléctrolyte by means of sheet
copper anodes, the lower anode resting on the bottom of the tank,
and an angle iron frame supporting the upper one just below the
surface of the electrolyte. The electrical measurements are made
by means of a simple potentiometer circuit, using a high impedance
milli-voltmeter for null detection. The circuit diagram is almost
similar to that shown in Drawing 8(¢). It is necessary to make the
models large enough,so that small errors in construction would be
relatively unimportant, and also the tank should be large enough so
that the effect of the outer boundary of the tank would be negligible.

To find out the pressure distribution from the measurements,
the spacing AS of the electrodes and the corresponding potential
difference zs;ﬁ are found out. Since, the velocity V is proportion-
al to the rate of change of velocity potential, the following equality
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A simple set-up for such experimentation as used by V.I.
Vaidhianathan®® is shown in Drawing 18 A silver wire held in the
centre of a hollow metallic tray with an wooden base and filled
with an electrolyte, represents the strainer, any portion of
which can be blinded easily by enclosing the desired portion in
a rubber sheath. The cylinder boundary is kept at 100% potential
and the silver wire at 0% potential, and the current passing
through the electrolyte in the tank is measured. The current gives
the relative values of yields with different lengths of strainer.
The results obtained can give an 1dea of economy of length of
strainer®? in relation to its yleld. It is essential that the
conductivity of the electrolyte should not vary during the course
of experiments. Further, the temperature of the electrolyte
should not be allowed to increase due to the current passing for
a long time. A wltage stabilizer may be introduced in the cirm it
to keep the voltage to the rated fixed value,

Combination of wires separated apart, simulating a system
of wells, can be studied similarly. The actual distance in field
at which interference begins to play part, can not be simulated
in such experiments. Comprehensive work in this field has been
done by Vaidhelanathan32,

4,2, BODIES IN PARALLEL UNIFORM FLOW: The analogy for the steady
irrotational flow of a fluid having been already established in
Section 2.1.4, it is possible to develop electrical analogy models
for any such flow under given boundary conditions. The investi-
gation of floy pattern around, or within, a two-dimensional bedy

in parallel uniform flow is very simple, since the analogy model
having its boundaries geometrically similar to that of the flow

system under consideration is esasily constructed and studied,



-4

based on the techﬁ%ue described in Section 3.1. Even the investi-
gation of flow pattern around three-dimensional bodies in parallel
uniform flow is not difficult, and has therefore been mentioned here
for convenience sake. The technique of simulation and experimentation
ig similar to that for the two-dimensional case, and only the cons-
truction and erection of the model assembly as shown in Drawing lgta)
is somewhat complicated. Such a set-dp used by P.G.Hubbard:® consists
of a large haxagonal plate-glass ténk filled with an electrolyte,
in which Luceti models of various bodies to be investigated are
immersed. Since; the interest of study is mostly confined to condi-
tions along the boundary, fixed electrodes flush with the surface of
the model are used for potential measurement, their spacing being
measured with the requisite accuracy, usually with a machinist's
pre@¢ision surface gauge or by optical magnification and comparison
with a standard scale. The arrangement for holding the model in
position in the bath is provided as shown in the Drawing 19(a).
A.C.voltage source is connected to the electrolyte by means of sheet
copper anodes, the lower anode resting on the bottom of the tank,
and an angle iron frame supporting the upper one just below the
surface of the electrolyte. The electrical measurements are made
by means of a simple potentiometer circuit, using a high impedance
milli-voltmeter for null detection. The circuit diagram is almost
similar to that shown in Drawing 8(e¢). It 1s necessary to make the
models large enoughyso that small errors in construction would be
relatively unimportant, and also the tank should be large enough so
that the effect of the outer boundary of the tank would be negligible.

To find out the pressure distribution from the measurements,
the spacing AS of the electrodes and the corresponding potential
difference zﬁc# are found out, Since, the velocity V is proportion-
al to the rate of change of velocity potential, the following equality
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may be written 3

v = Acg eee  (27)
A

Farther, the following dimensionless form of the Bernoulll equa=
tion may be writteﬁ for the change in plezometeric head Ah, consi-

dering the head loss in flow being negligible.

Ah . V42 ady2
A = 1. % =1 - ¢ )/( (28)
28

The quantity (‘ﬁ‘:{> Yo is evaluated from measurements betwean elect-
rodes placed in a region of parallel flow., Pressure Distribution
curves are obtained, by plotting the values from equation (28)
midway betwen points corresponding to the electrode locations.
Typical results showing pressure distribution around a hemispheri-
cal head form with a cylindrical afterbo_dyl5 are shown in Dr;wing
19(b). The results of actual pressure distribution obtained from
a water tunnel are also shown, indicating a remarkable ccincidence
with the electrical analogy resﬁlts.

For the study of bodies in parallel uniform flow, large-
tank electrical analogy testing as described above 1g most suited,
and the sector model technique is not readily applicable, as
already discussed in Section 3. 3.

4.3. NEGATIVE PRESSURES ON SPILLWAY CRESTS: In the proper design
of spillway crests it is essential to determine the negative |
pressures developed for heads greater than'the design head. The
electrical analogy technique is possible to be applied for such a
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s since the flow over a spillway dam with a constant water
level in the reservoir is essentially a steady non-uniform two-
dimensional irrotational flow, which satisfies the usual La Place's

equation. As in the case of earth dams, a free surface in the



form of the upper nappe, which 1is not known before-hand, has to bhe
simulated by trial and error in‘the model'. The procedaire followed
can be understood from Drawing 19(c).

A geometrically similar model ABC of the spillway dam made
from a non-conducting sheet is fixed flat in an electrolytic tray,
‘having a sec¢tion sheet exposed against its Transparent bottom.
Tnickness CD of the nappe at a point C on the crest is calculated

from

Ch = 9 . oo (29)
_/ 2gHe

where, q 1s the discharge per foot length of the spillway, and

He is the depth of C below reservoir ievel. A straight copper
strip CD is provided as one terminal. The other terminal EA is
'pfovided as an arc of a circle, where E is a point on the water
néurfaca of the reservoir at a distance equal to about thrice the
head over the crest H, from the upstream face of the dam. The
simplified circuit connections are shown in the Drawing 19(c).

The upper nappe ED has to be determined by trial and error method
by adjusting a very thin perspex sheet passing through E and D, such
" that equal potential drops along ED are recorded at equal depths
below the reservoir levele the observation being facilitated from
the section sheet exposed below. Thus, ensuring correctness of

the shape of upper nappe, the flow-net can be obtained in the

usual way, and the pressures on the spillway profile easily computed.
An illustration of a flow-net obtained and the computed pressures
on the spillway profile is presented in the Drawing 19(c).

404, HORIZONTAL EARTHQUAKE EFFECTS ON DAMS: A recent application
of the electric analogyl”»38 has been made in @etermination of the

magnitude and distribution of the water pressure charges, due to

a horizontal earthquake shock on a dam having a face of any shape.
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The anélogy is made possible because the differential equation of
the change in pressura P at any point having the rectangular coerdi-
nates x and y, can be expressed as a La Place's equation
'__;3:;_ + P = 0 eoes (30)
X Y2 ,
considering water as incompressible, and the flow of water as two-
dimensional.

The electric analogy tray modell? 1s constructed, as showmn
in Drawing 20(a), using a sheet plastic electrolytic tray whose
length is kept at least three times the width to simulate an
infinitely long reservoir, A geometrically similar plastic boun-
dary wouhd with nichrome wire is used to represent the face of
the dam, Tha bottom of the reservoir is simmlated in the tray
by installing a copper strip to provide a constant potential,

‘The tray is filled with an electrolyte, and the stream lines are
surveyed by means of the usual Wheatstone's Bridge, Equipotential
lines are drawn orthogonal to the stream lines to form a flow-net
composed of curvilinear sqtiares. |

A typical flovi-net obtained for such a study is shown in
Drawing 20(b), which ‘also‘ shows the values of the pressure coeffi-
cient C used in the computation of the pressure change due to earth-
‘quake effact at any point from the formla s ,

P = Ciols wh. | covesee(31)
vhere, o(is the earthqﬁake intensity, w is the unit weight of water,
and h 1s the total reservoir depth, The pressure coefficient C
is determined directly from the nominal value of the equipotential
line intersecting the dam, It may be noted, that $k in this analogy,
the electric potentials represent the streamlines of the prototyped
problem, unlike the equipotentials of the usual problems.
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On the basis of a series of such experiments with dams have
ing faces of the usual varying shapes, C.N. Zanga?-ghas given ths
values of the pressure coefficients in form of Curves. The values
of the pressure coefficients at the base, and the maximum values
of the pressure coefficients on the slope of dams having constant
sloping faces, are shown in Drawing 20(e).

These studies have been very useful in accountlng for the
earthquake effects in the design of dam sections.

4. 5. FLOW THROUGH SYPHON SPILLWAYS: It is possible to apply
two-dimensitnal electrical analogy to the studies of flow through
syphons; since it is essentially a steady non-uniform irrotationalk
flow. Strictly speaking, the flow through syphons is a three-dim-
ensional one, énd hence eitﬁer sector or full three-dimensional
models should be uged. Nevertheless, a two-dimensional study
gives satisfactory information about she flow-net.

Extensive two-dimensional studies on volute syphons have
been carried out at the Indian Institute of Science, Bangalores1 52
and the lay=-but for conducting these studies is shown in Draw;ng
21(a). The geometrically similar model of volute syphon is made
of treated teak-wood and 1s varnished before installation in a
flat electrolytic tray. The full reservoir level end and the
outlet end are simulated by copper electrodes. Electrical éonneé-
tions are made as shown in the Drawing 21(a), to cortespond to
the usual Wheatstone's Bridge net-work, Equipotential lines, and
therefrom, the flow lines can easily be drawn and the flow-net
completed. The flow~-het patterns, thus obtailned, enable the dete-
rmination of pressure and velocity conditions at dif ferent points.

