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Introduction 

AS a result of seepage, which is caused by the difference in water-level 
between upstream and downstream side of a hydraulic structure, built 

upon a pervious media, the foundation of structure is subjected to uplift 
pressure, causing lifting up of fioor, and the so il below the foun dation is 
subjected to seepage force acting in the direction of flow. The seepage 
force, which obviously acts vertically at the exit, causes the dislodging of the 
material. This further reduces the resistance to the upward force causing 
more damage. The process of undermining thus proceeds backwards 
towards the upstream end, forming a channel or a pipe underneath the 
foundation. Thus the two important factors which are to be considered 
are (i) uplift pressure and (ii) the seepage fo rce or hydraulic gradient at 
the exit. 

After conducting a series of experiments Col. Clibborn (1895-97) 
enunciated the 'Hydraulic Gradient Theory' which emphasised the impor
tance of length of travel of seepage water below the weir before it rises up. 
"Bligh's Creep Theory" is in princ1ple same as hydraulic gradient theory 
but he went one step ahead in stating that the length of path has the same 
effectiveness in reducing the u plift pressure whether it is horizontal or 
vertical. In 1912 Lane advanced his ' 'Weighted Creep Theory". which 
proved the fallacy of Bligh's Creep Theory. He put the stress over a point 
that vertical Creep is more effective than horizontal one. 

Prof N.N. Pavlovsky (1922) used the technique ofConformal map· 
ping for the solution of problem of seepage. Weaver (1932) analysed 
mathematically the problem of uplift pressure. Dr. Khosla and his associates 
(1936) were inspired from Weaver's solution and studied variety of 
problems de~Jing with foundati?ns on pervious media of infinite depth. 
The charts gtven by them are sttll taken as an authori ty for the solution of 
weir foundation problems. 
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.Prof. N .N. Pavlovsky (1922) for the first time used the technique of 
electrteal analogy. met~od. Dr. y.L. Vaidhianatban (1935) found out the 
pressure observations 10 hydraullc and electric models on which close agree
ment was found between expenmental and analytical results. 

The Khosla's Curves a re based on two assumptions : 
(t) The depth of soil is infinite · 

(ii) The soil media is isotropic. ' 

It is rather difficult to have the above conditions in the field. In the 
present investigations, an effort is made to study the effect of heterogene· 
ous media, each layer being isotropic in nature but having different per
meabilities, on seepage below the apron by electrical analogy method. The 
uplift pressure bas been studied below a flat apron with cutoff at down
stream end. 

Figure l shows the problem and different variables : 

(i) base width of apron 'b' .. 
(ii) depth of layer of pervious media 'D' 

(iii) depth of downstream cutoff ' d' 
(iv) permeability ratio kJk2• 

The two layers are taken of equal depth. A total of 64 tests were 
conducted, incorporating various combinations of above variables. 

The curves giving variat ion of pressure dist ribut ion with bfD, dfD,. 
and kJk2 ratios have been presented. 

The pressures at the junction of floor and pile, and the tip of the 
pile are important from design point of view. Hence these design curves 
have also been given. 

Experimental Set-up 

The electrical analogy model for this study consisted of several 
components, such as, electrical analogy tray, electrical circuit, the conduct
ing medium and the analogy boundaries. 

t::=x---t b d ., .. 

0 _l: ~I .· ~ t D .. . 
11'<\\9)/;:{\(\Y))X\:\97/:::K\\9?7~~: 

l 
.K .. 

·:: . 2 ... 
. " . 

/:IX\\9//~\\9/JA\\\9)/~\\\9/JA\~ 
FIGURE 1 : Problem under in•estigation and different nriablet, 
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As the condu_cting medium was an electrolyte, a water-tight tray of 
size 120 em x 150 em x 6·25 em was constructed with 6 mm glass plate 
-bottom fitted over a graph paper so as to read the coordinates of desired 
point. The sides of the tray were made of 62-5 mm X 3 mm perspex sheet 
nxed with solution to timber sides_ The JUnction of glass plate and perspex 
sides w~s made water-tight by araldite. Draining of conducting medium 
was facilitated through number of drain holes provided on sides. 

