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ABSTRACT 

The stability of a hydraulic structure. founded on p, meable 
soil haste be ensured against uplift pressures and piping. The 
problem of seepage under such structures belongs to a general class 
of confined flow problems . for which the method . of solution by 
conformal mapping was indicated by Pavlovsky (17) and Khosla (12) . 
These solutions are based on the assumption that the cutoffs are 
absolutely impervious and flow takes place around them. In practice, 
however, it has been found impossible to provide a leakage free 
cutoff pile below the foundation, unless ,it is made of concrete and 
constructed monolithically with the apron. In steel sh iles leakage 
may be due to improper Interlocking or corrosion of sheetpile. In 
case of cast nsitu diaphragms the leakage may take place through 
faulty joints..Imperfections may also occur in case of grout curtains 
constructed using lines of grout holes. Brahma (3) studied the effect 

of , single apening in a fully penetrating single cutoff resting an 
permeable soil of finite depth. Dachler (8) and Anbraseys (1) determined 
the effect of leakage through a fully penetrating cutoff with several 
equally spaced openings. 

Intermediate filters or drains can be provided below hydraulic 
structures founded on permeable soil to reduce uplift pressures 
resulting in appreciable savings. Melenshchenko (14) and Numerov(16) 
determined the effect of drainage hole below an impervious floor. 

Zamerin (21) obtained the effect of plane drainage on the flow below 
a flat floor or a single overfall founded on infinite depth of 
permeable soil. 

In the present work the problem of seepage below flat floor with 
two asymmetric cutoffs, founded on permeable soil of infinite depth 
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with a filter of any dimension has been solved ,4th the help of 

conformal mapping. In addition solution based on the same method 
has been obtained for seepage below apron With a cutoff and a deep 
drainage anywhere. The cutoff may be either on the upstream or 

downstream end of floor. The conformal mapping in these problems has 
a special feature in that there are more than one continuous equipoten-
tial and impervious surfaces. The solution indicates that provision of 
filter or drainage of even small dimensions reduces pressures consi-
der ably along the entire profile of the structure, Further reduction 

in pressure with increase in length of filter or depth of drain is 
lasses compared to initial reduction. The uplift pressures decrease 
on the downstream side and increase on the upstream side as the filter 
or drain is shifted towards downstream. The filter should be located 
such that total uplift on the floor downstream of the gateline is 
minimum, With the increase in the depth of downstream cutoff uplift 
pressures increase only along the floor downstream of the filter. 

The observed pressures, below the floor with two end cutoffs, in the 
portion upstream of the drain are very close to those theoretically 
calculated for this portion neglecting downstream cutoff. The observed 
pressures along the floor downstream of the drain are slightly less 
than those theoretically calculated negl cti ng up stre aim cutoff`. The 
uplift pressures for floor with two end 4toffs and a deep drain can, 
therefore, be calculated for upstrean po ion neglecting downstrgam 

cutoff and for downstream portion neglec ng the upstream cutoff. 
The equations obtained have been uted for computation of 

pressures at key points. The results have een plotted in the form 
of design curves. 

The solution of seepage below a fl i floor\with central leakey 

cutoff founded on permeable soil of infinte depth has been obtained 
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with the help of conformal mapping. The cutoff is assumed to have 

single opening anywhere. It is seen that uplift pressures increase 

along the downstream portion of the floor and decrease along the 

upstream portion of the floor with the existence of opening in the 
cutoff, resulting in smaller drop in pressures across the cutoff. 

The pressure drop reduces as the opening approaches the top of the 
cutoff. , When the opening is at the top of cutoff pressure drop across 
the cutoff is nil . The solution indicates that even for a sm all 

leakage at any level, the uplift pressures along the floor approach 

values close to those obtairod neglecting portion of cutoff below the 

opening. The seepage discharge passing through the opening is maximum 
when it is located at about 0.4 of the depth of cutoff. The seepage 
discharge increases with increase in the area of the opening and with 

decrease in the length of floor.. 	, 
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NOTATION 

The following symbols are used: 

a = transform. tion parameter 

b length of floor with and cutoff or cutoffs. 
= half floor length in case of central cutoff 

b1= distance of drain or filter from upstream cutoff 
or downstream cutoff, if no upstream cutoff. 

d depth of central cutoff. 

di= depth of up stream cutoff 
0 depth to the top of opening in central cutoff. 

dam= depth of downstream cutoff 
d= depth to the bottom of opening in central cutoff. 

8 ( m) 	incomplete elliptic integral of second kind. 

E = E(%/2,m) a complete elliptic integral of second kind 
E'= E(%/2,m')= associated complete elliptic integral of 

second kind 

F(T,m) = elliptic integral of first kind. 

gl,g2 = constant 
Nl Head in the filter or drain measured above downstream 

water level. 

H2 = Head in the upstream bed measured above downstream 
water 1 evel . 

h = head at any point measured above downstream water level 
K = F(,t/2,m) = complete elliptic integral of first kind 

K` = F(7G/2,m')= Associated complete elliptic integral 
of first kind. 

k a coefficient of percolation. 

M = Constant 
m = modulus of elliptic integrals 

m' = 	-m2  = co-modulus of elliptic integral 
N = Constant 

p:pl a transformation parameters 
q = discharge per unit width norm*l to the direction of flow 

i 



x 

Sri u 	= elliptic sine of argument u 

t = r + is = complex Variable representing auxiliary 
s -infinite plans. 

w = 0 + itt = complex variable representing rectangular 
flow field. 

z = x + iy = complex variable representing physical plane 
a Parameter of elliptic integral of third kind 

P,r,b= transformation parameters 

+i) = complex variable r4resenting auxiliary semi-infinite 
plane 

, 7,u= transformation parameters 
('3',a2,m)= incomplete elliptic integral of third kind() = an u } 

TVlt (U/2, t(21M) = complete elliptic integral of third kind 
= Tj (u/2, c(2,m') 	associated complete elliptic integral of 

third kind 
4 se = transformation parameters. 

0 = potential function 
C9 = argument of elliptic functions. 

stream function 
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IwrI xuCTrcN. 

1.0 The design of hydraulic structures founded on permeable soils 

presents problems of complex nature, resides  testing such structures 

for forces due to surface flow, theii stability against forces caused 

by percolating water has to be ensure. Requirements of seepage control 

determine the final design and dimensions of hydraulic structures. 

Water seeps under the foundations of these structures, and past their 

abutments on the flanks. Seepage flow exerts a pressure on the struc-

ture and tends to wash away the soil under it leading to piping. 

Excessive uplift pressures and piping are often the cause of damage 

to structures. A study of the causes of failures of structures founded 

on permeable soils uld indicate that most of the failures may be 

attributed to the destructive effects of seep age. The importance of 

proper design and planning of hydraulic structures founded on permeable 

soils is, therefore obvious. 

1.1 The problem of seepage under a hydraulic structure belongs to 

a general class of confined flow problems for which a method of 

solution by conformal transformations wds indicated by Pavlovsky (17) 

and Khosla (12) . Based on conformal tranhformation, general solutions 

for various boundaries have been given by Muskat (15) , Harr (ii), 

Aravin and Nwerov(2) , Polubarinova Kochina (18), and Garg and Chawl a 

( 6,7,9) . These solutions are applicable for flat floor with an 

asymmetric cutoff, inched floor or inclined cutoff, depressed floor 

with symmetric or asymmetric cutoff, and finite pervious reaches. 

These cases have been solved by assuming finite and infinite depth of 

permeable soil. Some of these solutions hive been obtained for 

anisotropic soil also. 
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1.2 It is seen that the design engineer has sometimes to provide 
pervious floor or plane drainage in order to economise in the design 
of structure. Also even though a cutoff is meant to be as perfectly 
impervious as possible, due to constAuctional uncertainties involved 
in the field, there may be some leakige through it. The leakage in 
sheetpiling cutoff may be due to impTPer interlocking or corrosion 
of sheetpiles. Performance of such s fee 	has been observed on 
five completed dams of Missouri River and has been found relatively 
ineffective for controlling under seepage. The head loss across the 
sheetpiling has been initially low but this has increased with time 
as the piling gradually tightened. (13), In. case of cast insitu 
diaphragms the leakage may take place through faulty construction 
Joints. Imperfection may also occur in case of grout curtains 
constructed, using lines of grout holes (3). The design engineer must 
also take into account the possibility of leakage. 

3.3 A solution of considerable importance was obtained by 
MeleshcherKo (14) and Numerov (16) wherein they included the effect 
of one or two drainage holes in the otherwise impervious floor. The 
effect of plane drainage connected to dOwnstrean bed in case of 

seepage below a flat apron or a single overfall founded on Infinite 
depth of permeable soil was obtained by Zanarin (21) . Sangal ( ) 
determined the extent of reduction In pressure ! affected by a flat 

and deep filter of particular dimensions below the foundation of a 
barrage with the help of electrical analogy model. No solution was 
till now available to determine the effect of plane drainage located 
anywhere between the two cutoffs. 

1.4 	As for the possibility of leakage through cutoffs, Dachler (8) 
and mbraseys (1) determined the effect d leakage through a fully 
penetrating cutoff with several equally siaced openings under a very 
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long  flora~ resting on finite depth of permeable soil by an approximate 
analytica,. method. Pmbraseys determined the effect of the leakage area 

t 	 " 

and the width of the cutoff on the a flciency of the cutoff . The 
efficiency of the cutoff of ne1igib4 width drops to about 	even 
for a leakage area less than l. Alt ugh the efficiency of the 
cutoff. improves with the increase in is width, the overall efficiency 
falls below 2% for 	open area even if the width of cutoff is i/a 
of its depth. Ainbraseys did not study the effect of leakage on the 
uplift pressures below the floor on either side of the cutoff. 
Brahma. (3) studied the affect of single opening in a fu ,ly penetrating 
single cutoff resting on permeable soil, of finite depth. His studies 
indicate that the quantity of seepage through the opening of a 
particular size depends upon its location. The influence of location 
is more pronounced when the size of the opening is greater. The exit 
gradient drops .rapidly when opening is shifted from top to slightly 
below it. further lov ring of the opening has little effect on the 
value of exit gradient. The drop in value of exit gradient is again 
comparatively rapid when opening is shifted down near the impermeable 
boundary. R durgaiah (19) also studied the effect of leakage through 

a central cutoff founded on finite depth of permeable stratum on three 
dimensional electrical analogy model. Th, study indicates that upl if t 
pressure on the downstream of the cutoff increase as a result of 
leakage through cutoff (10) . No solution Was till now available to 
determine the effect of leakage through a cutoff in an infinite depth 
of permeable soil. 