‘A typical flow-net obtained by the electrical analogy is ghown
in Drawing 21(b).



Different conditions of working of syphons and their
design features can be simulated and studied with the set-up
des¢ribed above. Intérference studies on a battery of syphons
can alsc be carried out, and the approximate safe spacing deter-
mined so that each may function efficiently without causing any
considerable intereference of flow. Interesting results have
been obtainedsz, regarding the proportion of the flow into the
syphon from the river side and from the dam side, stagnation areas,
optimum height of drum, correct shape of volutes, flow in funnels
past volutes, etce On the basis of such studies, the most effi-

clent shape for a volute syphon can be suggested.

T T T Y



CHAPTER V

STUDIES WITH SECTOR MODEL TECHNIJUE

5.1, DESIGN OF INLETS AND CONDUIT CONTRACTIONS: Ithas been
shown in Section 3.3 that solution of flow problems in three-
dimensions having an axis or plane of symmetry, can easily be
obtéined by taking recourse to sector models. The cavitation--
free designs of inlets and conduit contractions have been very
much simplified by the use of this techniquelS.

Since axial symmetry exists in the flow passage of a
usual inlet or conduit contraction, a segmental model for the
studies may be easily consturucted as described in Section 3.3,
with a series of fixed flush electrodes accurately located along
the inner face of the flexible strip representing the boundary,
for measurement of potentials;

If V denotes the velocity, and B denotes the electric
potential, the following approximate equality may be written
on the basis ofkanalogy,

y_ ~ ..é..E_. ' eee (32)
Vo AEo

Also, in a well designed inlet or condult contraction the loss

in head is negligible, and hence the dimensionless form of
Bernoulli's equation, given as equation (28) in Section 4.2, is
applicable, whersin Ah stands for (h-hg) - the piezometric head

h being equal to the pressure head plus the elevation head. The
electrode spacing being exactly known, the determination of the
voltage between each successive pair of electrodes, yields through
equation'(az), the relative velocity, and hence through equation

(28) the relative pressure at the mid-point between each pair,

It is important, that all boundary proportions, curves, and

mm



~54~

tolerances should be carefullycontrolled to obtain accurate result s.
Other precautions already enumerated in Section 3.3 should be
observed. Also the entire electrolyte must be stirred frequently
to avoid congentration gradients because of non-uniform temperaturé,
and each electrode must be cleaned with a fine glass rod before
its reading is taken to prevent any corrosion film that might
develop on the electrode.

Typical results obtained by H.Rouse and M.M,Hassani® for an
elliptical inlet profile are given in Drawing 8(d), and those for
a cubical-arc contraction profile are given in Drawing 8(e). A
series of tests were carried out for families of elliptical boundary
curves for inlets and cubical-arc boundary curves for contractions.
Based on the results of these tests, design criteria have been
provided in form of curves, to enable the selection of transition
characteristics_for cavitation-free'design of inlets or conduit
contractions for any given casels.

An example of the application of the sector model technique
to represent a design problem conspicuous by the absence of an
axls of symmetry has been given by P.G.Hubbard and S.C.Lingle, as
that of a transition using cylindrical sections from a reservoir
to a conduit of square cross-section having four planes of symmetry
dividing it into eight segments, as shown in Drawing 22(a). The
flow pattern in the entire prototype is determined by a study of
the pattern in any one of these segments, bounded by two adjacent
planes of symmetry and a section of the transition boundary. 1In
the analogy model, a sheet of plate glass inclined at an angle of
45° to the horizontal, represents a plane passing through the
centre-lines of opposite sides of the conduits The section repre-

senting the transition boundary and the equipotential surfaces in
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the conduit and the reservoir, sye simulated in the usual way, and
small flush electrodes are inserﬁed in an orthogonal pattern in

the plastic section representing the boundary for potential measure-
ment. An electrolyte is poured into the formed sector, its free
surface intersecting the glass along a line representing the centre-
line of the transition, and intersecting the plastic boundary along

a line representing the juncture of the condult sides. Although

the radius R of the cylindrical section [Befer Drawing 22(ai} remains
fixed, its ratiom to the conduit width B may be varied at will over

a wide range simply by adjusting the elevation fak of the free
surface.
| Typical result516 obtained with such a model have been shown
in Drawings 22(b) and 23, Drawing 22(b) shows isobars (or isovels)
deduced from the potential measurements, together with curves
showing the pressure distributions along the centre of g side and
along the juncture between two sides, for one particular relstive
radius of curvature. The curves show quite clearly that the most
critical region is along the juncture just upstream from the point
at which the transition curve becomes tangent to the straight
conduit. Drawing 23(a) gives a family of curves showing the varia-
tion in pressure distribution along the juncture for various
relative radii of curvature, indicating quantitatively the benefits
achieved from decreasing the curvature. This trend is more clearly
brought out from Drawing 23(b), in which the minimum pressures
along the juncture énd along the centre-line of a side are plotted
agalnst the relative radius of curvature. This drawing indicates,
that tendency towards cavitation decreases indefinitely with

increasing radius of curvature.
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5.2, STUDY OF FLOW THROUGH INTAKE TOWER OF BOULDER DAM:  One of
the very first applications of the sector model technique was done
by the engineers of the U.S.B.R.12, for investigating the head-
loss in the trash-rack structures of the intake towers of the
- Boulder Dam. No practical way was found to do this on a hydraulic
model of reasonable size.

The layout for the electrical analogy sector model is shown
in Drawing 24(5), which alsc shows a section on the centre-line
of the tower. A radial section of the tower is constructed of a
perfectly non-conducting material, and is cemented to the bottom
of an electrolytic tray which is mounted on levelling screws. A
salt solution representing the water space of the prototype is
filled in the_tray, and by adjusting the levelling screws to tilt
the tray, solution depth of zero value at the centre-line of the
tower is secured as shown in section AA of Drawing 24(a). Copper
plate boundary giectrodes simulating the 100% potential and 0%
potential surfaces are easily installed, except for the case when
functioning of both gates is simulated. In such a casé, the
relative proportion of discharge through the gates in the prototype
should be simulated taruly in the model. The required data of the
distribution of flow through the two gates is collected from g3
hydraulic model. The simulation in the model is accomplished by
a corresponding division of the electric current, secured by
aljusting the position of the electrode D [Refer Drawing 24(a)] by
trial and error. The equipotential lines are traced as usual
by the Wheatstone's Bridge principle. From the pattern of equipo-
tential lines, flow~nets may also be drawn. The main purpose of
drawing the flow lines is to know the direction of flow, since

the three-dimensional flow-net loses the usugl significance of a



two-dimensional net as already discussed in Section 2.2.3, wherein
it has alsoc been mentioned that the velocities in these three-dim-
ensional nets are possible to be determined by a simple but labo-
rious method12, The greatest source of error in obtaining velo-
cities in a three-dimensional flow-net of this type is not in the
computations but in the construction of the net. It is usually
necessary to make one or two assumptions before attempting to
draw the net, and after these are made and the net commenced it

is still necessary to use a certain amount of judgement.

Two typical results obtained'? with the sector model of
the Intake Tower as ahbove described have been shown in Drawings
24(b) and (c¢) respectively. Experiments were conducted with
different lengths of trash-racks, and the potential distributions
obtained were studied, which finally enabled the adoption of an
economic trash-rack length.

5.3, SIUDY OF FLOW TROUGH WELLS:  Investigations'4 have been
carried out regafding the shape of the free surface or the 'drawe
down curve'! in the case of unconfined radial flowy into a well.
It is usual to assume that the functional relationship derived
by JoDupuit, as given below,connects the water level inside the

pumped well to the normal groundwater table.

Q = MK x he2. B2 oo (33)
29 10g Ig
Yw

where, Q is the discharge, K the permegbility coefficient, hy the
depth of water bearing aquifer at the outer boundary, h,, the depth
of water in the well, rg the radius of circle of influence, and ry,
the radius of well—he and zeg rg being considered as terms applie

cable for any general point for plotting. However, the investiga-
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tions have revealed, that the actual free surface 1s different from
that given by the Dupuit's relation in a certain small zone near

the well.

As mentioned earlier in Section 1.4, there is no force
which§;cting on flowing electricity will produce a free surface,
as the action of gravity does on flowing water 1in gravity systems.
By some device, the potential should be made to vagry 1ineafly in
the electrical model at the free surface. This is accomplished
by the usual trial and error location of the boundary of the free
sur face. |

A pressad carbon sector medel, machined to the required
dimensions, was used by H.E. Babbit and D.H.Caldweli'®, 4 6-volt
battery for supplying the current for testing, rheostats for
adjusting the current, an ammeter, and a potentiometer for measuf-
ing the equipotential lines, complets the set-up as shown in
Drawing 25¢a). The inflow equipotential line is represented by
the conducting strip DF, and the constant potential outflow line
by the conducting strip C.He A resistance strip CK 1s placed
along the face of the well above the elevation of the water in
the well, the temminals of which are kept at the potentials of the
two boundary strips respectively. The rheostat Xp 1s provided for-
adjustment to give sufficient current through the model %o produce
a voltage drop of about 0.2 volts. The other rheostat X4 is used
to adjust the potential at X to be of same value as that of D.
xRz [Refer Drawing 25(ai]. The total voltage drop 1s measured,
and equipotentials plotted on ons long surface of the wedge-model,
as usual. PFrom this first plot, appr%ximation of the free surface
is found by marking the point on each equipotential line which

indicates the same fraction of the total drawdown as the corres=-
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ponding voltage of the equipotential line is of the total voltage
drop. By cutting the model along the line so obtained, and repeat-
ing the process until no further change 1is warrangted, the final
free surface is located. The fingl free surface‘c;n be located

in every case in three agpproximations at the most.