Figure 2 shows a circuit diagram, tray and model. A step-down 
transformer was used to suppl y a 20 vj50 cycles current The boundary 
-equipotential strips were made of 62·5 mm X 2 mm copper strips and the 

SUPPLY 

220 V t__j TRANSFORMER 
20V 

COPPER 
STRIP 

ELECTROLYTE 

TRAY 

O,C,GALVANOMETER 

~--~-!1--it-6--r-. so-o -so u A 

FIGURE 2 : Circuit diagram. 
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FIGURE 2 (a): Photograph ~honing model and inner boundary. 

boundary flow lines were simulated by 62·5_ mil? X 3 mm perspex_ str·ips. Th_ese 
were secured in position by plasticene wh1ch IS a non-conductmg adbes•ye. 
An alternati ng current of 20 vf50 cycles was fed across the copper stnps 
while a D.C. Galvanometer ot sensitivity S0-0-50tt A WdS supplied with D .C. 
current through a diode. Two resistances of 10 KO. and 20 KO. introduced' 
between probe and diode gave different sen~itivity of null point. Two dec~de 
resistance boxes, giving wide variety of resistances 1Table I) by operatmg 
(.our kn obs, were used to provide a wide variety of fixed potentials in 
a tank. 

Different permeabilities of two layers were represented by different 
conductivities of liquid . Various concentrations of copper sulphate solution 
in distilled water were employed In all four permeability ra tios of 
1, 4, 20 and 50 were tried. The relative conductivities of liqu ids were 
ascertained by a conductivity meter. The constar,t hquid depth of 45 mrn 
was ma intained throughout the tests. 

An additional inner boundary between layers of different permeabi
lity was required in comparison with the problem having single layer. The 
inner boundary had to provide a water- proof seal between the two liquids 
and had to conduct electrici ty freely from one layer to another, and at the 
same time each point on the boundary had to ma intain a unique potential 
'fal.ue . ~he bound~ry was constructed with 62·5 mm x 3 mm perspex 
stnp havmg 3 mm d1a. notches, 6 mm cjc, at the top so as to house easily 
U-Shaped 3 mm copper clips with their ends facing downward [Figure 2 
(a)]. Tbe boundary was secured in position by plasticene clay. 

..... 
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TABLE I 

Table giving the details of resistancts in re!istance box. 

Range of variation in 
10 steps 

0-10 ohms 

0-100 ohms 

0-1,000 ohms 

0-10,000 ohms 

Value of variation 
of each step 

1 ohm 

10 ohms 

100 ohms 

1,000 ohms 

--
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400~----~--~~----o~·~3--~0~·74--~0~·~~· --~o~s~--no~·7~--~o·~e--~o~.a9--~to 
x/b 

FIGURE 3 : Variation of Pz for rariou1 raluel of d/D aod b/d, bfD= l IN 
kt/k•=l fixed. 

Model Dimensions 

The principal parameters of the problem under investigation are b, D, 
d, k 1 and k 2. In all 64 tests are conducted after varying the above para
meters !Phatak, 1970). These tests conducted for the case of downstream 
cutoff were divided into four series each having different kJkz ratio as. 
1, 4, 20 and 50. Each series contained four bfD ratios 1, 2, 4 and 8, and 
each b/D ratio was studied for four d/D ratios as 0·25, 0·50. 0·75 and 
practically 1. 

Observations 

The percentage potential at various points was observed by varying_ 
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the resistance in the resistance boxes so as to get null poiot. The percent
age potential fed through the set is given by 

where, 

RB 

cfo=uplift pressure at the point expressed as 
percentage of the head causing seepage. 

RB was fixed a t values as I , I 0, etc. and R A was varied to have 

a nutl point. With values of RB as l or 10, cfo was easily found as the 

reciprocal of total resistance R A + RB. Table II gives the typical obser

vations taken. 