1. 	In this thesis an attempt has been made to study both these 
effects ( drainage in floor and leakage through cutoffs) separately 

i 
in a more general form. The cases with thm following boundary 

conditions have been studied: 

C i) Flat floor with two unequal cutoffs a  a plane drainage of any 
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dimensions  located anywhere between,,the two cutoffs founded on 
infinite depth of permeable soil (C ,apter II ) . 

(ii) Flat floor with a single cutoff{  and a deep drainage founded on 

infinite depth of permeable soil. 	cutoff may be either on the 

upstream or downstream side of the dainage. (Chapter III ) . 
I ( iii) hat floor with a central leaky cutoff founded on infinite depth 

of permeable soil. The cutoff is asswned to have a single opening 

anywhere (Chapter IV ). 

The solution to these problems is obtained with the help of 

conformal mapping. In the course of integration of transformation 

equations standard results given by Byrd and !riedman(4) have been 

made use, of. These integrations resulted into elliptic functions of 
all the three kinds. These functions were evaluated on digital 

computer for which a subroutine programte was developed. 

With a view to verify the analytical results, the uplift 

pressures along the profile of a hydraulic structures with the above 

boundary condition were also determined on an electrical analogy 
model-(Chapter v). 



CHAPTER II 

TI RETtCAL 90LUTION FOR IWTERME[, ATE ' FILTERS 



CHAPTER 11 
THEORETICAL SOL1.aON 

FOR INTERMEL! A1E 	LTERS 

2.1 LAYWT,BCJNDIRY ODNMTtONS AND,MET]-OD OF SOLUTION. 

Consider an impervious floor AB of length b - founded on a ,semi-
infinite homogeneous permeable soil structure as shown in Fig. 2.l(a) . 
The floor has a cutoff C' D' of depth dl, at the. ,,upstream end of the 
floor, and a cutoff E D. of depth dd5 , at the downstream end. The 
floor is underlain by an intermediate filter P G of length f , at a 
distance b2 from the upstream cutoff ( i.e. AGzbi) . On the upstream 
and dovostrean of the floor is pervious bed extending upto Infinity. 
The profile is represented in z-plane as shown in Pig. 2.1(a) . 

The velocity potential 0 of the flow through the pervious 
medium under this floor satisfies the two dimensional Laplace' s 

equation: 
..(2.01) 

In the present case 	kh where h. is the head, and k is coefficient 
of percolation. 

Without loss of generality we shall take h = 0 on the downstream 
Ar 

water level, and measured above it h = Hj as the head in the filter 
and h H2 as the head in the upstream bd. Then on the upstream bed 
AM, 	- kH,q and on the downstream bed RI, § +s Of 

The foundation profile A D' C' # forms the inner boundary of 
the upstream flow and therefore can be taken as the streamline $ = 0, 
where $ is the stream function. The lacier profile of the fi~ter PG 
is an equfpotential 0 - kHI. The foundation profile GEDB forms the 

inner boundary of the downstream flow a d may be taken as. the 
streamline 1 q, where q is the discharge per unit wldth normal to 
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the direction of flow, drained through the intermediate filter. Star-
ting from somewhere at the upstrean end the streamline $ = q would 
meet the floor GEDB in some point J where it would divide into two 
streaeml.inos, one along JG emerging at G and the other along JEDB 
emerging at B. The potential along the floor GIEDB would be maximum 
at J. The location of the point J would depend upon the relative 
values of HI and H9. As the value of H1 increases the point J moves 
towards G and for a particular value of Hi , J may coincide 4th G. 
In case Hl is increased beyond this value part of the seepage water 
emerging in the filter would percolate downstream below the foundation 
profile GEDB. Intermediate filters which are provided to reduce 
uplift pressures on the downstream portion of the floor would seldom 
be drained at such a high level. The analysis is, therefore, limited 
to the former case, 

w C = + 1$ ) represents the complex potential. Conditions in 
the w.pl ane are as shown in Fig. 2.1 (d). The region of complex 

seepage potential is the area in the w.plane between the two vertical 
lines At ( 	~- kH) and fit+[ (I = 0) and bounded above by the lines 
AF()=o), FG(t=-kHj), andGEDB(11 q)• 

To obtain the mapping from the z-pl arse to the w"pl ane both the 
profile of structure in the Bpi one and the complex seepage potential 
in the w-plane hare been transformed into the lower half of the same 
semi-infinite t-plane using Schwarz-Christoffel transformation. T-he 
transformation of the plane onto semi-&nf mite t-pi ane has been 
obtained through an auxiliary r -plane with the help of bilinear 
transformation. 

The following relations are thus obtained 
z = f Ct) 
	

(2.02) 

	

w = F1( ) 	 (2.03) 

	

and _° = F,(t ) 	 (2.04) 
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Combining Eqs. 2.02, 2.03 and 2.04 
z = f(t) 	f F. 1 F1-1 (w} 	 (2.05) 

and w = Fl F^ r1( z) 	 (2.06) 

where z-- x + iy represents the physical plane, t = r + i s represents 
the intermedi ate semi-infinite pl ane, 	+ iv represents an 
auxiliary semi-infinite plane, and w = t + i* represents the flow field. 

2.2 	THEDRET1C AL SOLUTION 

2.2.1 First operation z = f(t) 

In this operation the profile of the hydraulic structure in 
z pl ane is transformed onto the real axis of the t-plane. On the 
t-pl ane the points A and C' are placed at zero and + 1. The points 
Dt , F, G, E, D and B lie at I\ ti ,cs , f ►, 6 , A,, and u respectively. These 
six positions are to be determined. 

The Schwarz-Christoffel transformation that gives the above 
mapping is, 

dz  	i_ _ 
dt  	/ t(t-1 ) 5- t u_ t 

dz 	+~z)t ~. t2 	 (2.07) M.arrirr 	:. 	 i rw.uuri ir..w.+. 	 . 

Along theupstreamcutoff AD'C', OtI  

Integrating  Eq. 2.07 in this region 

M 	~~ 1 	dt 	.- , tdt 
Y J ,,./t(i t) t -t z - t 	~~  

t 	 t 

1 
t2 d$ 

,.,.t( 1-t)( 6 -t) (-t } 
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Making  use of standard formulae (4, Eqs. 253.1. ,340 and 336 ) 

- = 9I -V0 + (+) 
6 V° ~ (6 - ~ V 'I 

1 

t62 Va -2 8(6l) V. + (6 -1)2 V~ 
(2.08) 

where V0 = P (q, ml ) = elliptic integral of the first kind 

V1 = iT (' , ct ,mi)= elliptic integral of the third kind 

50 a I 	r _ 
2( ~ ..i) ( 2 „ 	a1 	9,m +(rn?.. c12 ) V0 

+(2 2 m?+2 c ..3 2)v1 an sn cn u dnti 1 

E(9 ,n1)= elliptic integral of the second kind 

Sn u 
j 6-t 

Cnu 	 f 	 (2.09) S-t 

do u = 	u-t } ( S,. 
(u»1 )( 5-t) 

=sini_/I ç:I 	 (2.x0) 

B(u-1 ) 



«g., 

on substituting for ml, 	, Sn u, Cn u and do U 

v = C fi 	)2 	s( ..Y) (9,m)-s(b- .)vo ..( -1)(uw 6+1)v1 

.. a( -a~) 	1-1t U-t..F 	
(2.14) 

substitution of values of Vo ,V1 and V. in Eq. 2.08 yields 

= 	~+, ~2 F(p,mj)+( a, +)) 	F(m )-(6-I) 	 , ° , m -) } 

(b+1} F4 , 	- F 6 (u-1) E(9'fmI)+ 

+1 )ii( . 2 ,m 	, 1)~ 	btu ..l) 	 ~1-t~ C~-tl 	(2.15) 
2  

At point 0', t =? i , y = d1, therefore, 

>.,'z F(PD' mI) + ( 	) 	6F (ii , m) .. 
91 

( -r)~t` 	, a , m) ~ °~- 6(5+1)P(PD', mj).. 	6( -)E( D',mi) 

+b+t)1T(PD' •` ~ 	) 

where 9o' = Sin-  

Also at point A, y = 0, t = 0, therefore 

and 

0 r."r M 	AZK ++)' ) 5 6Kl_ (8..l) 1} 
 

+ '1 (b-1) (u+S+1)f1 	 ( 2.17) 
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where K1 = F(lt/2,ml) = complete elliptic integral of, the 
first kind. 

E(it/2,ml) =complete elliptic integral. of the 
second kind. 

'91 =T1 ( /2,ac,mjrcomp1ete elliptic integral of third kind. 

AI,onc tjie floor bet en thet cutoffs C' FG F L t 

Integrating Eck. 2.07 along. the floor between the to cutoff s 

x 	 ~~~ 	dt 	t dt 
1 ..fi t)( 	t 	- 	j~: G: 	 -t~ 1 	t) 

t2 . at 

 t) ( -t 
j. 

M aki. ng use of standard formulae ( 4. Eae. 254.30,340 and 336 ) 

t 

 )+ )vv..V 	 (2.18) 

whore V, = F ( , m1) 

 4

j_ [4 E ( ml)+( Tfl 4 ) vo 

+(2 4 	+ 2 	- 4342 ) Vj. ., 	n 	.. 