The actual shapes of the free surface curves may thus be
obtained for various drawdown and for various ratios of the depth
- of water stratum to the diameterlof the circle of influence. Two
typical examples of free surches14 located by this method are
shown in Drawing 25(b). ‘ |

A new conducting material made of gelatin, glycerin, and
water, with salt added %o make it an electrical conductor, was
used by F.W.Opsal18 to determine the free surface around a gravity
well partially penetrating a saturatéd sand layer. The material
consisting of 154 gelatin and 154 of glycerine by weight of
water used in the mix with beta naphthol added to prevent decay,
was used to form the wedge-~shaped model in a specially made box.
The experimentation and results obtained are similar to those of
pressed carbon models deseribed above. An advantage in the gelatin
models is that the surface of the model can be cut very easily
with a hot wire to simulate the free surface. Also, the material
is easy to mix and form and is véry economical, because it can be
remelted and poured in new models sseveral times.

Tests were also made with this gelatin material using a
simple set-up18 to determine the potential distributions around
an artesian well, varying the penetration of the well.-~a typical
result for a 6 inch well - probe penetration in a total depth
of homogeneous medium of 10,25 inch having been shown in Drawing

25(c). Large potential loss close to the well is observed for



all cases., It 1is observed that for a very‘shallow well penetra-
tion in the layer, the equipotential curves close to the well are
spherical, which become increasingly straightened cut as the
distance from the well increases. Also, for full penetration, the

equipotential lines are straight and vertical.

Ao gk ok



CHAPTER VI

APPLICATIONS TO THREE-DIMENSIONAL, _PROBLEMS

.Applications of the electrical analogy using full three-
dimensional models are given in this chapter. In théssapplicatid},
the simplification of using sedtion or part-models is not possible
to be introduced, as such,<they represent the most important
applications of the electrical analogy technique.

6.1, HYDRAULIC STRUCTURES ON PERMEABLE FOUNDATIONS: 1In the
case of a long structure, like a welr or a barrasge across a river,
the subsoil flow is mainly in one direction only,as the flow in a
direction parallel to the axis of the works is negligible-being
confined only near the two endss The problem in such cases

only can be treated as two-dimensiongl, excepting for the two

end regions. In all other cases, mostly encountered with hydraulic
structures, the subsoil flow is a three-dimensional one, and hence
only three-dimensional electrical analogy technique is applicable.

The author has been associated with most of the results
and studies described in this section.

6.1.1. Specific Example of Jagbura Syphon:

D S e T S N ED S Y Y I A R R N D AN NP ED AR NS G WD G D NS S W

The details of constructing and setting up a full three-
dimensional electrical analogy model of a hydraulic structure
having already been presented in Section 3.4, an illustration of
the results obtained in a specific case of Jagbura Syphon28 across
Sarda Mgin Canal in the North~Central part of Uttar Pradesh are
presented hereundsr. Incidentally, the study was the first of
its kind to be conducted in India by the three-dimensional
electrical analogy.

The salient features of the Jagbura Syphon have been shown

oy
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in Drawing 26. During three-dimensional electriecal analogy model
investigations, it was found that almost all the subsoil flow in
normal conditions of running, took place from the canal into the
river on the two sides of the structure - there being no portion
having the so-called two-dimensional flow conditions. Drawing 27
gives the equipotential contours and the flow-net obtained by two-
dimensional electrical analogy technique, and Drawing 28 gives

the equipotential contours considering the problem as three-dimen-
sional.it was found that the two-dimensional approach gave consias
 derably higher uplift pressures, than those determined by the
three-dimensional method. The structure was found to be absolu-
tely unsafe when checked by normal procedures of désign, and the
fact that the structure had stood the test of time suggested
marked existence of three-dimensional flow conditions,and the
necessity of three-dimensional model experiments rather than the
two-dimensional ones. The.total uplift pressure obtained by
two.dimensional and three-dimensional approaches was found to

~be 80.04 million pounds and 55.85 million pounds respectively,
against 65,59 million pdunds total downward load of the main
barrel portion of the structure. Thusy in this case the totfal
uplift pressure found by three-dimensional approach was 32% lsess
than that obtained by two-dimensional approach.s Sultable sugge-
stions for remodelling the structure to pass an increased
discharge of the canal were framed based on such three-dimensional
model studies®.

The application of the three-dimensional electrical analogy
to the probelm of remodelling of Jagbura Syphon described above,
clearly brought out the usefulness of this technique.

6, 1. 2. Importance of Representation of Subsoll Water Moudnd
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While working on the problem of Jagbura Syphon described
in Section 6.1.1, it was observed that the boundary conditions
of the subsoil water mound affected the uplift pressure distri-
bution considerably. This mound gradually builds up in the sub-
soll between the bottom of the structure and the groundwater
table which exists therej its shape and size depending on local
conditions, calling for certain assumptions to be made for its
representation on the model.

An approximate method has been used by the author for the
location of the boundaries of the saturated subsoil mound, sincse
it is very difficult to locate phreatic surfaces accurately on
three-dimensional models. For this purpose, the effects of the
subsoll water mound are neglected first, and observations are
taken on the model as such to obtain the residual uplift pressures
at salient points on the boundaries of the model nearest which
the subsoil water mound boundary is to be represented. Next,
assuming the excess head of water (with respect to the groundwater
table level there) to be dissipated, at a gradient varying from
1:6 to 1:12 according to the soil conditions of the prototypse,
the required boundary is obtained, beyond which copper plates
are installed in the model to represent the groundwater table.

If desired, the boundary of the subsoill water mound can be simula-
ted accurately on the model by systematic trials as above, usually
numbering not more than three, using in the next trial the

boundary as determined approximately in the previous trial. However,
such an accuracy in representation of the subsoil water mound
boundaries is not called for, in view of the resultgﬁinvestigations
-made to study the effect of size of subsoil water mound on the

uplift pressures.
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It was found64, that so long as subsoil water mound is
depicted on the models with certain reasonable assumptions for
its side slopes (e.g..l:8 for loamy soils), it does nbt matter
appreciably whether the side slopes as existing in the field are
somewhat different from those represented. The essential condi-
tion is the desirability to depict the subsoil water mound boun-
daries on the model with certain reasonable assumptions for its
side slopes, as its effect is considerable,

6, 1. 3. Necessity of Three-Dimensional Approach in Design:
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The investigations conducted on Jagbura Syphon mode128
~struck a note of caution against treating 8ll problems of subsoil
flow under hydraulic structures, as two-dimensional. The
designer of today, ussually treats all hydraulic structures on
permeabie foundations as only two-dimensional problems. It, there-
fore, became necessary to point out the inherent weaknesses of
the approach. With that aim in view, studies on four importaht
canal headworks46 of Uttar Pradesh were carried out. Resﬁlts of
studies on Ganga Canagl Headworks, Sarda Canal Headworks, ?nd
Proposed Ramganga Feeder Channel Headworks, have only been illuse
trated here.

The Drawings 29 and 30 give the salient features of the
Ganga Canal Headworks, and Drawings 31 and 32 show the equipotene
tial contours obtained for the two exireme cases of normal pond
in the river with the canal running at full sypply, and high
flood in river with the canal closed, respectively. From Drawe
ings 31 and 32, visuglising flow lines orthogonal to the equipote-
ntial lines, it is clear that the flow of seepage water in the

undersluices area and the adjoining canal hesad regulator area
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is essentially a three-dimensional one,and not a simple two-
dimensional one taking place from upstream to downstream, as
considered usually for design purposes., Uplift pressure contours
obtained by two-dimensional theoretical conslderations (Khosla's
method) for the undersluices areahave been showvn in Drawing 31,
for affording a ready comparison with the uplift pressures obtained
by three-dimensional electricgl analogy. It will be observed

from this drawing, that the uplift pressures on section MM are

the maximum as obtained experimentally for the area. The uplift
pressure lines as obtained by the two approaches for this section
MM. have been shown in Drawing 30. Bven for this section, the
uplift pressures obtained by the three-dimensional approach are
approximately 104 lesser at the upstream toe of the floor, 4%
lesser at the middle of the floor, and 7% lesser at the downstream
toe of the floor, than those obtained by the Khosla's method. At
other places in the undersluices area the extent of release of
pressures is still more, as can be easily seen from Drawing 31.
Thus, the uplift pressures obtained for this region by Khosla's
method, or any other two-dimensional approach, is bound to be
erroneous.

Similar results for the Sarda Canal Headworks, whose salient
features are presented in Drawings 33 and 34, are shown in Drawings
3% and 36 respectively. Also, similar typical results obtained
for the Proposed Ramganga Feeder Cahannel Headworks, whose plan
and sections are shown in Drawings 37 and 38 respectively, are
given in Drawings 39 and 40 respectively. The results presented
for these two structures also corroborate the general conglusions
regarding uplift pressures and the three-dimensional nature of

seepage flow for the end-region, derived from the results of
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studies on Ganga Canal Headworks model, as discussed in the fore=-
going paragraph.