100 

70r-----~~~--~----~--~~b-----~ 

')( 

50 nb-i 

30~0~-----~,------~~----------~-----------L-----~~ 
0·2 0·4 X/b 0 ·6 0 ·8 1·0 

FIGURE 4 : Variation of c/J:r: for various valuet of d/D aDd b/d, bfD=l aad 
kt/k.~4 fixed. 
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TABLE II 

Typical observation table for b=60, D=30, d=28·5 and kllkz=50. 

Apron Upstream face Down stream face - --- -
X RB RA RA+RB ¢% y RB RA RA + RB ¢% y RB RA RA + RB ¢% ~ 

. 1 c: 
0 
-< 

6 10 o·8 10'8 92·6 4 10 3•6 13•6 75'5 2 1 60•0 61•0 1•6 0 
'T] 

12 10 c: 1•2 11 ·2 89·3 8 10 3·7 13·7 72'9 4 1 36•0 37·0 2•7 "0 
t"' 

18 10 1•6 11'6 86·2 12 10 3•9 13•9 71•9 6 1 
:;; 

30·0 31•0 3•2 >-! ..., 
24 10 1•9 11'9 22'0 23•0 4•3 :lei 

84·0 16 10 4•2 14•2 70•4 8 1 1!1 

"' 30 10 2•3 12'2 81·3 20 10 4•7 "' 14'7 68·0 10 1 18·0 19•0 5•3 c: 
:lei 
1!1 

36 10 2·7 12•7 78·7 15•0 16'0 6•3 "' 24 10 5·7 15•7 63•7 12 1 
tl:l 
1!1 42 10 3•0 13•0 76•9 28.5 10 14•8 24•8 40•3 14 1 12•3 13'3 7•5 t"' 
0 

48 10 tip ~ 3•3 U·3 7S·2 16 1 10•3 11'3 8•8 > 
54 10 3•5 13•5 74 ·0 18 1 8·8 9•8 10•2 

"0 
:lei 
0 z 

60 10 3•6 13'6 73·5 20 1 7'6 8•6 11'6 

l2 1 6•3 7•3 13•7 

24 1 5·1 6•1 16'6 

26 1 4•0 s·o 20•0 
N 
~ 

~ 
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Analysis 

The analysis of the test results was aimed at finding the effect of b, 
D, d, and k1/k2 on the pressure distribution for the case of an apron with 
downstream cutoff in the following way. 

(a) Influence of d JD, bJD , b fd and k 1/k2 on cf>., : 

Variation of 4>.:. the pressure at any point along the floor, was studied 
with xfb, dfD and bfd ratios for fixed values of bjD and k1/k2. Figures 3, 
4, 5 and 6 show the varia tion of if>~~: with xfb, d/D and bjd for fixed values of 
b/D= 1 and k1Jk2= 1 ; b/D=2 and k1/k2= 4 ; b/D= 4 and kJ k2=20; 
b/D=8 and kJk2 = 50. 

Variation of</>., with xjb and Z: was studied both for fixed values 

of bfD, d/D and bfd. Figures 7, 8 & 9 show the influence of Z: on 4>.: with 

b/D=l, djD=0·75 ; b/D= 2, d/D= 0·75; bfD= 4, d/D=0·90. 

~o r----,-----r----,-----r----.----~----, 

30 

20~---11---

10~0----~----~--~~--~b.--~~--~~~~ 0 ·2 0 ·4 0 ·6 0 ·8 1·0 1·2 1·4 
x/b 

·FIGURE S : Variation of dJa: for tarious values of d/0 and b/d, b/D=.C aad ktfk1 = 10 bed. 

.. 
' 
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FIGURE 6 : Variation or tf>x for various values or d/D and bfd, b/D= S and 
k1/kz= SO fixed. 