Sn u  ~ 

C n u  	,~,t 	 ( 2.19) 

do u 	-   k'- 



s - .LL - 

: 
	 (2.20) 

	

m~ 	1_ 2 =~~..~..~" 	 (2.21) 

	

1 	' 	° `µ - ~1t"' 

42 .._ 	 (2.22) 
26 

On substituting the values of mj ., d~ , Sn u, Cn u, and do u 

'/.., 	
- 4- 6(t..1)fl(9,Tn)- L 6 I,n) + 

+ 	8{ -1)(t--t)(S t 	(2.22) 
t 

substitution of values of V0, V1 and V in Eq. 2.18 yields 

M X2. F(T,mm)+(X, + > 2 )fl ( , 	n , )+ __&. (-1) (,mj ) 

4 4- 6 	,m) - 	(r4+a+1)1T(gyp 	,' ) 

....j.. 8..]. t-1t -t 	(2.24) 
t 

At point E, x = b , t-8 and therefore 

and 	= (- -"..~?Z)Kj + + 6( i-1) Er + j (2~1+2? 2-i ..8. ,)TT2 (2.25) 

where K'= 1~(n/2 , r' ) 

E'= E(/2, rn ) 

and T2 =fl (n/2, 4 mj) 

,a1 n 	tram cut ff EDB S 
IntegratingEq. 2,07 along downstream cutoff, 

- 	./ ( t) 	6) ( t i) 	s 	u } 

t 
.w 	t2 • d .._.... 
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Making use of standard formulae ( 4, Eqs. 256.11, 340, 336 ) 

. ~ 	v~,+~~) 	+ Va} .. 	V0+2 (o-i)V1 
1 t 

+ (&l)2 v9} 

where V0 :F(T , ml) 
V1=f[ (c,1 ,m1) 

V  	} 	ate Via:m) +(4. c )v0 + 2~ta I mp ..W3 	3 

(2.26) 

+2 43m? i - 
sn,u enu 	 u 

x 	
urn 

 

Sn u  
4-8)(t -1 ) 

U ` )ti- - 6 

can u 	~... 	o. x} 

~Rll 

3  u ~ 

with these values of parameter$ 

	

V 2"."I)2 	o(4-x) E(mj) -(6i-x) ( .1) VO +(64)(+6.3)v1 

(2.27) 

(2.28) 

(2.29) 

- 
	 ( 2.30) 
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On substituting for Vo: V. and V, , Eq 2.26 reduces to 

-Y.., = T17 2 	m1)..(> +T2) { {b-i)1T (T, 	:ml)+F((,mi)} 
g1 

+ .2 6(µ.11E ('3 ,mI).. f 1 (6-1)(-1)4 F(T ,ml) 

2 	 1 
(2.31) 

At point D, t =>'2,Y = d2 , therefore 

 (6-1)(. 	, )# m )} 

(') (,nl) .4(64)(_1)1] 	mj) 

	

2 	 D'' m)" 2 .../ 	(2.32 

	

in which 	D 	Sin `~ 	 (2.33) 

Also at point 81, y a 0, t= k , therefore 

'j 	 \ 1 I2 +1~ { 2 	ar ?•~)  ~ 	•• .) ~3 +Kl 	fit 	,) Fr - 	) 	i 	) "j, j, 

+ +(_13 	
(2.34) 

where 	3 T\ ( f2 , c4 ,m1) 

Adding .Eqs. 2.17 and 2.34 

, + 6+1 	 (2.35) 
2 

substituting Eq. 2.3 in Eq. 2.34 

rM( 	) + _!__ 1 	( 2.36) 
1 	1 
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From Eqs. 2.35 and 2.36 	 i 
..2" 

? ~.. ?~~. = - (+• 2- +12  2 $ L(- Z 	
i1 1 -•---) + --. -R 	( 2.37) 

1 

From Eqs. 2.36 and 2.37 

1) .. 1 ....~, ( +6+j) - 2$ #{-) .E 
Ti- i 

r2- 
)¼.2 = 	+45k fl + ,, 	( 	+1) 2_ 28 [U(Kl-F-)  + 	(2.39) 

Substituting the values of T, and Alin Eqs. 2.16 and 2.24 and 
combining 

(- 	-!)F( ,mj)+ E(, 	)_ 	(t)( U -t)($t) 

 I'm
~)  

Sin'"x  when ec= 	&I) 

= Sin 'i 	($ . i'. ) 

From Eqs. 2.16 and 2.25 after substituting the values of ,and 1 

b 	,)!I+ Et  
( 2.41) 
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Similarly from E. 216 and 2.32 after substituting the values 
of N, and o 

d2 	E( 	rn 	- 	

; 	6 (u-i) ( 	1) 

F { cQfl rml} -E{ cDt 'mi} 	.. I..._._ 
Kl 	 btu - . } 	S 

At point F, x a b14. f, t= , therefore from Eq. 2.40 

„ f 	1 ) F (3 ,mj) + E( 	 ) 

E 	 /2,( i-2,)( 
c F(9',mj)E( cq0 ,mi) 	1 —g --:. 1 )( e ..k,) 

in which 	:= siir1../1 5 1 } w 

Similarly at point G, x = bl , t=, therefore from Eq. 2.40 
F. "" ' 	) F (

~4 'ml)+ E( 
b, 

 

c 	,mi) "`  

.ml)- E( f ) +  
=(II 	u  ~ mi 	a- i 	a- 

in which = Sir "  

(2.42) 

(2.43) 

{a} 

Eqs. 2.38, 2.39 R 2.41 to 2.44 enable to determine the values of 
6.. u , ar and? respectively. 

2,2.2 Second operation w 	i( 	) 
In this operation the flow field in w-plane I Fig. 2.l(djt  

is transformed onto the semi infinite *T -plane [Fig, 2.1 (c)I 

The points S. A and F are mapped in -plane at ± io „ 0 and + 1 
respectively., The points M, G and J lie at - p , a and pi respectively. 
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The transformation of polygon MAAFGJ +! in vo-pl ane onto 
5-plane is giien by 

2.45) 
d (S+ p  

,n €._t Je.,,.00rti o n Air C' . 0 <~ L 

Integrating Eq. 2.45 from 0 to *5 in this region.  

o 	' +p)../' ~ w~ a - 

Making use of standard 'formulae C 4, Eqs. 233.19 and 340.01 ) 

0+kH 	(P+p)I(ce, d 	- !( ,m) 	 (2.46) 

	

where 	= Sin-1 	"'""` 	 (2.47) 

	

m2 =L 	 (2.48) 

c2 

	

4 	p 
 L 	 (2.49) 

	

92 	...r.. ... 	 (2.50) J 
At point, F. + M= - kFk and 37 = 1 , therefore 

- kfij + kHq 	(p,+ P)IT4 pK2 

in which l 	* T ( is/2,  ► 	) 
I 2 = F ( %/2, m2) 

From Eq. 2.51 
Ng no 	"' L 	 (2.52) 

(pl+ p)]T _pK2 
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&tonalthe pp rt On,~ F G, 14 	GL 

Integrating Eq. 2.45 in the portion from 1 to 

i1 N 

	

1 (c+p) w 	- 	a 

S, 
N I 	(PI -'c) •dy 
T J1 

Making use of standard formulae ( 4, Eqs. 235.18 and 340.01) 

	

J- [-. IT (9 c p 	 p 	J 

where = 
 

+p) 

r I 2`1 m  

At point C, 	q and= a, therefore 2.53 reduces to 
p  

q
+p 	p 	r 

  ~ 2 	,gyp 	S — p 	~1 

(2.53) 

(2.54) 

(2.ss) 

(2.56) 

(2.57) 

where, q is the discharge through the filter, 

H =Thn/2, c • ) 
and 4 = F(n/2, m ) 

Substituting the value of Ng-p from Eq. 2.52 in Eq. 2.57 

(2.58) 
( 1+p,) 1((P +p )1'4,.PK2I 



,41ana the portion G ,7Zi) 13, 0- L 	00 . 

Integrating  Ed. 2,45 i in this portion from a to 
0+ k H1= N 	(pi -If) d f  • 	 (2.59) 

Making use of standard formulae (4, Eqs. 237,.18 and 340.01 ) 

4) + kH1 = Ng2 _l„ F( c? ,m2) _ 	a~1 	p) 	t : 	:m,) 	(2.6D) 1+ p 	 ( 1+p) (a+p) 	'  

in whichcy= Sin'1 	 (2.61) 

..,~, 	 (2.62) 6 	a+p 

At point B, 0 0 , 	and 52 /2, therefore 

kH p 	,,.. 	~, 	 ( 2.63) 2 	2 	1 + p 	tl+p) ( a + p) ~ i 

where T6 T ( i/2, 4 • m, 

From Eqs. 2.52 and 2.63 

H 	p (pI_1) (a+p)KZ :(a 1) (P1+p) 
 (2.64) 

(1+p) ( app) (p1+ p)T4 - 2 

The value of Pi can be determined from Eq. 2.64 

: 	t 	)K. C r Kp + C1 rf ' + p( a.4 )f6 	
, - 

(2.65 
p(a+p)K2 - Cl r14» p(a-ifl 

in which r = -- 	 ( 2.66) , 

and 	C1 = (1+p) (a+p) 	 (2.67) 
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0 

2.2.3 Third aper ation S- =F2 (t) 
The transformation of f -plane onto the t»plane is obtained 

with the help of the folio i.ng bilinear transformation 

g' 	 (2.68) 

or 

	

t 	____:d._ - — 	 (2.69) 

At point t,, ' =a and t =f , therefore 

a  
(, '"`r 	 (2.70) ~ 

At point M, r= - p and t = 00 r therefore 

p  

	

2.3 	WLI FT PRES: IRES 

2.3.1 Uplift Pressures below upstream floor, AD' C" P I 
The uplift pressures below upstream floor can be determined 

from Eq. 2.46 after substituting the value of Ng 

kH. 	~►P'p~ 	r~~ ~pFE .~ 
k(H7-H1) 	{pi p)'- 4 -pK2 

or 

p [K,_ 	rF{ ,m  	~ ~► gym,} 

where 	Sin-1 

and r is given by Eq. 2.66 

(2.72) 

(2 .7) 

(2,74) 
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In case the release in the filter is provided at the downstream 
water level, Hl = 0 , therefore r = 0 and Eq. 2.73 reduces to 

P K2.` E ~ ,m,) 	(p1+P) T4 ' 	• gym 	
( ) 

 

' H2 	 (p3+p) Try. -PK2 

,The values of p, P1 ,yap , $ and are given by Eqs. 2.71, 
2.65, 2.48, 2.74 and 2.68 respectively. 