These studies conclusively proved that the hydraulic struce-
tures on permeable foundations that are built 1in connectlon with
various canal projects are all three~dimensional problems except=
ing for long weir or barrage portions, as far as p subsocil flow
" conditions are concerned; and that considerable savings in floor
thicknesses of normal canal structures are possible if designed
according to this approach.
6o1s4s A Case Involving Adverse Subsoil Water Mound Boundaries:
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In cases of structures where adversely high subsoil water
mound boundaries are encountered, the floor thsicknesses obtained
on the basis of three-dimensional approach are greater than those
obtained by the normal two-dimensional approach, since, broadly
speaking, it i1s not possible to account for the subscil water mound
effects in the two-dimensionsl model., An interesting investigatione
of this nature was carried out in testing the tentative design of
the Nanask Sagar Barrage situated in District Naini Tal of Uttar
Pradesh. The details of the tentative design tested are given
in Drawing 41, and a typical result of the studies is given in
Drawing 42 for the case when reservoir is full, the intermediate
filter provided in the structure is fully effective, and the
downstream wgter level is at the spring level elevation in the
viecinity of the structure. The general lay-out of the three-
dimensional electrical analogy model of the barrage is showm
in Photograph 3.

Drawings 43(a) and (b) show the uplift pressure distribution
on a section through'the centre-line of the structure for all

the studies conducted on the model. The uplift pressures based
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on two-dimensional approach for the design of the structure have also
been shown on the two Drawings 43(a) and (b), for sake of comparison
with the experimentall& obtained éaiues. uTﬁben two drawings clearly
show that the two-dimensional approach appiied to this structure has
given lower values, than those obtained experimentally on the three=
dimensiongl modele It was found, that the-floor thicknesses provided
in the tentative design in a cé@ain reach of the structure, on con-
sideration of two-dimensiongl theories, are likely to become unsafe
when the adversely high spring level is established in the vicinity
of the structure due to the filling up of the reservoir to the pond
level.

The behaviour of uplift pressures in this and other similar
studies with 66’67’68which the auﬁhor has been associated, was found
to be contrary to that in normal canal structures with low ground-
water table in the vicinity of the structure, as described in Sections
6.1¢1. and 6;1.3,<where two-dimengional methods give uplift préssures
that are considerabiy higher than those obtained by actual three-dimen=
sional models.s Thus, all hydraulic structures like syphons, silt
extractors, supef-passages, regulators, falls, and power houses etc.,
built along any canal system can be categorised® under the following tw
$e design conditions :

1) Where the general groundwater table (or the maximum subsoil
water saturation elevation) is sufficiently low in the vicinity of the
structures, resulting in 16wer uplift pressures under the floors than
normally calculasted. Majority of the structures would fall in this
category. |

ii) where the general groundwater table (or the maximum subsoil
water saturation elevation) on one or both sides, is higher than the
full supply level of the canal or the off - taking channel. 4



few special cases would fall in this category, and the effect
would be of higher uplift pressures under the floors in certain
portions than normally calculatéged.

Both the above categories call for a three-dimensional
approach, one giving savings in floor thicknesses, while the other
requiring increased thicknesses.

6.1.5. Subsoil Flow Criteria for Design of Barrel Portion of Syphons~

Model experimentation with the three-dimensional electriw
cal anaglogy technique can be justified for use in design of impor-
tant structures, but for simpler structures like canal sjphons
having more or less clearly defined boundary conditions, a £ great
necessity is bound to be felt to have a method by which the uplift
pressure distribution could be calculated expeditiously and in a
rational manner. As such, extensive studies®® were carried out
on three-dimensional models of canal syphons with a view to
prepare a simple design criterion of calculating these pressures
for normal sizes of structures encountered in actual practice, and
to improve the understanding of uplift pressure distribution under
the main barrel portion of such structures.

Drawing 44 shows a comparison of the simplified models
used in the studies and the protetype structures. The general
lay-out of a typical Syphon model designed im shown in Photograph
4, Typical uplift pressure contours obtained for the two
extreme cases of short and long structures, with overall length
L divided by width of structure W ratios of 2 and 4, are given
in Drawings 45 and 46 respectively. It will be observed from
these drawings, that the pressures are rapidly released into the
flanks of the structurs in the river bed from both upstream and

downstream canal sides. If the designer, working with the two-
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dimensional approach, is able to appreciate the possibility of
this release of pressureé on the river sides of the structurs,
he would most probably consider an imaginary two-dimensionagl
structure having a foundation profile same as that along the
Cangl-River centre-line, for the application of the method. The
Canal-River centre-line is the iine PQIM, which goes along the
camal centre-line upto a point equidistant from both ends of the
structure, and then turns at right angles towards the river.

The uplift pressures obtained by the application of Khosla's
method for tHe foundation profile along this Canal-River centre-
line have been indicated in the Drawings 45 and 46 for the resep-
ective cases, for comparison with the actual uplift pressure
line ebtained by the three-dimensional approach. The uplift
pressures obtained by the three-dimensional approach are on an
average, 8% and 25% less respectively than those obtained by
two-dimensional approach, for the two extreme cases of short and
long structures mentioned above. For other sizes of structﬁres
lying within this range, the percentage releas will have some
intermediate value.

Many such results obtained from the three-dimenaional models
were analysed, and a dimensionless grid of upto twenty one design
points was proposed, as shown in Drawing 47(a), and a family of
design curves provided for sach of these points. Design curves
giving valuss of uplift pressures at two typical points H and N
of the proposed grid have been shown in Drawing 47(b) and 48
respectively. With the‘help of dimensionless ratios obtained
by dividing the overall length of the structure L, and the head
acting H, by a reference dimension W — the width of the barrel

portion, expected pressures can be very egsily worked out %z



=70~

by means of these design curves for all thﬁbroposed grid points
distributed on the barrel area of any canal syphon. Thus,a complete
picture of the uplift pressure distribution can be obtained by

the designer, without taking recourse %o othefwise costly experi-
mentation., Drawing 49 gives a typical solved example based on

these design curves®, Considerable savings are possible, if the
syphons are designed on the basis of uplift pressures obtained

from these design curves.

6.+ 6. Dams and Appurtenant Works on Complex Foundations.

The first difficultythat confronts in setting-up of such
a model is to obtain a suitable material, which can be moulded
into any shape.of required dimensionsy, and at the same time possess
adequate résistance and sufficient stability of form. The resis-
tance must be constant and homogeneous throughout the model. 1In
‘addition to this, the degree of conductivity and uniformity should
not change during the course of experimentation. A mixture of a
conductor and a non—conductor/may solve this difficulty, but such
a mixture is not easy to be designed as even a small layer of non-
conductor around a conducting particle in which it is suspended
alters the conducting nature, and the mixture becomes a non-
conductor and vice versa. In U.S.S.R.}l a method had been developed
of dispersing fine graphite of almost colloidal dimensions in
taicum powder, powdered marble, or fine quartz, using a just
.sufficient quantity of distilled water to make the material cohew
sive, The proper moisture content, the optimum quantity of
graphite to be added, the variation of resistance by compaction,
the estimation of the uniformity of the mass, evaporation and
setting of the mass, correct plasticity to maintain the free surface,

and conductivity of the materlal, have to be investigated and



properly tested. The actual‘technique of making this material,
and preparation and moulding of the three-dimensional models there-
from, are quite tedius,

The model is made of the material indicated in the fore-
going paragraph, having eiectriéal properties corresponding to the
hydraulic properties of the prototype material, taking a fixed
.datum elevation. A number of electrical piezometers are inserted
at various points in the plastic mixture to measure the electric
potential, using circuit connections similar to that of other
three-dimensional models as already described in Section 3. 4.93.
The piezometers iised are insulated wires sharp and bare at the
tip. In such models the current has te pass through the whole
mass and not at the surface only. Hence, high frequenciss of
currents are not desirable as they will try to pass at the surface
only and thus introduce varying resistance. Low frequensy A.C.
at a potential of 15-20 volts is used, therefore, in the three-
dimensional mass.

Flow characteristics under dams on complex foundationg can
be investigated in this manner, provided a suitable material for
setting-up the model can be made. Such a model can give for any
condition, a complete and quantitative picture of the flow and
pressure lines, and further it can give the seepage through the
dam knowing the permeability., An approximate theory for this
purpose has been worked out by B.F.Reltovll, and he gives the
formulg $

Q = KeHen. LIy
En

eee  (34)

where, K is the coefficient of permeability,
H is the head causing seepage,
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n is the scale mimber of the model,
fis the specific conductivity of the mass,
Iy is the carrent flowing through the mass,

and, ©In is the electric potential causing the flow of current
in the masse

A mumber of such three-dimensional model work had been
carried out at the Scientific Raessarch Institute of Hydrotechnies,
L’eningrad.(U‘.S.S.'R), for various percolation studies in homogene-
ous as well as heterogeneous soils, The main purpose of these ine
vestigations1_1 consisted in the determination of the general cha=-
racteristics of groundwater flow at the site of the complex struc-
tures studied,. The method has also enabled the estimation of the
effect caused by a »variety of geological conditions e.g. layers of
varying permeability, presence of artesian water, etec,.

Recently, a similar work has been done at the Central Water
and Power Research Station®?, Poona, in connection with the seepage
studies ¥ . of Kotah Barrage foundation, using the simpler wax models
rather than the more complex graphite models,. ,

Drawing 50(a) shows the features of the Kotah Barrage earth dam
and its foundations, An interesting feature of the foundation of
the barrage is the presence of a thick clay tongue of an assamed
semi-infinite extent both upstream and downstream, protruding into
the gravel bed as shemn in the drawing, The design of vthe barrage
provides a heavy clay blanket, a generous rock toe, and a system
of bleeder wells, as shown in Drawing 50(b).

The three-dimensional model is constructed by carving out the
rock contours of the fbundation in a2 wax -« mass, Masonry core
walls, rolled clay, and clay tongue, are suitably represente?lg.' .

Filter wells are simulated by copper wires of corresponding
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lengthse The rest of the model set-up is as usually provided

for ‘the three-dimensional models, as described in Section 3.4.
Fixed pilezometers for the portion of foundation covered by clay
tongue, and movable probe for the portion not covered by the clay
tongue, are used for potential measurements in the usual way.