275 

Variation of cfox with xfb and bfD for fixed values of diD, bfd and 

~ is shown in Figure 10 with kk1 = 50 and djD= 0·7S. 
kz 2 

b kt (b) Influence of dfD, hfD, fd and k; on ¢> D and t/>E : 

Influence of hjD and z:· on ¢ D and ¢ E was studied by drawing 

:graph of </> D and rf>E again s t bJD for d ifferent values of · %: . Figures 

11 & 12 show the influence of b/ D and z~ on cp D for fixed values of 

.dfD=O·SO and 0·96 respectively. Figures 13 & 14 show the influence 
k 

of hfD and k: on tf>E for fixed values of dfD= O·SO and 0·75 respec· 

tively. 
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b=D 
~or-----.-----~------r-----.-----~------, 

80~---+~~~----~~~~~~~~ 

•• 

600~----~0~.~2----~~~4~--~o~-s~--~~~a;----.,~.o.---~,.2 

t 
FIGURE 7 : Variation of if>., for various Yalaes of k1/k2 bJD= l , d/D= 0·7S and> 

b/d= l·S3 fixed. 

Var!ations of if>D with { z~ and dfD for fixed values of b/D equal 

to 4 and 8 are shown in Figures 15 & 16 while that of if> E with J Z: 
and dfD for fixed values of b/D are shown in Figures 17 & 18. 

' ·· Figure 19 shows variation of 4> D with e~. and z~ for bfD= 4· 

while Figure 20 shows the variation of if> E with a and z~ for bfD= 4. 

As the' litniting ·values of e~. for different biD rat ios are fixed, the above 
curves are plotted fo r values of« greater than 4 for bfD= 4. The design 
curves for .Pn and cfo£, for other values of bfD are given · elsewhere 
(Phatak 1970). 
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~or-----.-----.------.~--~------

b=2D; d=0·75D 

40L-----~----~----~~6----~o~·a~--~,.~o 
0 0·2 0·4 ~ 0· 

x/b 

FIGURE 8 : Variation of¢>., for various valueJ of k1fka, d{D=Z, d{D= 0·1S and 
bfd = 2'67 fixed. 

On comparison of the experimental values with the values obtained 
by the theoretical solutions of known ca.ses, it was o?served that the 
experimental values are in close agreement with the theoretical values. 

Discussion of Results 

The following inferences are drawn from the test observations on the 
electrical analogy models for apron with downstream cutoff. 

(i) For a given b/D ratio and permeability ratio, pressure at any 
point increases as the ratio of depth of pile to depth of pervious media, i.e. 
penetration ratio, increases. However, the variation of pressure decrease~ 
with increasing penetration ratio. 

(ii) At a given point, pressure at any point increases as permeability 
ratio increases, for a given b/D ratio and penetration ratio. · However 
this increase in pressure is more for increase of permeability ratio from i 
to 4 than from 20 to 50. 
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100 r---.----"-T""----r---~---. 

70~----~~~~~~~~~r-----1 

~I( 

50 

FIGURE 9 : Variation of if>, for various values of k1/k2, b/0 = 4, d/0 = 0·90. 
b/d= 4·11 fixed . 

(iii) For a given penetration ratio and permea?il!ty ratio, the pressure 
at any point on the . floor ?ecreases ~s bfD ratw ~ncreases .. However, 
variation of pressure wtth x jb mcreasc:s w1th mcrease 10 bfD ratio. 

(iv) For a given penetration ratio both 4> D and 4> E decrease with 

increase in bf D ratio. 

(v) For a given penetration ratio, both 4> D and if> E vary with Z: . 
Bat for penetration ratio equal to or greater than 0·75, 4> D, for a given b/D 

ratio increases with increase in permeability ratio, while for penetration 
ratio less than 0·75, 4> D decreases with increase in permeability ratio. 

(vi) Effect of permeability ratio on change of f>D for fixed bjD i& 

more for higher penetration ratio than that for lower one. 

t 
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(vii) For a given b/D ratio, c/>D decreases with increase in .J'*ror 

penetration ratio equll:l to or less than o·s while it increases with increase 

in ~ Z: for penetration ratio greater than 0·75 and bfD ratio greater 

than 1. For b/ D= l , c/> D decreases with .J' z~ for all penetration 

ratios. 