At point D', t = ? i, , therefore from Eq. 2.68 

(2.76) 
t( t -2,) 

and so from Eq. 2.74 

D'= Si rr 	:;J 	
(2.77) 

and from Eq. 2.73 

D~ 	p 1C' -F( ►m2)] s 	- (p+ p) 4 - f ~Q',~ rm?i D.,. 	D  
kH 	

9
'p1+ p)1T4- a 

At point C' ,t = 1. , so from Eq 2.68 

C. 

cf, =Sin"1 ....7 	 (2.80) 

p K -F(? i ,m" )] ~. (p ,+p) ~4 - 'T .....,..._ 	 (2.81) 
kH2 	 (pi+  

2.32 Uplift pressures below downstream floor, G 3 E D C: 
The uplift pressures below the downstream floor can be 

determined from Eq. 2.60 after substituting the value of Ng2 
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+kH1 	p 	(p1-3) ( a+p) F(),t n) -( a-1) (pl+p)1T( , ( ,m2) 
k(Et7H1) 	( l+p) ( a+p) 

	(2.82) 
( pl+p) 7j-pK2) 

where 	__Sin*lJ 	 (2.83 

In case the release in the filter is provided at the downstream 
water level, HI = 0., Eq 2,82 reduces to 

_______ 	 p 	(p -i) teip) I,t) -(a-i) (p1+p) TF(f14,m2) (2.84 
k 	(l+p) (a+p) 	 (p1+p)T -pp2 

The values of p., p1 , m2 , 	and  are given by Eqs. 2.71 . 2.65, 2.48, 
2.83 and 2.68 respectively. 
At point E, t = Sa 

= &(L - ~) 	 (2.85 
d{u.-6) 

(2.86 

p ...,...._.. 	 { 2.8? 
kH2 	(1+p) (a+p) 	 (P1 P) lT pK2 

At point D, t= 1\Z 

5D 	 Z 	 (2.e8 

7 D =Sin 1 

D 

kH2 	(Z+p) (afp) 	 ( P1+p) 1T1 -PP2 



The maximum pressure below the downstream floor occurs at 

of nt J, where r = Pi' The pressure at J can be determined from 

Eq 2.84 after substituting the value of IT and other parameters. 
The value of- i s determined from Eq. 2.83 

~~- 5f n1 	a.. 

~p 3 	p 	( pl -l) {app } p( pJ ,m!)  { ,... } ( p1+p) T { T', 4, m2} 

	

Ic H2 	
C2.9 

( l+p) ( +p) 	{ p1+p }', „pK2 
4 

In case the water level at the filter Is increased above 

the downstream bed the quantity of seepage into the intermediate 

filter decreases and the point of maximum pressure J moves towards G, 

and the to may ultimately coincide. At this stage the maximum 

uplift pressure is equal to the head in the filter. If the head in 

the filter increases seepage takes place from the intermediate 

filter to the downstream bed, the maximum uplift pressure continuing 

to be the same. 

The critical value of Wi,/H2 at which J coincides with G is 

obtained from Eq 2.64 by substituting pi= a 

	

Hi 	p( mil} Y - TV6 	 (2. p3 

	

H2 	P(a-p-2)K +(1+p) c a+pflT4-p( a.l) 76 

	

2,4 	F E JLTS. 

The equations derived above have been used for computations 

of uplift pressures. These calculations Involve the use of elliptic 



functions of all the three kinds which were computed on the digital 

computer (4 pendix 11 ) because tables for the required range were 

not available. In order to facilitate the use of above equations for 

finding uplift pressures at key points, values have been computed for 
different combinations of variables involved and plotted in the form 

of curves. The analysis has been made for a floor with twe and 
cutoffs and intermediate filter. The actual profile of a structure 
mostly conforms to this geometry. It is, therefore, not necessary to 

break up the actual profile into elementry profiles, and the results 
obtained have can be directly used for practical design. As will be 
seen interpolation of values is very.easy and accurate and can be 
safely adopted for design. 

The uplift pressures at key points were calculated for assumed 
values of 6 and and various values of cr and p so as to cover all the 
possible dimensions of a structure. The curves cover the values 

. ... M 5,10,15 and 20, 	^ = 1, 2 and 3, f/d , from 0.0 to 1.0 anywhere di 	 dl 
between the two cutoffs. The uplift pressures at D, E, Ct , bf  and 3 are 
given. The location of 3 is also given. 

The uplift pressures at D, B, C', D' and 3 have been plotted 
in Figs. 2.2, 2.3, 2.40  2.5, and 2.6. The location of point 3 has 
been given in Fig. 2.7. 

0 
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C H,~F TER III 

THEORETICAL SOLUTION' FVR DEEP FILTER DRAT 

3.1 LAYOUT ND BWNDARY cOMETIONS. 

Consider an impervious floor A B of length b founded on a 
semi-infinite homogeneous permeable soil structure with a single 
cutoff. A deep filter of depth f has been provided at a distance bl 
from the cutoff. Two cases have been considered; 

.) cutoff of depth di at the upstream end [Fig. 3.1(a )  

(5i) cutoff of depth dq at the downstream end [Fig. 3.2( a)] . On 
either side of the floor, pervious bed extends upto infinity. Along 
the downstream bed B M we assume the potential it = 0. Then along the 
upstream bed AM the potential is 0 = -kH2 were H2 is the upstream 
head measured above the downstream water level, 

The foundation profile A B' Ct F 3 J H forms the inner boundary 
In case of floor With up stre n cutoff (Pig. 3.1) and A F G 3 E B B 
forms the inner boundary in case of floor Lth downstream cutoff 
( Fig. 3.2) . This inner boundary bof 	j' represents stream.l.ine 4) 0 
upto filter drain i.e. between A and F and streamline ) = q between 
G and B where q is the discharge per unit length normal to the 
direction of flow, drained through the filter drain. Either face of 
the filter F F' or F' G, is an equi-potential with 	k, where H1 
is the head in filter measured above the downstream water level. T-he 
potential along the floor downstream of the filter drain is maximum at 
some point J because the flow along the floor upstream of this point 
is towards the filter whereas on the other side it is towards downstream. 
As already indicated in chapter II, the location of the point 3 would 
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depend upon the relative values of H1 and Hr, . As the value of HI 
increases the point J moves towards G and for a particular value of 
H1, J may coincide with G. In case H1 is increased beyond this value 
part of the seepage water emerging in the filter vould percolate 
downstream below the foundation profile. Intermediate drains which 
are provided to reduce uplift pressures on the downstream portion of 
the floor vould seldom be drained at such a high level. The analysis. 
is, therefore, limited to the former case. The method as indicated 
in chapter II has been adopted for solution. 

3.2 	THBORE71C AL SGLU 11 ON FOR FLOOR ' TH UPSTh1 CUTOFFS 

3.2.1 First operation z = f(t) 

In this operation the profile of the structure In the 2-piane 
is transformed onto the real axis of the t.pl an* (Fig. 3.1) . The 

points A and C' are placed at 0 and + 1. The points D', F, F', G and 
B lie at , 6 ,~#µ and " . The values of these five transformation 
parameters have to be determined. 

The transformation mapping- of zplane onto the t-plane is given 
by Eq. 2.07. The mapping from A to G is identical with the mapping in 
chapter II from A to B except that we have to substitute b1 for h, and 
f for d.. Also the points F, F' and G correspond respectively, to points 
E, D and B in chapter II . Eqs. 2.41 and 2.42 take the form 

d1 
,.1)Ki+Bl 

E 	 ,j : i; (3,01) 

f 
	

Bf 'm r 	F( ' mi) 	6 (u •1 	zi 	 (3.02) 

	

1 F( 1 D ,in]j-E( c''mi) 	- ) ~S -► T ~ 
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where ~ -SirrL 	(&) (T- ,) 

.1Q ng, thej1oørc G B. u L t46. 

Integrating Eq. 2.07 along this portion 

t 

X- b d 	 t. dt T~~z .......-..~.   
tt 	Y t- u 	t-.) ta t- , 

4 
t2 dt 

J)k. 	Jt(x) ( ts) t t -1 

Making use of standard fo ul as (4, Eqs. 258.11, 340,336) 

g
'-• T, x v0 -(~ ►+ ALA j(L_8)v + 6 va + 62 v0 +2 8(} _8) V 

1 

+ ( _t))2 v J 	 (3.03) 

where VO 	F(9 ,T4) 

V1 =TU p ,4 ,Tn } 

V2 
= 24jW 4) 

[ 

E(p .mj) +( - 4) Vo 

++ 2.: 	 ucnu one 
`' °t 	I 	1 	I - 	Sri u 

Sn u 	- __t 

Cn u = 	t 
- 
- 
6 	

(3.04) 
t  

do 	/   (g-W t.~ 
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=Si4 	{t
t"} 	 • (3.o5) 

	

u 	- S 

m 	 I 	 ti• 

d2 = _ 	 (3.o6 

On substituting tto values of mj , 4 , Sn u, Cn u, and do u 

	

V = 2i cr2- 	6(u$) 	,mj). &(t4) ( rmj )-I -fir} (35-t-1) 

(?.t ,mj ) ______________ 

	 (3.07) 

Substitution of values of \t , , VI and V in Eq. 3.03 yields 

m g 	 I 	 "'f 	1 
i 

+4 8(jz+&)F (5 ,m). 46(4)E( ,ml)+ 3($)(s+8+1) 

T1(c ,4 ,m )+ 

Substituting the values of y , ?'z and Mgt fzom Eqs. 2.38, 2.39 and 
2.16 respoctvely, we obtain. 