A typical flow pattern obtalned from the experiments on
the model has been shown in Drawing 50(c). The extent of uplift
préssure release and the corresponding patterns of seepage flow,
above and below the clay tongus, were studied for various pressure
relief arrangements. {ﬁ was observed that the potential drop
in all cases is mainly éoncentraéed in the limited region of the
tunnel formed by the clay tongue and the partial cut-off, Compa-
rative idea of the total amount of seepage under various condie-
tions was had by corresponding current measurements. Important
results for the prOpér design of dévices for relieving the uplift
bressures in the foundations, and reducing the seepage flow where
obtained from the mddel.

6.2, SIMULATION OF A TUBEWELL, AND WELLS FOR DEWATERING FOUNDATIONS:
A tubéwéll can be simulated simply by a thin conducting wire, usua-
lly a silver wire, as already described in Section 4.1.5. This
simple simulation does not attempt the representation of the cone of
depression, and hence is only approximate.

6.2, 1. Membrande Analogy in Tubewsll Studies

o
..................................... L]

Simulation of the free surface developed in case of a tube-
well can be attempted rather exactly, by the use of membrane
analogy%%. It #s has been shown, that for small slopes, the
surface of a membrane can be expressed in cylindrical coordinates

as

[oX
8

1
= eee (35)
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where dz is the deflection at a radial distance dr from a central
deflecting point, W is the weight of the membrane per unit area,
and T is a uniform membrane tension. In cylindrical coordinates,
the La Place's equation can be expressed as:

2h,Ldb L Th R
ST Y av BT A Y ees (36)

where, kx h is the hydraulic head, and (Y:€:Z ) are the usual
cylindrical coordinates of any point. In cases of steady axially

symmetrical flow of an incompressible fluid, this equation reduces

to ¢ _ )
g_z_h_ + _]_._ @ = 0 oo (57)
dr2 r dr

The equation (37) is applicable to well flow in an ideal confined
aquifer, and is a good approximétion for the flow in an unconfined
aquifer if the drawdown of the_wéll is small, Considering T to
be large in comparison with W, the third teim of equation (35)
becomes very small, and the membrane equation approximates the
equation (37) making the analogy operative between the two systems.
For studying the shape of a free surface aiouhd a well, a
rubber membrane is clamped under uniform tension over a circular
boundary in a horizontal position, and a central probde represent-
ing & pumping well is used to deflect the membrane. Meausred
deflections closely approximate the theoretical semifl%%rithmic
drawdown relationship, although small systematic deviagtions due
to gravity are noted. The membrane profile agrees very well with
the actual free surface profile, where the drawdown is not large.

6.2, 2. Combined Membrans and Electrical Model of a Tubewell:

D U G R R am St AR W S KR G G e B P e B e o e e e Y b G D AE D Gt G G G P W S G S B Y Ge Ge G R G0 S oW GR SN g e

C.H,Zee, D.F.Peterson and R. 0. Bock1® studied the radially
symmetrical unconfined flow to a well, using the membrane analogy
for the free surface in conjunction with the electrical analogy

for hydraulic flow.
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The basic apparatus used by Zee and others consists of an
open-topped metallic cylindrical tank, a rubber membrane assembly,
and a simulated well, as shown in detail in Drawing 51(a). The
metallic tank has a non-conducting floor of plywood waterproofed
with paraffin. The uniform and homogeneous membrane consisting
. of ordinary nursery rubber sheeting is mounted on a met#allic ring.
The rubber sheet is clamp¥ed to the ring under tension, providing
cushioning with strip rubber. The membrane assembly is then
suitably supported from a cross-frame mounted over the thaank as
shown in the Drawing 51(a), enabling the ring and membrane to be
raised and lowered, as desired. To eliminate any difference of
pressure between the two sldes of the depressed membrane, the
electrolyte 1is placed on both sides taking care that the current
from the tank walls may not flow through'ths solution above the
membrane. The surface profile of the depressed membrans 1s accurae=
tely measured by a gauge, to know the shape of the cone of deprew
ssion of the prototype.

The well is fabricated of a small diameter plastic rod, on
which a helix of nichrome wire of suitable size and sgecific
resistance is wound-the wire being seated in threads cut on the
rod allowing certain c¢learance between the adjacent turns of the
wire, This arrangement makes possible the potentlal to drop uniw
formly along the length of the rod. Prior to winding the wire on
the plastic rod, a narrow slot is milled lengthwise in the rod,
and a'fitting brass tube is placed in the slot which can be slided
in the slot to a height representing the water level in the well,
By thus shorting across the winding, the constant potential section

of the well is reproduced.
For the measurement of the effective radius of the well model
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constructed as described in paragraph above, a simple indirect
method is used. For thls purpose, constant potential 1s maintained
along the full length of the well, and a radizlly symmetrical

polar potential field 1s imposed in the surrounding electrolyte.

It is known that such a field has logarithmic distribution radially.
By measuring the potentia} along a radius, this distribution is
obtained, and the results extrapolated to correspond to a radius
having the same potentlal as the well, This gives the effective
radius. ‘

Electrical connections are made as shown in Drawing 51(b).

In the circuit two power sources are required. One source provides
the current Iﬁp through the adjustment of resistance Ryy to maintain
the required potential distribution along the welle The other source
provides the current Ip, which passes through the electrolyte, and
is analogous to the hydraulic discharge. The potential drop between
any two points is measured with the help of a potentiometer, as
usuale Values of I and Ip are calculated from measurements of
potential drop across the resistance R2 and R, respectively. The
potential field in the electrolyte is surveyed using an insulated
probe with its tip only open, inserted through holes in the bottom
of the tank fitted with copper seal caps to prevent leakage.

A typical example of a radial flow-net obtained with the
seteup has been shown in Drawing 51(c). Also shown on the drawing
is the locétion of the freeawater surface, as computed using the
ﬁupuit's equation (33)e It is clear that the agreement of the
experimentally obtained free surface with the thepretical one given
by Dupuit, is good at fairly large distances, while larger deviae
tions are observed near the well, Data for a number of simulated

19

cases was readily obtained ™ using the seteup described above,
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The results in conjunction with the field data collected have been
used to develop empirical curves, showing the general relationships
between geometric and flow variables expressed in dimensionless
form.

The membrane analogy is particularly adaptable to studies
of multiple well systems7° simulated by a group of probies, and of
complex boundary conditions contrelled by the membrane frame,

A large amount of information may be obtained rapidly and inexpens
sively using this techniques
60 20 30 D631gn of a Well System for Dewatering Foundatlonsz

The approximzte simulation of a tubewell simply by the use
of a thin conducting wire as mentioned in 4.1.5, enables a satise
factory determination of a well system which will effect the desired
lowering of water table in a certain area for the purpose of laye
ing the foundations of important structures.

For the design of such a well system, a three-dimensional
model 1s set-up in a well insulated tray of circular or elliptical
shape depicting all the boundary conditions, e.go the presence of
c¢lay layer in the subsoil, the impermeable floors of any adjoining
structure, etcs The size of strainers‘and any interposing blind
plpes to be represented are fixed by taking into consideration the
log charts of the subsoil of the locality, and taking an assumed
value, based on experience, of depression of the grouhdwater table
at the tubewell due to pumping. The dete}mination of the well
system required in a certain dewatering problem being essentially
a proceSs of trial and error, the first approximation of the number
of tubewells and the locations to be tried in the model are determine
theoretically on simplified assumptions.

For the simple case of a number of wells placed on the
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circumference of a circle of radius A, mathematical treatment has
been given by F.L. Plummer and S.M. Dor971, who give the following
formula for the determination of the mmber of wells

2 A & A
"2\0:]5 +(Soy5 tpae'_ﬁ-vo) - Y;S" onem [ ENN] (38)
where, {g= depth of immersion in each well in ft.,

= H - L, where H 13 the total depth from base of immersion
to the initial spring level, and L is the depth to be
dewateraed,

S.= the slope of hydraulic gradient Just outside the well,

Y%

radius of the well,

and, n = mumber of wells required,
Also, they have given the following formula for estimating the
approximate total discharge, Q, to be handled in the dewatering

operations;

Q: Y\«x.tj?* (ngo Qbae.%_%)z” Yi;so Qoae&ﬁ%] | ooooooi (39)

where, X is equal to the capacity of a well per unit of immersion
depth, For the case of wells not actually situated on the circum-
ference of a circle, the only approximation possible is to take a A&
as the radius of a circle whose area is equal to the plan area
inside of the wells. It may be remembered that the mathematical
solution for any specific dewatering problem emcountered at site,
using a non-geometrical pattern of arrangement of wells, is only
very approximate,

The well system determined theoretically, as mentioned in the
foregoing paragraph, is simulated in the model by silver wires of
the §30per gauge shielded by rubber valve tube to represent the
blind pipe, The'groqndwater.table is represented by pwewimg providing
a vertical copper plate at the perimeter of the model tray, kept
well insulated from the masonry sides, The boundary plate is given
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1004 potential, and the silver wires representing the tubewells

are given 0% potential, or other intermediate values of potential
| depending on the elevation of the assumed water level in each well.
The tray is filled with tap water, as usual, to a depth represen=
ting the deptﬁ of the homogeneous watei bearing mediume The potene-
tials at suitable grid-points of the model, distributed in the

area corresponding to the one to be dewatered in the prototype,

are measured out using the Weatstone's Bridge prineiple, and the
equipotentials drawn to see whether the desired dewatering has been
effected by that arrangement of wells or note In case the

desired dewatering has not been effected, the arrangement of well
points is changed to some other suitable arrangemenf guided by

past experience of working on such type of problems, and the experi-
ment repeated till ultimately we get all equipotentials in the

area to be dewatered of a lower value than that required for the
desired dewatering. The gensral disposition of the set-up for
solving the dewatering problems is shown in Drawing 62,

In order to get an idea of the probable discharge likely
to be handled in any dewatering problem, it 1s essential that the
current flowing through the electrical model be calibrated with
the help of an actual field pumping test. This field pumping test
enables the estimation of field permeability, and therefrom, the
current flowing in the electricgl analogy model can be calibrated
%o prepresent the pumped discharge. )

It will be noted, that no attempt is made to represent the
various cones of depression, and thus the representation is only
approximates Furthermore, the assumed value of depression head in
each tubewsll in the system may be appreciably different from the

actual value obtained in the field. Also, as usualy, the water

bearine medium simlated by water (the elsctrolyte) in the model
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is assumed perfectly uniform and homogeneous, which is rarely the
case in the prototype. Inspite of these limitations, it has been
found by observing the prototype behaviour in sepveral casesy; that
the system of wells designed with this approximate representation
have come off to be very satisfactory. In fact, an attempt can be
made to represent the various cones of depression by using membrane
analogy as mentioned in Ssetion 6.2.2, but this simulation complie
cates the experimental seteup too much and is not worth all the
tr%@la in view of the experience gained so far with the approximate
representation, However, from an academic view point, this aspect
leaves an interesting field of experimentation and research.