(viii) For a given bfD ratio, cf> E decreases with increase in { !: 
for d/D < O·S while it increases for d/D ~ O·S. 

100 r----r-----,.---...----......,..----. 

20~---~-----4------+-----~-----4 

10~--~~-~~-~~--~~-~ a· o·2 o·4 o·6 o·s 1·o 
)(/ b 

FIGURE 10 : Variation of cf>., for various valaes of b/0, k1/k2 = 50, d/D= 0·7S 
fixed. 
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0 · ... 
+ . . : :. 

ff hi /77 ))/ )/7 JJ7 j, 

d ::0·50 0 

2 4 
biD 

6 8 

FIGURE 11 : Influence of b/D and k1/ks oo .Po for Oxed value of d/D = O·SO. 

(ix) For a given bfD ratio, 4> D and 4> E decrease with increase in 

bfD ratio. 

(x) For a given penetration ratio and permeability ratio·, both ¢ D 

a nd 4> E decrease with increase in b/D ratio for a given ot. 

EXAMPLE 

To find values of 4> D and 4> E for given h/D and k1fk2• 

given : rt. = bfd= 5·33 
kl/k2= 50 

bfD= 4 

from Figures 19 (d) & 20 (d) 

4>D = 25·6 percent 

4>E = 40·9 percent 
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While according to Khosla's theory 

ot=5·33 

60 

-,..=.Vl+~2+ 1 
2 

=3'2131 

q;D = ~ Cos-1 
( .\;

1 ) x lOO 

=25·9 percent 

I ( "A-2 ) ¢ E = 1t" Cos-1 
- -,..- X 100 

=37·7 percent. 

50 1----t----+-----t-- 71 I 
""''f\...,V>,...~.._· b-~~!"'':,ll';oa;:l%':( 

o ol 1. k, 

40 1-------~~----+-r=~ h::t< < VJk<VJJ,,YJ)!Wh(< 

<Po d=0·96 D 

10 ....... __ --J.-----'---· --l-----' 
0 2 4 

) /0 
6 e 

281 

FlGURE 12 : laftuence of b/D and k1/ka on ¢ Dfor fixed y.aloe of d/0=0'96~ 
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TABLE III 

Table giving if>D and tf>E val~s according to Khosla'1 Thtiory, 

and those experimentally observed f or b/D=4. 

z 
0 

Khosla's vafuu kl fk2= 1 kl/k2=4 kl fk2=20 kt/ka= 50 > 
«=(b/d) rPD rPE rPD rPE if>D rPE tPD rPE rPD if>e 

z 
0 
Ill 

---- · - 0 
...; 
Ill 
0 

43•5 28•6 48•8 29•4 = 4•1 29·8 42·5 26•7 52•6 30·7 54•0 z 
0 
> r-

5·3 25•9 37·7 25•0 35•7 24•4 40•0 25•6 40·8 25·6 40•9 0 
c 
)II 

29•9 zo·o 28·9 19•6 z 
8•0 21•5 31•1 20·4 28•6 18·9 28•6 > 

r 

16•0 16•7 22'9 15•7 22•2 16•7 20•4 13•9 19•6 13•7 19-2 

~ 
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.Conclusions 

..rrhe effect of permeability ratio on pressure distribution is evident 

from the test observation. Table III gives the pressure at the key points 

for different permeability ratios and values according to Khosla's theory. 

It will be evident, therefore, that the assumption of a soil to be isotropic 
will cause an appreciable error. The instrumental accuracy in the present 

investigations is ± 1 percent. 

10 
0 2 4 

b/0 

6 8 

FIGURE 13 : l•l'lue~~ee of b/D 8.11d k1/ks on ¢/E for fixed, ... ol dJD-o·so. 
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.. 

70 

d =0·75 D 

20~----~------~------~----~ 
0 2 4 6 8 

b/0 

FIGURE 14 : lnftuence of b/ 0 and k1/k2 on ¢>E for fixed nlae of d/D =-0·75. 
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/ 
,.----c 

d/D=0·9d, b/d-4·11 

\ 
d/0=0·'75, b/d=5·3~ 

~ 

t. d/Pz0·50 , b/d"'8 

.............. 
............. 