= dj- 4i' 	,mj)—E (qJ ,mj) 

+F( ci ,m) ..E( 

At point B, t = i and x = b, therefore  
b -b 	w 	~ F 	gym } ~~ f 	gym,) * 	`~ f`i•u} ( - ) 

'mi, E( ,mi) 4J Tt_i}(6.7 i) 

(3.09) 



where QB - sin  

3.2.2 Second operation w = Fl ( ) 

The layouts of the w-plane and _5 -plane in this case are 
identical with the corresponding layouts in chapter 11 and therefore 
the transformation is identical. All the equations derived in section 
2.2.2 remain valid in the present case. 

3.2.3 Third operation =P2(t) 

The transformation of ~-plane onto t-plane is obtained with 
the help of bilinear transformation. 

	

t(v 8) 	 X3.11) 
8( . t 

or  
( 3.12) 

At point G, r=a and t , therefore. 

a 
 M(- &) 	 (3.13) 

At point M, ' = - p and t 0Q, therefore 

= 	 (3.14) 
b 

3.2.4 Uplift Pressures 

The uplift pressures below the upstream floor, A A' C' F 
can be determined from Eq. 2.73 or 2.75. The values of .p, P1, m') , 

and r are given by Eqs. 3.14, 2.65, 2.48, 2.74 and 3.11 respectively. 
The pressures at D' and C' for the case H = 0 are given below 

P E2' F(qD ,m2) j . (pi+p) ~4 - ic t ~~ s 	2)J 	(3.15) —BHA  
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S } where %p =Sin4 	.L ,~. ■..r...~.-.w, (3.16) 

	

!Ct 
	PLK,4 P ,m,J~ 	1T{ !c' 4 ,st9  

	

+ 2 	 (pl+ p 	spK2 

where cSin' 	a 	` i T 

The uplift pressures below the downstream floor G 3 B can 
be determined from Eq. 2.84. The pressure at 3 is given by Eq.2.92. 

3.3 	TH&RETIC1L SOLUTION F R FLOOR WXTH DOW1 STREAM CUTOFF. 

3.3.1 First operation z a f (t) 

In this operation the profile of the structure in the z-plane 
is transformed onto the real axis of the t•pl ane (Pig. 3.2) . The 
points 0 and E. are pl. aced at 0 and + 1. The points D, G,? , P and A lie 
at ?-, , S : TL. g and V. The values of these five transformation 
parameters are to be determined. 	,k 

The mapping of the zp1 ane onto the t.pl ane is given by 
Eq. 2.07 and is identical to that obtained in 3.2.1 except that 
direction of flow in z-plane in relation to boundaries has been 
reversed or keeping the direction of flow the same, the profile of 
the structure has been reversed. Also the points A, t)' ,C' and F in 
section 3.2 are replaced by B,D,E and G respectively. The points G 
and B are reel aced by P and A respectively. Eqs. 3.01,3..02, 3.09 and 
3.19 take the form. 

..,____ 	 (3.19) 
K~ F( t~D ,ml) 	~9 ,rrrl} +f 	 Fay _ 1 	.. ?~, 



_1_1L 	F' ,m)- Kj ! %J '':t i - 1 LiT -I 
d2 * F(9 ,mj)E( % ,mj) +j_ 	:T 

t ~ - - . } Ff 	,m  } ..E { pmt } + ~ t t -u, t 
x-bl 	Ki 	1 	i 	5 fu -1} t - } 

F T„'ml) "E ( c~ 1m1) + 
8{u-1}{6ra,} 

(3.20) 

1 	”' 	~g i 	TA q 	& (t -1)(Y - 8 	(.22) 

where 	Sln" 1 	1)(?  , 
F 	(z -S)(?-1) 

jiii:- r 

&1,t 	} 
1  

,gi 	n-1 "A 	- 
The remaining parmeters are defined in section 2.2.1 

3,3.2 Second Operation waft (f ) 

The layouts of a'-plane and the c -plane in this case are 

identical with corresponding layouts in chapter 11 and therefor* the 
transformation is identical. All the equations derived in section 2.2.2 
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remain valid in the present tee also. 

3.3,3 Third Operation =F2(t) 

The transformation of -plane onto t-plane, in this case is 
obtained v4.th the help of b linear transformation. 

. t) 	 (3.23) 
t(Y-u ) 

or 
(3.24) 

At point . G, ' a and t = S, therefore 

At point M 	p and t = , therefore 

3.3.4 Uplift Pressures 

The uplift pressures below the t stream floor A F for the cat# 

0 can be determined from Eq. ,175. The values of p, p1, m2, and 
are given by Eqs, 3,26, 2.65 , 2.48, 2.74 and 3.23 respectively. The 

corresponding pressures below the downstream floor G S E J B is given 
by Eq. 2,84. The pressures at 3 E, and D are given by 

H2 ( l+p (Pi+p)1T4 c~ 

t3.28) 
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p (p -1)(a+p)E(~ ,m,).(a-1)(p1+p) (%, 6'm2) 
-......... = 	 { 3.29, 

kH2 	(l+p)(a+f ) 	 (p1+P)1T+ 1'2 

~=S3" 	~. where j 

a 

3.4 REgJLTS% 

The equations derived in paras 3.2 and 3.3 have been used for 
computations of uplift pressures. The values of uplift pressures have 
been computed for different combinations of variables involved and 
plotted in the form of design curves. The curves cover the values of 
b/d1 or b/d 2 upto 20, f/d1 = 0.2 to 3.0 , f/d2 = 0.2 to 1.0 ,bi/d1=4 
to 10 and I,/d2  = I to 4. The pressures at 3, and .D' and C' or D and B 
have been plotted. The location of S is also given. 

These curves have been plotted for simple profiles consisting 
of a flat floor with a cutoff at upst ear or downstream end and a deep 
drain anywhere along the floor. In an actual problem of hydraulic 
structure, the foundation profile is more complex. But it can be 
reduced to,. simple elementary profile and pressures at key points 
determined. 
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CH;~pTER IV 

LEAKAGE THROUGH CUTOFF 

4.1 FOFNULATION OF THE PROBLE,LAYWT,AND BOUNDARY CON TTSCNS. 

Consider an in ervious floor A B of length 2b 4th a central ,. 

cutoff C D of depth d, resting on a permeable soil of infinite depth. 

There is a continuous +opening t D ! in the cutoff due to reasons 

mentioned in Para 1.2, at a depth dl and the width of opening is 

d j- dl . On the up str6 am and downstream of the floor is pervious bed 

extending upto infinity. The profile is represented in z-plane as 

shown in Fig. 4.'1 (a) . 

The head on the downstream water level is assumed as zero and 

measured above it, H Is taken as the head on the upstream bed. 
Therefore 0 = - kR on the upstream bed A M and (D = 0 on the downstrean,. 
bed, where 0 is potential function and k Is coefficient + of percolation. 
The foundation profile ABDl C B forms the inner boundary of the flow 

and represents the streamline * = 0. The opening DI i in the cutoff 
is an equipotential 0 = - W due to symmetry. D) D is Impervious 

cutoff below the opening and represents a streamline 4) q , where q 

is the discharge passing through the opening. Due to symmetry poten-
tial at D is also •kW2. The foundation profile and other boundaries 

have been shown in s p1one in Fig. 4.1, (c). 

Both the profile of the structure in the z#plane and the floe 
field in the wpb. ane can be transformed on the lower half of -p1 ane. ,. 
The problem can be solved by combining the two relations obtained thus. 
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4.2 	THMRE1ICAL SQLUTI0N 

4.2.1 First Operation z = f(5 ) 

In this operation the profile of the structure in z-plane i.s 
transformed onto the real axis of the S -plane. The points c, 0 and 
E are placed at + 1 , 0 and - r, due to symmetry and the points D',t 
and B lie at 4 , 0 and'Y. 

The transformation equation that maps z•plane onto they -p1 ne 
is gifen by 

(4.01) 
or 

(4.02) 

This gives f = .1 • (. 	)2 
	

(4.03) 

	

p2 1 •.„ (._1 )2 
	

(4.04) 

I+(b )2 
	

(4.05) 

where  

4.2.2 Second Operation w = f (s') 
In this operation the ,w-plane is transformed onto thee -plane. 

The points of stagnation 3~ and  are placed at + 	and - cr . The 
transformation equation is given by 

(4.06) 

Substituting ~ = t 

E q 4.06 reduces to 

 

d(t-d2) 	 (4.07) dt `r" 

	

	 ...'~` 
{t-{t- 2) {'Y2 -t )t 
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A1ona the lower iriervious portion of cutoff D D9 , o4~47 . 