As a typical example, an arrangement for dewatering the

barrage bays Nose1y2,and 3,0f the Proposed Ramganga Feeder Channel
Headworks'? has been shown in Drawing 54, the foundation plan of
the headworks having been shown in Drawing 53, and the general plan
and section in Drawings 37 and 38 respectively. Drawing 54 also
shows the expected groundwater level contours in the area, that
shall be obtained when the proposed dewatering system is put into
operation.
603, DESIGN OF RELIBF WBLLS:  Performance of pressure relief
‘wells or pipes installed in hydraulic structures can be studied
with the electrical analogy technique, or vice versa a system of
_such relief wells can be proposed to minimise the uplift pressures
to a safe value 1in case of any hydraulic structure on permeable
foundations subjected to excessive uplifts otherwiseo The essential
technique of experimentation is the same as described for tubewells
in Section 6.2,

Recently, interesting three-dimensional studies were carried

out?3 for the design of a system of relief wells for Sarda Sagar
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Dam of Uttar Pradeshe Three-dimensional electrical analogy model
was made of # inch thick perspex sheets, representing three
different stfata of the foundations by three absolutely watertight
compartments filled separately with electrolytes of the corres-
ponding conductivities, as shown in Drawing 55(a)e These compart-
nments were interco;hected electricall&, by means-of a number of
copper leads 1 inch apart passing through each plastic sheet. The
seepage face was represented by a copper sheet fixed at the bottom
of the top plastic plate, and the borrow pits on the upstream by
the continuation of this copper sheet into the layer. The wells
were represented by 17 gauge copper wire, the blind portions being
represented by insulating corresponding lengths of these wires.
Observation points installed in the three different layers at the
desired depths were brought to the top of the uppermost plate for
recording poetntials using a simple circuit based on Wheatstone's
Bridge principle. Potentials were measured for arrangement of
wells of different percentage penetrations, and different well
spacings. Based on the results of these experimentsva, a relief
well system was designed for the Sarda Sagar Dam, which has since
been installed at site and has been found to function very satise
factorily. |

As a matter of interest, studles were also carried out for
a wlde range of permeabilities in the different pervious strats of
the subsoile. Comparing the results obtained with those calculated
by available theoretical design criteria, it was found that the
pressure relief as shown by the electrical models is less for
smaller well spacings and more fer gig?hér spacings than the pree
ssure relief calculated theoretically}-'the difference being more
pronounced for deéreasing well penetrations and for greater difference

in permeability of the pervious strata.



Apart from the above studies, investigations74 were carried
out subsequently on the same model with different well diameters,
to determine the effect of percentage penetration, spacing, and
~well diameter, on the pressures midway between wells. Since screen
effects and drainage conditions at exit and entry could not be
accounted for in the electrical mcdels, recourse was also taken
‘to hydraulic models, enabling thereby the verification of validity
of the electrical analogy results also. Typical results of invese-
tigations are shown in Drawlng 55(b), which are self-explanatory.
It is easy to conclude from the results presented in Drawing 55(b)
that the size of welllhas little effect on the percentage increase
of midway pressures as a result of change in spacing or penetration,
and that closer spacing is mbre effective in reducing midway resie
dual pressures than increasing penstration. Lesser penetration
is élso desirable from economic point of view, since the cost of
boring increases as itlis carried deeper.

6.4. SEEPAGE FIOW PATTERNS THROUGH AND UNDER GRAVITY DAMS: Ine
vestigations of seepage flow patterns in a concrete gravity dam
and its foundations have been carried out by the electrical analogy
technique20, using both two-dimensional and three~-dimensional
models. In such studies, flow is assumed %o occur through both the
concrete and the rock foundation, which is contrary to the usual
assumption of no flow in concrete or rock. A series of electrical
analogy models were constructéd by HeAeJohnson, to show the

effects of the various measures taken to prevent uplift in a
concrete gravity dam and its foundation, such as grouting and
drainage, on seepage forcess Both the concrete and the foundation
of the dam are assumed homogeneous, #ra isotropic materials, but
with not necessarily the same permeabilities. While these assump-

tions may appear to be far from the actual conditions, it is
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believed that the results do agree well with the actual measurements
made on exlsting dams, and do show the relative effects'of certain
measurese

The two-dimensional model for these studies is easily
constructed of a perfectly non-conducting material like Bakelite,
with copper sheets introduced wherever 1t 1s necessary to impress
a potentials The poteﬁtials to be impressed are calculated in the
usual way. The foundation drain is represented by a solid copper:
sheet connected ﬁo the gallery, which is also simulated by a
copper sheet, and are set to a potential to correspond to the
gallery elevations The foundation 1s represented to a depth
equal to the maximum upstream head of the reservoir,since it is
considered sufficlent depth to make the boundary effects negligible.
The phreétic line in the dam section is introduced by using model=-
ing clay,‘and is finally established by a little trial and error.
Also, potentials are impressed on the downstream fécé suitably
to simulate the assumed seepage face. These potentials are
placed in convenient increments at the required elevations, to force
the equipotential lines to intersect the dovmstream face at the
proper pointse The method of introducing the phreatic line and the
seepage face is similar to the one described for the case of earth
dams in Section 4e1:26

A special electronic hookeup was used by Johnson between
the probe and the plotting point on the pantograph of the null
detection unit, which was arranged so that when the probe reached
a balance point in the model, a high voltage spark would be dise
charged from the pantograph tracing point to an aluminium ground
plate under the paper burning a small hole in the paper and marke
ing the point automatically.



In the two-dimensional model described above, only a conti-
nuous drain curtain could be simulated alongwith the drainage
gallery. Drainage holes in the concrete section were not simulated
in the two-dimensional model, since their effect could more satis-
factorily be studied on three-dimensional models, described subse-
quently.

Results were obtained with the two-dimensional model for
dif ferent ratios of concrete permeability to foundationApermea-
bility, with and without, either or both, of drainage measures
and grout cut-off. It was found that the effect of foundation
treatment on the potentials observed in the dam section is small,
Also regardless of the ratio of permeability of concrete to
foundation, the effect of this ratio upon potentials in the
foundation is very small. PFurther, the tests show, that a drain
functioning with full effectiveness is much more capable of
reducing potentials than a grout cut-off., However, it is seen
that without a grout- cut-off, the potential lines around the
drain are crowmded very closg’ together, thus indicating a very
high flow into the drain tubes with possible deleterious effects,

A three-dimensional model is more helpful in such studies.
It is constructed in a way similar to that of two-dimensional
model, with slight changes. To simplify matters, same permeability
is simulated for the foundations as for concrete, moreso because
the effect of different permeability ratios 1s easier to study
on the two-dimensional model. The gallery is easily represented
as in a two-dimensional case, and where used the foundation
drain is represented by a copper wire of proper diameter soldered
to the gallery copper blocke The vertical drain in the concrete

is made by stretching a fine string, at the proper depth in the
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electrolyte, and attaching to it at 10% potential intervals
spirals of fine metallic wire. These spirals are connected to the
proper potentials, and are shifted back and forth until the equi-
potential lines intersect the drain at the proper elevations.

The phreafic line is introduced, as usual, by trial and error
with modeling clay., Details of the model are shown in»Drawing
56(a). The model constructed in this way, represents a vertical
slice of the dam. A diffferent model representing a horizontal
slice through the dam is easily constructed, since the drains in
this model may be represented by ordinary conducting wires at

the proper spacing, and the length to the phreatic line 1s obtained
from the phreatic line simulated on the vertical model described
above. In cases where effect of open joints in relieving potene
tials is required to be studied, they are considered free drain-
ing and are simulated by a copper strip, which has no potential
impressed.