----r--
b= 40 d~D =0 ·25 I b/d=l6 

10 
0 2 4 

Jk, /k2 

1 
6 8 

·FIGURE 15 : Joftueuce or k1/k2 d/D, b/0 on if>o for b/0 = 4 fixed. 

"25 

15~----~--~--1------t------r---

·<Po 

5~----~------~----~--~--~----~ 0 2 4 8 10 

J k, l k2 

FIGURE 16 : [nftuence or k1/k2, d/0 , b/d on if>o for b/0 = 8 fixed. 
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8"' 

I I lb=4D 
F l b ·t 7 !5 -- T!':.· · . .z E ·r(j"* -... ... u ..t: k, •t=-- X ;;c »s> ><.,. >>< -· · ·.·; k2 

21Jxt~>Jt4> 4PJ4h4PJJiO>AS$#4d AJAX¥ 

I d/D=0 ·5Q
1
b/d • 8 

35r---~~==tt·====4=~~ 
I 

f 
d/0 =0·25 b/d•l6 

25~-------1~;~--~F===~+----4 

2 6 8 

FIGURE 17 : Influence of k1/kz, d/ D, b/d on cpE for b/D ... 4 fixed. 

of Symbols 

b 
D 
d 

k 

kl 
k2 

RA' RB 

X 

y 

Base width of apron 

Depth of layer of pervious media 

Depth of downstream pile 

Coefficient of permeability 
Coefficient of permeability of upper layer 

Coefficient of permeability of lower layer 

Resistance 

Distance from origin along floor 

Ordinate on upstream face of pile from base· 

.. 
I 
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t/>E 

60 

50 

4 0 

30 

4>E 

20 

10 

0 
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= Ordinate on downstrea m face of pile fr om base 

= Uplift pressure in percent at a distance x from 
origin 

= Uplift pressure in percent at the junction of pile: 

and floor, i.e., point E 

Pressure at tip of pile, i.e., point D 

Khosla's variable 

Khosla's variable. 

L-~ b =6D 

b .. I r I 
~~i;· Erra 
~ ~-:: k, 
~~<KV>K\V>~\V?Xv7:<Wm\'W:C:wMW . . 

i ~.~· k2 
·~· ,_.W~;;:~::,,,~v;.~"~':t~~n 

!- \ 

/ 
~ "&·085~ ~ •933 

\. 
I 

~=0· 75,%•10 ·67 
I - ! 

-.......... 
\ ~c0•50,~ D 16 

r--:--_ 
I 

\ d 
1

b -c0·25 -•32 
D 'd . I 

2 4 6 8 10 

~ k,lk! 

FIGURE 18 : Influence of k1/ k2. dfD, b/d on tPE for b/D = I fixed. 
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3 5 

3 

I\ 

\ 
1\ 
\ 

2 

~ 
2 

I"'--r-- !'- -
15 

1 
12 16 0 4 8 12 15 

4 8 o{ :b/d 
o(.: b/d 

ki/k2= I kl / k2=4 

b=4D b=4D 

Figure 191ol Fig u re 19 ~ bl 

FIGURE 19 (a and b) : 
(a) Variation of if>o with IX, i.e., b/d for k1/k2 = l and b/0 = 4. 

(b) Variation of <foo with IX, i.e .• b/d for k1/k2 = 4 and bJD = 4, 

3 5 

\ 
\ 
~ 

'-.... 

" 

~ I 

-6 - ---
5 

\ 
I 

~ 
I 
I 

3 

2 

............... :--·-t I -------
4 8 12 

-< =b/d 
k1 / k2 =20 
b =40 

Figur e 19lcl 

16 

F IGURE. 19 (c and d) : 

10 
0 

l 
4 5·33 8 12 

<>( " b/d 
ki/k2=50 
b=4D 

Figure 19ldl 

(c) Variat ion of <foo with IX, i .e., b/d for k1/k2= 20 and b/0 = 4. 