Integrating E4. 4.07 in this region 

-. 
dt 	~. a 	~,~ dt 

2 	. (4 =t) ( -t) ( ,f -t ) 	Jt(Q -t) ( 	t) ( Y . t) 

Making use of standard formulae (4, E0. 252.14 and 252.00 ) 

+ kH/2 

	

	 ( ► °t +m) ..F( rm~ - 02 F( ,m) 	(4.08) 
2 

where   Sin's
~ 

~ 	 (4.09) 

J ~ • r J 1/ 

m= 
V "r)P2 

(4.12) 

= + ~' and T =/2 therefore At point D2 , ~ =- ~~ k 	s 
"E4 4,eeyields 

2 
(4.13) 

K 

whereK = F(n/2,m) 

11,= ( 9̀/2.° tm) 
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Along g the 22p incutof~Dt,?LPL p• 

Integrating Eq 4.07 in this region 
tt 

J dt 	' 	at 

Making use of standard formula (4, eqs. , 254.02 and 254.00 ) 

• q 	- 	?1 ( ~p : 	,m' ) ~. 0r2 	,m') 	 (4.14) 
7 

	

where =Sfnr1 - J2 t " L 	 (4.15) 

m' = j i.~~".~"`_ 	 (4.16) 

= 	.~..... 	 (4.17) 
2  02 

At point DI , t = 0 , = + 13 and T = n/2 therefore 
Eq. 4.14 yields. 

q = ,... ,.... 	z -0 1C' 	 (4.18)
U] 2 

where K' a P( n/2, m' ) 

1T=IT 1i/2, 4 in' ) 

Along the per i aervIous portion of cutoff and floor DB 	Y , 

Integrating Eq. 4.07 in this region 

M1( 	Jdt 	 at 

I 	j(t t)(t*.132i (-.t) 
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Making use of standard formulae ( 4, Eqs. 256.13 and 256.00) 

•

w 

+ kH/2 .- - 4 Ft ,m)+f p 	( 	,• ,m) 	F{ ,m) 	(4.19) 2 

where 	Si n"1 	 -~---• 

- ~2 	 (4.21) 

At point B , 45 = 0, 	+1 and f is/2, therefore Eq. 4.19 yields 

,. = -.M~,.~.._ 	3 - cr ) K + (p2 - S )1T3 	 (4.22) 
2 

where ]=iTf n/2, 	, m ) 

Elininating Mg betveen Eqs. 4.22 and 4.18 , we get 

.,.,._:.. 	'I -i 	" a2 K'' 
kH 	2 y = .2) K +( 2 

4.3 UPLIFT FBES9JRES 
Uplift pressure along the portion D1 C B is given by 

.. = -~) 
	,)+( 	~-r ~ , 0M) - 	(4.24)  

kH 	
(?1-ar2)K+ (p2 '1)jT 

in which ,m and c 	are defined in Eqs. 4.20 , 4.10 and 4.21 
Pressure at point C is given by 

( 	2) F(,M)+(p2. ) TT (c? '4_' 	 1 
	(4.25) 

 

A H 	
r~. ~", ter    

2[(2)K+(p2)1l] 



in which -Sin 	: 	 (4.26) 

Pressure along lower impervious portion of cutoff D D9 , is obtained 
from Eq. 4.8 

	

0 	(Y  1 02) p( T •Tft) 	T icy  ` 	, m)  

where Is defined by Eq. 4.09. At point DD where pressure is minimum 
on the downstream side of the cutoff, it Is given by 

	

NCH 	ti 	 2 (4.28) 

)K+ (  

4 	SULTs. 

The equations derived in paras 4.2 and 4.3 can be used for 
computations of uplift pressures and the seepage discharge through the 

opening in the cutoff. The values of uplift pressures at key points 

and the seepage discharge through the opening have been computed fox.  
different values of variables involved and plotted in the form of curves. 

Pressures at the junction of floor and cutoff and seepage 

through the opening have been plotted in Figs. 4.2 and 4.3 for various 
values of d/b , locations of opening., and the ratios opening in the 
cutoff to its total depth = 0.01, 0.050 and 0.10. 



5( 	 r 	 T — 

q -- 	 B H 
------- 	 ---s- 

d d1 C  
d 

4 

r 
EL 
0 
w 
Q 4C 
z w u 
cc w a 

w 	3'• 

w 
V) w 
m a 

0.2 

0.3 

04 

0.5 

--t 
0.6 

07 

3C 

2! 
0 	0.2 	0.4 	0.6 	0.8 	1.0 

d/ b 
FIG.42(a)— PRESSURES AT C FOR OPENING 

d2 — d1  = 0-01d 



50 

45 

u 

x 

LL 

O  40 
W 

Q 
r 
Z 
W 
U 

a- 

Ln 

u 33 

m 
x 
D 
th 
N 
W 
cc 
a 

3li 

25 
0 	0.2 	0.4 	0.6 	0.6 	1.0 

dIb 

FIG 4.2 (b) —PRESSURES AT C FOR OPENING, d2- di=O.05d 



so  iz 

u 

0 
w 
U, 
I-. 4a 
Z 
w 
u 
w 
a 

U 

w 35 
D 
vi 
vi 
w 
Ir 
CL 

30 

25 
0 	 0.2 	 0.4 	 0.6 	0.8 	 1.0 

b/d 

FIG 4.2 (c )—PRESSURES AT C FOR OPENING, d2-di=0.1 d 



• Ct 

04 C 

0.0 

0.0. 

v- 

- 	b 	- 

d2.~
di 

d 1- 

i 

d1/d = 0.3 i 

0.5 

G 	 0.6 

I 	 ~ 	 / 

0.7 

s 	 ~ 

i 

I 	! 	r 
0.9 

( 

I 

I! 
0 	0.2 	0.4 	0.6 	0.8 	1.0 

d /b 

FIG.4.3 (0) -SEEPAGE DISCHARGE FOR OPENING 
~_— c. = n.n1 1 



0-12S 

0.100 

0.075 

0.025 

ru 
0 	 0.2 	 0.4 	d / b 	0.6 	 0.8 	 1.0 

FIG.4.3 (b)— SEEPAGE DISCHARGE FOR OPENING , d2 -d1  = 0-05d 



Lu 

U 
01_ 
O 

0 W 

0_ 
W 
W 
01 
Z 
0 

'o 
o Z 

Z 
-p W 

O 
1 
O 

Z 

o  ~ 

U 
O 
J 

li 
O 
I— 

w 
LL 
LL 

lii 

r 

O 

0 
N 	=  O 

o s ~ o c 
Q 



0-3 

02 

C-1 

C 

0 	 02 	 04 A/d  06 	 08 	 10 

FIG 4.5 -PRESSURE ALONG DOWN-STREAM FLOOR, 
b/d =10 , dz- d1=0.1 d 



CHAPTER V 

.ES' FIIM ENTAL Rt PIC A?! ON 



CHAS TER V 

E3Q ERIMENTAL 'VERIFICATION 

5.1 	TEST CONES TI ONS 

The results obtained from theoretical solution have been 

verified on two dimensional electrical analogy model for various 
boundary conditions to determine the validity of theoretical results 

and extend their applicability. The theoretically calculated uplift 
pressures were compared with those observed on model for b/dI = 10, 

15 and 20, d jdi *1 and 
2, 

for various locations and lengths of filter. 
Since the agreement between the theoretically calcul ated pressures and 

those obtained on the model is very close, only the following illus. 
trattve examples have been given: 

A. XNTEIV EM ATE FILTER 

I Depth of upstream cutoff 	 = dj 
ii Depth of downstream cutoff 	 = di and 2d1 

Ili Length of floor between two cutoffs 	= 10 dj 
iv Length of filter 	 = 0.5di 
v Distance of downstream end of the 

filter from upstream cutoff. 	 m 5.98 di 

B, DEEP FILTER MAIN SETH UP STRE/ CUTOFF 

3 Depth of upstream cutoff 	 a d. 
U. Length of floor 	 = U) di _. 

Iii Depth of drain 	 = 0.5 di 
iv Distance of drain from upstream end 	= 5 d3, 

C. DEEP FILTER tEtATN VVTH DOWNSTREAM CUTOFF 

I Depth of downstream cutoff 	 = d 
U Lentffloor 	1'O de 

Dph of drain 	
~ 

0.5 d 
iv Distance of drain from downstream  a 5 d2 

cutoff 
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D. DST FILTER WITH TWO END CJTOFFS 

f) Depth of upstream cutoff 	 = di 
IS. Depth of downstream cutoff 	 = dr) 

Iii Length of floor between two cutoffs 	= 10 di 
iv Depth of drain 	 = 0.5 i 
v Distance of drain from upstrean cutoff 	= 5 dl 

5.2 	EWEMMENTAL SET t1P. 

5.2.1 The experimental set up consisted of two dimensional electrical. 

analogy tray of size 1.lim x 0.S6m. The model of the structure 

consisted of a flat floor %&th t end cutoffs in case A and an end 

cutoff at upstream or downstream end In cases B and C. The model of 

the structure was prepared to scale and fitted in the tray. The floor 

profile was made of seasoned wood and cutoffs were made of perspex. 

The upstream and downstream pervious reaches were simulated by..3..5mm 

thick copper plates. The filter or drainage was represented by copper 

plate fixed in the corresponding position. The boundary of the tray 

had a digneter of 3b so that it represented considerable depth of 

permeable strata below foundrtion and the theoretical results corres-

ponding to the infinite depth of permeable strata could be compared , 

with the experimental. results. The depth of electrolyte wa kept 2.5cm. 

Simple tap water was used to represent permeable foundation. 

5.2.2 The surfaces of the copper plates representi.ng *upstream and 

downstream pervious reaches were carefully cleaned before e)perlments 

to reduce contact resistance. The probe was also made of copper tq. 

reduce the galvanic effect and any reversible potential difference. 

The plates were fed a low voltage ( about 20V) to attenuate some of 
the side effects. 	lifier system was added to increase the sensiti- 
vity of the sot up. The frequency of the current was raised to audio 

range ( 1000 cycles/sec) to increase the Inductive reactance and the 

capacitive susceptance, and to improve measurement accuracy. 
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Moreover, audio frequencies eliminate electrolysis and reduce the 
effects of polarization, contact resistances on the plates, and other 

side phenomena. The model and experimental set t are shown in Fig.5.1 

5.3 RESULTS 

5.3.1 The theoretically calculated uplift pressures and those 

observed on electrical analogy model for the case A, when the floor 

has two end cutoffs and an intermediate filter are given In Table 5.1 
and plotted in Fig. 5.2., The calculated and observed uplift, pressures 
for the cases 8 and C, when the floor has cutoff at the upstream or at 

the downstream end and a deep drainage, are given in Table 5.2 and 
plotted in Fig. 5.3. A perusal of Table 5.1 and 5.2 and Figs. 5.2 to 
5.3 indicates that the observed pressures are very close to the 
theoretically calculated values. 

5,3.2 The uplift pressures have also been measured for the oases ker' 
the floor has to and cutoffs and a deep drainage at a distance of 

5 d1 from the upstream and and given in Table 5.2. No theoretical 
solution has been worked out for these boundary conditions when floor 
has two and cutoffs and a deed, drainage In between. However, It has 

been seen that the theoretically calculated pressures along the floor 
and cutoff upstream of the drainage vd,thout downstream cutoff, are close 

to those observed at the corresponding points with two end cutoffs. 