A typical result with the vertical three-dimensional model
is shown in Drawing 56(b§, when there is no cut-off and no drain
in the foundations. The general conclusions drawn from the two-
dimensional model, as mentioned above, weve further €onfirmed
from the results obtained with the three-dimensional model,
Further, it was found that the effect of measures taken to reduce
foundation potentialsy, on potentials in the concrete, becomes
all the more insignificant with drains in the concrete. Similarly,
it was found that the effect of varying ratio of permeability of
concrete to foundation upon potentials in the foundation becomes
lesser wlth the presence of drains in the concrete. Also, it
was found that drains in the concrete are very effective in

reducing potentials in the concrete, but at the same time, they
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have almost negligible effect on the potentials in the foundation.
A comparison of the corresponding results of the two-dimensional
model and the three-dimensional vertical model shows that the
error in making the drain solid in the €ormer is not great.
Similar experiments were carried out by the engineers of
the U.S.Bureau of Reclamation’5,  on two-dimensional models, to
study the action of drain in the foundations of the Boulder Dam
spillway portion. Pressures beneath the dam were computed from
the equipotentials, for testing the possibility of lifting up
of the structure. The quantity of flow which may be discHarged
by the drain beneath the dam was also found, to enable the
provision of a sufficient number of ejectors to take care of this

flow.
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CHAPTER VII

FURTHER RESEARCH PROGRAMME

A description of the current research work, with most
of which the guthor is associated, and certain new suggestions
for further research on subsoil flow using the electrical
analogy technique are contained in this chagpter.
7.1s EFFECT OF TRAY BOUNDARIES ON UPLIFT PRESSURE DISTRIBUTION
ON ELECTRICAL ANALOGY MODELS: Generally, the lateral bounda-
ries that are required to be simulated in electrical analogy
models of the usual hydraulic structures on permeable founda-
tions are located at infinity., It is, therefore, not possible
to simulate these boundariss, except by using unnecessarily
large and uneconomic electrolytic trays; Consequently, it
becomes obligatory to simulate the boundaries in the model at
finite distances. Such a simulation of the boundaries not
representative of the actual site conditions, naturally, vitia-
tes the results obtained from the models. Experimenterslo’so
in the past have recognised this source of error, but no satis-
factory work in this direction has been done so far, especially
for three-dimensional model worke Systematic work has therefore
been started to enable specifications being framed concerning
the'shabe and relative location of the model tray boundaries
in three~dimensional work, in order to bring about only an
 ingppreciable vitiation of results. It is believed that similar
results for two-dimensional work may be congluded from those
obtained for three-dimenslonal work,

Since the usual hydraulic structures cannot be rsduced

to ones having simple geometric profiles, only typical canal
-81-4-
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structures can be taken up for study. Even these structures
will be simulated in a considerably simplified form to save

time in model construction, moreso, because there are many
variables in the features of the foundations of a real structure.
One fepresentative example of each of canal headworks, barrages,
syphons, and falls, shall be taken up for study. However, in
case of syphons and falls, since the structure 1is a simple one
with rather definite bodndary'conditions, a dimensionless model
may be designed and constructed, and the need for taking a
specific case for study will not arise.

For the study, a combination of the technique of making
models at different scales using the same effective electrolytie
tréy, and of using the same models for different sized trays,
is being used. One of the trays is required to have theoreti-
cally infinite dimensions, but due to practical limitations, it
has been constructed of 20'x 16' size, on consideration that
models greater than 5'x 4' size are seldom used in electrical
analogy investigations of canal structures, and fouf times the
overall dimensions of the model is considered a sufficient ratio
for the location of the boundary walls of the tray, in order
to exert inappreciable effect on the potentials observed on the
threevdimensiona; models. Two dimensionless canal syphon models
have been designéd and constructed, having overall length L to
width W ratio of 2 and 4 respectively, and the studies have
been started using rectangular and elliptical boundaries at
various relative locations with respect to the model boundaries,
as shown in Drawing 57. The effects on potential distribution
at various strategic points of the foundation of each of the

four categories of canal structures will be studied through



a long series of experiments for various relative locations
of model tray boundaries, as already mentioned above.

The results expected from the study will be in the form
of percentage change in potentials observed on the three-dimen-
sional models by a shift in the model tray boundaries. These
percentages will be of different values for the four types of
canal structures. These results will ultimately help in
framing specifications for location of model tray boundaries
for the four types of canal structures, so that no appreciable
effect of these boundaries on uplift pressures are obtained.
7.2. RELIEF OF UPLIFT PRESSURES BELOW LONG BARRAGE FICORS:

A novel method of affecting economies in the construction costs
of escaping structures of low height founded on permeable sub-
soils has been svolved recently by the provision of !'Inter-
mediate Pressure Relief System', to reduce uplift pressures all
along the structure foundations. Provision of such'pressure
relief systems has started to be made in the case of Nangk
Sagar Barrage and Dhora Barrage of Uttar Pradesh, of which thé
former has already been completed‘anqﬁs functioning satisfacto=-
rily. The pressure relief arrangement can be an inverted
filter, or a system of pressure relief wells, or a combination
of the two.

7.2.1l. Basic Two-Dimensional Study?
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Iwo-dimensional basic studies have bsen taken up, with a
view to study the most effective location and arrangement of the
pressure release system for a given floor length and head acting.
A typical dimensionless model of bharrage floors has been preparec
representing an impervious clay layer at a depth equal to the

maximum upstream head H actine on the structure. The features
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of the dimensionless model are representative of the designs of
the Nanak Sagar and Dhora Barrages of Uttar Pradesh. The details
of the typical model designed, and the electrical analogy set-up
used, are shown in Drawing 58. To facilitate study and inter-
pretation of the results, all lengths and relative levels
involved in the structure have been expressed in dimensionless
ratios of H, 0Only twoedimensional models are being used for
the study, since a study on the three-dimensional models will be
very time consuming; and moreover, the uplift pressuresobserved
on the two-dimensional models will bear certain fixed ratios to
those observed on the corresponding three-dimensional models
under certain given boundary conditions. |

A long series of experiments are being performed, under
various conditions of effectiveness of the pressure release
system and its locations, and for certain modifications in the
features of the foundation profile. However, the results of
four studies already completed76 are presented in Drawing 59.
Drawings 59(a) and (b) give the squipotential contours for the
model without sheet piles, for the cases of pressure relisf
trench only effective, and for the intermediate filter only
effective, respectively. Similar results for the model incor-
porating three sheet piles, as shown thereon, are shown in Drawime
59(c) and (d). Drawings 60(A) and (B)_give the comparison of
uplift pressure lines for the cases of pressure relief trench
only effective and intermediate filter only effective, for the
model without sheet piles, and the model with sheet pilles,
respectively., It will be observed from these drawings, moreso
from Drawing 60(B), that the uplift pressures with the 100%

cut-off trench only effective are somewhat lesser than the uplift
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pressures with the intermediate filter only effective, Fsr the
case of actual 100% penetration relief wells, which cannot be
simulatéd in two-dimensional models, the two uplift pressure
lines will tend to more or less overlap each other - almost
parallel conclusion having been drawn by H.A.JohnsongO as
mentioned in Section 6.4 for the case of éimulation of founda-
tion drains in gravity dams. This conclusion is also corrobo-
rated by the results given in Section 7.2.2,

The entire study on the several modéls designed, when
completed, is expected to yield results to indicate the most
effective arrangement of the pressure release system, consistent
with economy, in case of long escaping structuves of low height,
and their most effective locations.

7e24 2 A‘Three-Dimensional Study on Barrage Floorss
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ExperimentsGB

were carried out on a three-dimensional
model of the mcdified design of Dhora Barrage of Uttar Pradesh,
to determine the uplift pressure distribution under the founda-
tions of the structure, under varioﬁs conditions of effective-
ness of the intermediate pressure relezse system provided in

it. The uplift pressures on the centre-line of the'barrage,

as obtéined from the three-dimensional model76, are shown 1in
Drawings 60(C) and (D), for conditions of the downstream water
level being at spring level elevation and being drained at the
river bed elevation, respectively. BEach of these drawings shows
the corresponding uplift presure lines for the cases of pressure
release wells only effective, and for the intermediate filter
only effective., The length of the intermediate filter provided
in the structure is 17 ft., and relief wells provided are 2 inch

in diameter at 20 feet centres. OQOther details of the structure
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are shovn in the section drawing itself. The two uplift
pressure lines shown in each of the two Drawings 60(L) and (D)
very much overlap, providing further proof of the conclusion
arrived at in Section 7.2.1, that the relative performance of
pressure relief by intermediate filter and relief wells is
almost the same.

Thus, 1t appears safe to conclude from the results
obtained so far, that the relative performance of a properly
designed inverted filter, and of properly designed fully pene=-
trating pressure relief wells, provided to relieve pressures
at some intermediate reach in case of"long escaping structures,
is élmost the same, provided unusual foundation conditions are
not encountered; and only considerations of economy should be
the guiding factors for the choice of one or the other system.
7e 30 EFFECT OF STRATIFICATIONS ON PUPLIFT PRESSURES: The
assumption of homogeneous and isotropic subsoil conditions in
electrical analogy experiménts is generally speaking not correct,
as already discussed in Sectioﬁ l.4. ©Studies are, therefore,
being taken up76 ﬁo ascertain the effect of soil stratifications
on uplift pressures observed on three-dimensional models of
hydraulic structures on permeable foundations, and to develop
model technique for taking this into account while performing
the three-dimensional electrical analogy experiments.

It is believed that investigations of this nature in the
field of three~-dimensional electrical analogy have not been
carried out so far. Certain systematic experiments in the two-
dimensional field of this nature had been carried out at the
Central Water and Power Research Station Poona?4’55 as briefly

described in Section 4.l.1ly, but they too are not exhaustive;
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and moreover, only a simple case of flush horizontal floor
with and without sheet piles had been investigated.

An elaborate electrical analogy model tray has been
congstructed, with provision to simulate stratifications of
different thidknesses and of Aifferent permeabilities, in water-
tight compartments of plastic having suitable electrical inter-
connections. A long series of experiments is proposed to be

carried out, using simplified dimensionless models of various

types of canal structures.,

7.4. INTERFERENCE AND GROUPING OF TUBEWBLLS: It is generally
recognised that in any groundwater_exploitation project, a large
number of shallow wells are more efficient than deep wells, soO
far as the discharge is concerned. However, siting of tubewells,
if done too close together, causes interference %etween them,
lowering the discharge of each, and consequently mzking the
project uneconomical. It isy therefore, proposed to study the
interference caused by the grouping of a given number of wells,

: aﬁd to determine their optimum spacing to give the maximum
discharge, for aquifers of different characteristicse.