(d) Variation of ¢0 wil h a ,i.e., b/d for k1/k2 ~' 50 and bJD = 4. 

16 



0 

5 " 

4 0 

3 0 

2 0 

I 0 
2 

6 0 

50 

4 0 

3 0 

20 

10 
2 

ST UDY 01' UPLIFT PRESSURES BELOW APRON 

6 0 

50 

' \ 
~ 
~ 

'-----t---
2 

0 
\ 

\ 

1\ 
•U 

"" I'--t---
1,; 

3 

0 
6 10 14 18 2 6 10 14 

o<=b/d (>( =b /d 
k t/k2=1 k t/ k2= 4 
b=4D b• 40 

Figu r e·20 lol Ftgure 20 (b l 

F IGURE 20 (a and b) 
(a) Variation of <f>E with "'• i.e., b/d for k1/k2=l and b/D = 4. 

(b) Variation of cf>E with tx, i.e., bfd for k1/k2= 4 and b/D = 4. 
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FIGURE 20 : (c and d) : 

(c) Variation of cf>E with "' • i.e ., b/d for k1/k2= 20 and b/D = 4. 

(d) Variation of <f>E with tx, i.e., b/d for k1/k2= SO and b/0 = 4. 

289 

18 

' 



290 INDIAN GEOTECHNICAL JOURNAL 

.References 

BLIGH, W.G. (1910): ''Practical Design of Irrigation Works." Published by 
Constable & Co., London, Second Edition. 

BOSE, N.K. (1930) : "Exponential Law of Sub-soil Flow". Punjab Engineering 
Congress Paper No. 140. 

CLIBBORN AND BERESFORD (1902) : '•Experiment on Passage of Water 
through Sand". Government of India Central Printing Otfice. 

COLMAN, J.B.T. (1961): "The Action of Water under Dams". A.S.C.E., 
Paper No. 1356. 
HAIGH. F.F. (1935) : "Design of Weirs on Sand Foundations''. Punjab Engi
neering Congress Paper No. 132. 

HARR, M.E. (1962): "Ground Water and Seepage". Mc-Graw Hill Book Co. 

HARZA, L.F. (1934): "Uplift and Seepage under Dams on Sand". Paper No. 
1920, Proceedings A.S.C.E. 

KHOSLA A.N. ; Bose, A.K. and Taylor, E.M. (1936) :_ "Design of Weirs 
on Permeable Foundations'', Publication No. 12, Central Board of Irrigation, 
India. 

LANE, E.W. (1935): "Security from Under-seepage Masonry Dams on Earth 
Foundations". Trans. A.S.C.E., No. 100. 

LELIAVSKY, S. (1965): "Design of Dams for Percolation and Erosion''. 
Chapman and Hall. 

PAVLOVSKY, N.N. (1922): "The Theory of Ground Water beneath Hydro
technical Structures (in Russian)" Petersburg. 

PHATAK, M.B. (1970): ••Seepage below Apron with Downstream Cutoff 
founded on Two Layer Media". A dissertation submitted in partial fulfilment 
of requirements for M.E. Civil (Hydraulic Engg.) University of Jodhpur. 

PUNMIA. B.C. (1969): "Study of Seepage below a Horizontal Impervious 
Apron founded on Anisotropic Pervious m~dia of Finite Depth." A disserta· 
t ion submitted in partial fulfilment of the requirements for M.E. Civil (Soil 
Engineer:ng), University of Jodhpur. 

SALIM, M.A. (1947): "Dams on Porous Media", Trans. A.S.C.E., Vol. 112. 

TODD, D.K. (1961): "Seepage through Layered Ani:otropic Porous Media", 
Journal of the Hydraulic Division A.S.C.E., May 1961. 

VAIDHINATHAN, V.I. and GURDAS RAM (1936) : " The Electric Method of 
Investigating the Uplift Pressure under Dams and Weirs". Research Publication 
Vol. V, No.4, Irrigat ion Research Institute, Lahore. ' 

• ' 