( See `able 5.2. Fig. 5.4) . The calculated pressures along the flodr. 

and cutoff downstream of the drainage without upstream cutoff, differ 

slightly from those observed at the corresponding points with is o 
end cutoffs. 
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TABLE 5.1 

VERI FICA1ION OF THE )RETICAt PRESSURES 
IN1EE EIS ATE FILTER 

Test Conditions: 

i Depth of upstream cutoff 
jj Depth of dowwnstreem cutoff 

iii. Length of floor between cutoffs 
iv Length of filter 
v  Distance of filter from upstream end 

Points Coordinates ithl Pressures with 
origin at 	I d~/dj= 1.0 
upstream floor 
end 

wA I.MMlll !I 	l~1~  

18 dl 0.5 d 
5.98 

Pressures 3.th 
d,/dl a 2.0 

/d~ 	Y/dl 	ITheoreti- tObserved ITheoretically~; Observed 
I ceic u l►don model 1calculated 	on' model 

• 0.0 0.435 0.926 0.920 0.927 01925 
0.0 0.599 0.895 0.890 0.996 0.890 

D'. 	0.0 1. 000 0,760 0.744 0.763 0.747 
0.0 0. 601 0.670 0.666 0.674 0.666 
0.0 0.437 0,660 0.660 0.664 0.660 

C' 	0.0 0.000 0.650 0.635 0.654 0.638 
3.9 0.000 0.361 0.353 0.366 0.353 
5.27 0.000 0.143 0,135 0.143 0.145 
6.18 0.000 0.099 0.100 0.111 0.111 
8.75 0.000 0.170 0.160 0.209 0.193 

8' 	10.00 0.000 0.156 0.150 0.207 0.210 
0.00 0.436 0.1526 0.150 0.206 0.190 
0.00 0.600 0.1493 0.146 0.200 0.19 

D 	0.00 1.000 0.1149 0.117 0.162 0.160 
0.00 0.600 0.0525 0.050 0.074 0.074 
0.00 0.414 0.0353 0.035 0.050 0.050 

S w - - r S r n w - r - - - - - - it r S - wow w - - - - r - r - - r - 



TABLE 5.2 

Ma RCA1ION OF THEORETICAL PRES 1RES 
DEEP DRAT N 

Points Coordinates with 
origin at 
upsstream floor 
end 

Pressures with 
upstream end 
cutoff 
b/d =10,"b /d.= 
5,f f d1=t3. 

Pressures with 
downstream end 
cutoff b 	10, 
bl/d 	5,f/d 	0.5 

Observed 
pressures wi 
two and 
•cutoffs for 
b/diw1O, 
b 	di,d,/d; 
f d~,w0.5 

x/dl. 	, y/dl 
or 	or 

x/d2 	,yldq 

Calcu., Obser- 
lated 	ved on 

,model 

Calcu., Obse 
1. ated , ved on 

, model 

0.0 0.436 0.918 0.913 - 0910 0.0 0,600 0.884 0.875 - - 61- 880 0,0 0.714 0.858 0.848 - 0.845 

D~ 	0.0 1.000 0.734 0.713 - 0.741. 0.0 0.714 0.644 0.630 0'.620 
0.0 0.600 0.632 0.616 - 0.602 
0.0 0.436 0.621 0.603 0.592 

C' 	0.0 0.000 0 *609 0.594 1'.000 1.000 0.587 
1.0 0.000 0.553 0.553 0' 10O 6.713 0.542 3.00 0.000 0.368 0.340 0.427 0.430 0'.350 4.0 - 0.000 0.227 0.240 0.280 0.280 0 ,211 
5.0 0.000 0 00 0.000 0.000 0.000 0x.O O 6.5 0.000 0.140 0.130 0.168 01.164 0439 7.0 0.000 0.146 07.135 0.180 01174 0+.149 8.85 0.0600 0.110 0.100 0.160 0".163 0.137 9.85 0.000 0.042 0.035 0.153 0.150 0.128 

E 	10,.00 0.000 0.000 0.000 0.,153 06148 0,128' 10,00 0.486 • 0.150 6.144 0.126. 10.00 0.600 0.147 0.140 0.124 10.00 0.714 0.143 0.135 0.121 

D 	10.00 1.000 - 0'113 0107 6.097 10.00 0.714 •• - 0.063 0.059 6.0.49 10.00 0.600 0.051 0.048 0041 1Q .00 0.436 0.036 0.034 0.029 

- .M - 	 - w Yr ~ - - - rr - 	w! r r. . .r r rwi r w,! 
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TABLE 6.1 

EFFECT OF LENGTH OF FILTER 

Coordinates with 
origin at the 
junction of 
upstren cutoff 
and floor 

Uplift pressures with filter 
'h/d =1O hlf d1-b.4 f  t i,/d ,pl .0 

I 
I 
L 

Uplift 
pressures 
without 
falter 

/d1 I 	Y/dl j f/dlf0.05 4 	0.5' 41.0 1 

0,00 0.436 0.932 6.926 cc;922 (i942 
0.600 0903 0.895 06889 0919 
0.714 0.881 0.871 0.863 0.899 

I)' 1.000 6.780 0.760 0 745 0'.814 
0.714 0•.709 4681 0.-660 0.755 
0.600 0.699 0.670 00.649 0.748 
0.436 0,690 0.660 0.638 0,741 

C' 	0.00 0.000 0.681 0.650 6.627 0.735 
2.834 0.000 0.520 0.464 6.421 0`.61l 
4.923 0.000 0.341 0.227 6.084 6,504 
6.000 0,.000 0:000 6.000 0.000 0.449 
6.168 0,000 0.167 0,094 0'.075 0 441 
7.871 0.000 0.232 0.180 0.157 0.351 

E' 	10.000 	0000 0.1990 6156 (Y140 0/.265 
0.436 0'.186 01.153 0r.-137 0'258 
0.600 0.181 0.149 0.134 0.251 

D 	1,.000 0137 0'115 0`.104 0186 
0.600 0'.062 0.052 0'.048 Q;.082 
0.414 01.041 0`.035 0.032 0.055 - 
0.312 0.031 0.026 0.024 0.041 

err - mo -0 r " w .. 	,r r .- .. raw " - - - - a" rr ,rr w r.r _ ... r .. _ 
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and 29.0 to 12.5%, of the total differential head respectively. The 
decrease in pressure at a distance of 7.5 dl from upstream cutoff 
( the approximate location of maximum rise of pressure downstream of 
the filter ) has been plotted against length of filter in Fig. 6,1(a), 
which indicates that with the provision of filter, pressures reduce 
considerably from those without filter but the decrease in pressures 
with subsequent increase In the length of filter is Tess. The uplift 
pressures also decrease along the floor upstream of the filter. 

6.1.2 Effect of filter locations In order to determine the effect 
of location of filter the uplift pressuris for b/di =10 d2/dl=1.Q, 
f/di=0.5, and by/d3,==4,.0, 5.0 and 5.77 have been given in Table 6.2 
and plotted in Fig. 6.2. The uplift pressures without filter have also 

been given. A perusal of this figure indicates that uplift pressures 
decrease on the downstream side and increase on the upstream side as 

the filter is moved from upstream to the downstream side. For examples#  
in the case presented in Fig. 6.2, the maximum pressure downstream of 
the filter changes f rcm 21.E to 17.9 as the filter is moved from 
4.Odl to 5.77 dj, from the upstrean end. The pressures along the outer 
faces of the cutoffs are not affected appreciably with the change in 
location of filter. The filter should, therefore, be located down--
stream of the gateline such that the total area of uplift on the floor 
downstream of the gateline is minimum. A few trial locations would 
give the optimum location of the filter. A perusal of Fig. 2.2 to 2.5 
also indicates that uplift pressures at the tip of downstream cutoff 
decrease with the movement of filter towards E; however, this trend 
continues Upto a certain point beyond which the pressure at 1) starts 
increasing if filter is moved further downstream. 

6.1.3 Effect of downstream cutoff depths In order to d termine the 

effect of depth of downstream cutoff, the uplift pressures have been 
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TABLE 6.2 

EFFECT OF LOCATION OF FILTER 

Coordinates with 	j Calculated pressures with filter Uplift 
origin at the 	b/d1=10, d~/dj=1.0if/dj a 0.5 	pressures 
junction of 	 without 
upstream cutoff 	 filter 
and floor 	i 

x/dl, 	I 	Y/dl 
rawr.r..rrrw+~~ 	. rrrrwrr i~.w~.+r.r w r i i 

bbl/d-4.O 
 ri~rii 

5.0 
_ 

1 	6.0 	1 

0.00 	0.4~3y6 0.915. 0.921 d-926 	.0`:942 
0.600 0.879 0,888 01895 	0.919 

0.714 0.851 0.862 0.871 	0.899 

D~ I:.QOQ 0.720 6.743 0.760 0.814 
6.714 0.623 0.656 0.681 0.755 0.600 0.610 4.645 6.670 0.748 
0.436 0.597 0.634 0.660 0.741 

C' 	0.00. 0.000 0.584 6:623 0x.650 '0,735 
2.834 - 0.293 0:404 6.464 0(.611. 
4.000 -V 0.000 0.234 0.361 0.575 
5.040 - 0,.218 0.051 6.,220 0,495 
6.0 - ' 0.236 0.100 0.000 6.449 
6.168 - 0.237 0.170 0(094 041 
7.871 - 0.215 0.200 0.180 0.351 

E 	10.00 0`.000 0`.172 6.165 0`.156 6.265 
0.436 0' 168 0.161 0.153 O258 
0.600 0.164 0.157 0.149 0.251 

D 1.000 0t 24 O120 0.115 .0.186 o. *I= 6`.056 0.054 0'.052 °0.082 
0414 0.037 0.036 O'03 6.055 
0 412 0.028 0.027 0.026 0.041 

ae - - - - - - - - - _r - - _1. aW - - - - ws - r/ - W err - - - - - -M - r - w it 
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calculated for b/d1=14, f/dl= 0.5, bi/dl in 6.0, and two different 
values of dp/dl, viz do/di-l.0 and 2.0. The calculated pressures with 

filter and without filter have been given in Table 6.3 and plotted 
in Fig. 6.3. A perusal of the figure indicates that uplift pressures 

increase With the increase in the depth of downstream cutoff only 
along the floor downstream of the filter. The uplift pressures along 
the floor and cutoff upstream of the filter are practically unaffected 
by the increase in the depth of downstream cutoff. With the Increase 
in depth of downstream cutoff from dl to 2dl , the uplift pressures 
along the downstream portion of the floor increase by upto.5.]%, 
whereas the maximum difference upstream of the filter is 0.4 only. 
Thu indicates that the cutoff on the otherside of the filter can 
be neglected for computing' uplift pressures below floor. 