Such stud16552 have been carried out for a number of
wells arranged in different patterns in an isotropic and homo-
geneous medium, and relative discharges for various groupings
‘have been studied, neglecting the cone of depression or free
surface developed at each well. These results give useful
information regarding.well arrangement in a system, but only
relative significance could be attached to the results since
the simulation of various free surfaces had been neglected.

An electrolytic tray has been prepared for experimentation,

wherein silver wires will be used to simulate tubewells, as
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described in Section 4,1.5. Corresponding lengths of the silver
wires, painted with non-conducting paint, will simulate blind
pipes. It is proposed to use membrane analogy as discussed in
Section 6:,2,1y or a simpler wax method, to simulate the various
cones of depression. The latter method consists in filling
wax in the volume, corresponding to one in which no flow
takes place in the protétype, and shaping it suitably, so as
to represent the free surface after a certain &x few number of
trials - the technique of making the trials being essentially
the same as deseribed by HoE.Babbit and D.H.Caldwell?, and
discussed in Section 5.3, for the case of cafbon sector model of
a well. Different strengths of electrolyte wlill be used to
simulate different permeabilities of the water bearing formations,
as usual. Current and potential measurements shall be taken
under various conditiong of grouping of wells, to indicate -.
quantitatively the presence of interference.

| It is expected that the resulis of the studies will help
in the proper location of a group of tubewells to yield greater
discharges in the field most economically.
Te5e SUBSOIL FLOW CRITERIA FOR DESIGN OF FLOORS OF FALLS:
‘Having applied the theree-dimensional technique satisfactorily
for evolving rational criteria for design of barrel portion of
canal syphons with respect to subsoil flow, as discussed En
Section 6.1.5, it éppears probable to obtain parallel design
criteria for floors of other similar structures where boundary
conditions are not too complicatedsg. A structure of this
category is the canal fall.

Subsoil flow in most of the width of canal falls is simple

two-dimensional, taking place from upstream to dowynstream. How-
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ever, the two end-regions on the flanks have a positive three-
dimensional flow, and this effect_may extend to a considerable
percentage of the total width in case of narrow falls with
small ratios of overall width of the structure to its length.
It is, therefore, advisable to provide for this three-dimensional
effect intha'design of floors of falls. Normally, the effect
would be favourable, in so far as lesser floor thickhesses
than normally calculated by two-dimensional approach would be -
required. But, occasionally in cases of adverse groundwater
boundaries obtaining in the vicinity of the structurs, greater
floor thicknesses will be required.

Thus, the major variable entering the problem is the size
and elevation of the groundwater mound in the vicinity of the
structure. A long series of electrical analogy experiments may,
therefore, be carried put on full diménsionless simplified models
of usual canal falls, taking into account varying conditions of
the grbundwater table in the vicinity of the structure. On
basis of the results obtained, design curves giving uplift
pressures on design points of a proposed dimensionless gkid for
the foundation of the structure may be provided. The design
curves may easily be consulted to obtain uplift pressure distri-
butions under the foundations of a proposed fall, thus enabling'
appropriate floor{thicknesses to be provided to coéunteract the
uplift pressures.

76 60 STUDIES ON MODEL AND PROTOTYPE CONFORMITY: The limita-
tions of the electrical analcgy, discussed is Section l.4 and
elsewhere in the appropriate contexts, often make it difficult
to simulate one or more boundary conditions accurately. Several

simplifying apprgximaﬁf% and assumptions are required %to be
A 1 RIS L PURTIN o 4 ' - . . - AR
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it is just possible that a boundary condition may nct be simi-
lated at all or may be simulated only very approximately, due to
ignorance or lack of complete information about the same in the
~ prototype. This is especially true of minor geological details
in the foundation subsoil, e.g. lenticles of clay sizeable
boulders, etc. Hence, it is necessary to observe the beshaviour
of uplift pressures under actual prototype structurses,

Pressure observation pipes or piezometers should be
installed in the structures in sufficient numbers while they
are under construction, so that studies may be made on the
prototype to observe the prevailing uplift pressures under
various operating head conditions. Such studies wlll be helpful
to ascertain the extent to which the model is able to reproduce
the field conditions, and may establish fuller confidence in
the results obtained from the models. Further, the actual
prototype results may be helpful in understanding the factor or
factors that might be responsible for the varignce of the model
results, if so, and may help to improve the simulation in the
model to reproduce field conditions in a cloger way.

Comprehensive work in this direction had been- done in the
early thirties by A.N.Khoslaso and his assoclates, who observed
close conformity between the model and prototype behaviour in
respect ;f structures like Panjnad Weir, Khanki Weir, Lloyd
Barrage, and Deg Escape Head of Punjab. Since then, there appear
to have been done little systematic work in this direction. 1%
1s essential to continue observations on important prototype
structures for reasons given in the foregoing paragraph. Such

prototype observations will be all the more helpful in cases

of structures like Nanak Sagar and Dhora Barrages of Uttar
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of structures like Nanak Sagar and Dhora Barrages of Uttar
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Pradesh wherein an intermediate pressure release system has

been provided, since the studies will also help in judging the
performance of the pressure releagse system. Arbitrary percentage
effectiveness of such pressure release system is assumed in the
designs at present, in absence of prototype observations so far

on such type of long escaping structures of low height.
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CHAPTER VIIT

© CONCLUSIONS

The electrical analogy method is simple, speedy, econo-
mical, and éccurate, and can analyse many types of problems in
various branches of Science, Engineering, and Technology., The
method has helped immensely in the solution of many hydraulic
and groundwater flow problems. 1In many cases, 1t represents
thé only means to obtain a correct solution of problems
connected witﬂﬁgésign of foundations of hydraulic structures
with reSpéct to uplift pressures due to subsoil seepage.

Extensive use of two-dimensional electrical analogy
is found in subsoil flow studies connected with;wdraulic
structures like dams and welrs. It has also been applied in
problems of surface flow over spillway crests and through
'syphons, and for an interegting study of horizontal earth-quake
effects on dams. The two-dimensional technique is quite simple.

Sector model electrical analogy technique has made possible
some complicated problems of design of hydraulic structutes to
be tackled simply and sxpeditiously, and has been of use in
research in some fields of Fluid Mechanics. Uses of the method
are found in studies connected with flow through penstocks, gates,
and intake towsrs, and in preparation of criteria for cavitation-
- free designs of inlets and conduit contractions. A very useful
application of the/sector models is in the study of flow through

wells.
Almost 3ll the problems connected with subsoll flow require

a three-dimensional electrical anglogy approach, except for a
very limited number. The fact has amply been brought out in
—98—



this thesis, that considerable savings in floor thicknesses of
normal canal structures are possible, if designed according
to this approach. The extent of percentage pressure release
as compared to that obtained by two-dimensional approach is
a variable facﬁor depending upon various boundary conditions,
but an average value of such percentage for?normal canal
structure.. resting on permeable foundations (with usual ground-
water bodndary conditions) may broadly he esteimated to lie ‘
befween 10 and 30. The technique of three-dimensional electrical
analogy has several Of its own limitations, still it has
immense possibilities.’ |

Varilous pércolation studies in homogeneous as well as
heé%ogeneous soils under complex structures are possible
to be carrisd out with a properly developed technique a;d model-
medium. Design of an economical systém of tubewells for dewa-
tering dsep foundations of hydraulic structures can be done
by the use of the three-dimensional technique. Tubewells can
be simulated accurately in three dimensions by a combined use
of electrical analogy for flow and membrane analogy for the
free surface. A system of relief wells can also be designed
by the three-dimensional technique to reduce the uplift pressures
below a hydraulic structure to a safe limit. It 1s possible to
obtain design curves for design points of a dimensionless grid
on simple three~dimensional structures like canal syphons and
falls, where boundary conditions are not too complicated; thus
enabling the designer to determine uplift pressures more ration-
ally than provided by any of the two-dimensional methods.

It is believed that electrical anglogy offers a wast

field for further research and experimentation. Certain problems
fov this purpose have been tindfcated in this thesisyand work
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on some of them, with which the author is associated, has
already been started. A result obtained thus far is that the
relative performance of a properly designed inverted filter, and
of properly designed fully penetrating pressure relief wells,
provided to relieve pressures at some intermediate reach in
case of long escaping structures is almost the same. More
such important conclusions can be drawn with a properly planned
research work using the analogy method. There 1is scope for
further perfection in simulstion of even complicated bounda-
ries by proper development of instrumentation and technique.
One such advancement in the techniqué may be the working
from full - to part - models, if suited to the purpose of the
particular problem under investigation. Certain requisite
boundary data for simulation in the part-models may be obtained
from earlier worked full-models, constructed at smaller
scales. Very accurate results may be obtained from these
part-models, although the boundary data simulated may have
been obtained as a rather approximate result from the full-
models. This technique is especially considered useful in
sector or two-dimensional models of sluice inlets in dams, and
in certain models for studying seepage flow pattern, e.g. subsoil
flow from a canal situated above a normal water table.

It is hoped that greater development of the electrical
analogy technique for solqtion of even complicated problems
of certain surface and sub-surface flows will take place in
the near fututure, and that more and more resesarch and design
organisations dealing with hydraulic and groundwater problems

will realise the utility of the method, and adopt it as an
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essential tool for solution of such problems. The essentia-
lity of the method, moreso the three-dimensional one, is
especially true for determination of uplift pressure distri-.

bution under foundations of major hydraulic structures.
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