6.1.4 The maximum pressures along the downstream portion of floor 
and the downstream cutoff occur at J. The aeximum pressure reduces 
intially when' filter Is moved towards E. But after a certain location 
of filter it starts increasing Si in case of pressure at D. How0ver, 
this trend does not have design significance as the reversal occures 
when the point of maximum pressure has already ehiffed from the floor 
to the inner f ace of the cutoff. 

6.2 	OE ORAl N 

A deep drain would consist of a continuous trench of small width 
filled back with pervious material. As In case of intermediate filter, 
the pressures rise _ again downstream of the deep drain depending on Its 
depth and location. The influence of both these factors has been studied 

The theoretical study has been made for one cutoff with deep draii 
either at the up stream end or at the downstream end. When there are are 
two cutoffs, the results can be superimposed with negligible error 
as shown later. 
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TABLE 6,3 

EFFECT OF DEPTH OF DOWNSTREI CUTOFF 

Key 
points 

Coordinates with 
origin at the 
junction of 
up .7 ~rrG 51++ cutoff   

and floor 

JCalculated Pressures 
b/d1==10,b1/dl=5.98 
_ 

~ 	
- - - a - r r - r r - - - r - - - - - -  

dP/d3 r0 	d~/dim 2.0 

x/di 	Y/dl 
w.thout 'twith filter without 1with 'f filter 
filter 'f/dr=0.4985 J filter :f/d10.4985 

0,.435 0.942. 0.926 0.945 0.927 

0.599' 0.919 0.895 0.922 0.896 

t3' 1.000 0.814 0.760 0.825 0.763 

• 0.601 0.748 0.670 0.762 0.674 

0.437 0.741 0.660 0.755 0.664 

C' 0.000 	01000 0.735 0.650 0.749 0.654 

3.900 	- 0.555 0.361 0,.583 0.366 
5.270 	w 0.486 0.143 0.525 6.143 
6.180 	- 0.439 0,.099 0.483 0,1111 
8.750 	- 0.310 0.170 0.385 0.209 

E 10.000 0.265 0.156 0.370E 0.207 

D o ey2.0 0.186 0.115 0.256 0.162 

a.r w r wr a a w w i N a .r w w a r.w wr wa rr rr w a rr  
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A. Upstream cutoff. 

6.2.1 Effect of depth of drain: It is seen from Figs. 3.3 and 3,4 
that the uplift pressures at C' and D' i.e. at the junction of floor 
and upstream cutoff and at the tip of the cutoff decrease with the 
increase in the depth of drainage. The uplift pressures along the 
upstream cutoff and floor, for b/dl =10, b3/dl = 6.0,E  and f/dl = 0.2, 
0.5 and 1.0 have been given in Table 6.4 and plotted in Fig.6.4 to 
determine the effect of increase in the depth of drainage over the 
entire length of floor. A perusal of Fig. 6.4 indicates that with the 
increase in the depth of drainage the 5ressures decrease both along 
the floor and the cutoff. The reduction in pressures is more in the 
downstream portion of floor than in the upstream portion. As in the 
case of horizontal filter the provision of drainage reduces pressures 

considerably from those when no drainage is provided. The decrease in 
pressures with subsequent increase in depth of drainage in less. This 
is clearly Indicated by the relation between f/dl, and the decrease in 
pressures plotted in Fig. 6.4 (a). 

6.2.2 Effect of locations The uplift pressures along the floor and 
the cutoff for 6jdi 10, f/d ,= 0.5 and b1/d= 4.0, 5.0 and 5.77 have 
been given in Table 6.5 and plotted in Fig. 6.5. It is seen that 
uplift pressures increase on the floor upstream of the drainage and 
decrease on the floor downstream of it, with the shifting of drainage 
towards downstream. The increase In the upstream portion is more than 
the decrease on the downstream . portion. 

B. Ebwnstrean cutoff: 	 /L 	 ftY OF kOUkk- 

6.2.3 Effect of depth: The uplift pressures along the floor and cutoff 
for the case when cutoff is provided at the downstream end of the floor, 
for b/d2 = 10, bl/d2 w 5.0 and different depths of drain, f/d2 w 0.2, 0.6 
and 1,0 have been given in Table 6.6 and plotted in Fig. 6.6. A perusal c 
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TABLE 6.4 

EFFECT OF DEPTH OF DRAINAGE WITH UPSTREAA CUTOFF 

Coordinates with ICalculated pressures with drainage Calculated 
origin at the I b/dltlO bl/di 	5.0 pressures 
Junction of --~- ith 	out 
upstream 
and fluor 

cutoff 
f/dl'°'0+2 0.5 1.0 drainage 

x/dl i Y/dl 
f ~ 

irww~r~• .w~~r~l~~+wrwrrr~i~m~ i 

- 

- rr11U ~O wr~rr rrlrrrrrll~ir~~f 

0.000' 0.436 0.922 '0.918 0.914 C939 
6..600 0.890 6.884 01.878 0.914 
0.714 0.865 0.857 0.850 0.849 

D' 11.000 0`.748 0.734 0.720 0.806 
0.714 Cr., 0.644 01.625 0'.769 
0`.600 0.652 0.632 0`.612 0.736 
0.436 0.642 0.621 0.600 0.728 

C' 	o'400 0.000 0.631 0.609 0+ 588 0;721 
3.000 so 0.410 0.368 0.313 '6.5799 
4.000 - 0.267 0,227 0`.194 0`.523 
5,.000 - 0.000 01.000 0`,.©a0 01,467 
6.500 - 0.185 0.140 01403 ' 0.382 
1,000 - 0.186 0.146 01.113 0;.353 
8.850 

- 
0.130 
0.043 

0.110 
0.042 

0.090 0.205 
0.057 9.850 0.040 

8 	10.00 - 0..000 0.000 0.000 0.000 

w ~. r w - r w w w w r+r err +r r 	 .r w 	 - nr it ~ + r - - . - - w 
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TABLE 6.5 

EFFECT OF LOCAttON OF DRAINAGE WITH tiP STTREtN CUTOFF 

Coordinates of 
points with 
origin at the 
junction of 
upstream cutoff 
and floor . 

Calculated pressures w&th drainage Calcul ated 
ressures 

by d& = o .-~ , 0. s 	twit hout 
jdrainage 

=4.021 5.0 

C' 

0.436 0.600 
0.714 

1.000 
0 .714  
0.6©0 
0.436 

r 

0.911 
8.874 
0.845 

0.110 
0.609 
0.595 
0.582 

1 

0".569 
0.263 
0.000 
0.133 
0.170 
0.168 
0.118 
0.045 

0,918 
0.884 
0.857 

0.784 
0.644 
0.632 
0.621 

®':609 
0.368 
0`.227 
0`.00© 
0.146 
0,,.110 
0.042 

5".77 

0.922 
0.890 
-0.865 

0`.749 
0'«665 
O'.654 0.644 

0633 
t 020 
'.316 

0'.183 
0.900  0`.l10 
0'.103 
0.042 

0.000 

0.999 
0:914 
0.849 

c.806 
0.769' 
0`.716 
0.728 

0`.721 
o'.576 
O'573 

0":46? 
0'.382 
0.353 
y01~.205 
0.057 

0.001 

rr r - w - ar - - err it ie rr - r err .err - - - - w •." - .w - air " ~ 	 - - - err 
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Fig. 6.6 indicates that uplift pressures decrease throughout the length 
of floor with increase in depth of drainage. The reduction in uplift 
pressures with increase in the depth of drainage is more on the down-
stream side than on the upstream aide. 

6.2.4 Effect of location: The uplift pressures alon-g the floor for 
b/d = 140  f fd.> = 0.5 and various locations of drain, b]/d2 ;t 4.0, 5.0 
and 5.77 have been given in Table 6. and plotted in Fig. 6.7. A perusal 
of the figure indicates that the pressures decrease on the downstream 
and increase on the upstream with the shifting of .filter to the 
downstream. 

As before, the drain location std be -such that the total 
uplift on the floor downstream of the gateline is minimum. 

6.2.5 Deep drain with two cutoffs: The uplift pressures along the 
floor and cutoff for the foundation profile having two end cutoffs 
and a thee, drainage as observed on the model have been plotted in 
Pig. 5.4. The theoretically calculated pressures for single cutoff 
at upstream or at downstream end of the floor with a deep drainage 
have also been plotted in the same . figure. It is seen that uplift 
pressures bbserved along the upstream cutoff and along floor upto 
the drainage are very close to thosetheoretically calculated for this 
portion neglecting downstream cutoffs. In case of Intermediate filter 
also it was seen that the increase in the depth of downstream cutoff, 
does not affect the uplift pressures on the other side of the filter'* 

The observed uplift pressures along the downstream cutoff and 
the floor downstream of the drain differ I only slightly from those 
calculated theoretically neglecting upstream cutoff. It 3s, therefore, 
seen that provision of downstream cutoff has practically no effect on 

the pressures upstream of drainage whereas provision of upstream cutoff 
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TABLE 6.7 

EFFECT OF LOCATION OF DRAINAGE WITH DDWNNSTREM CUTOFF 

Coordinates of j 	Calculated 	res0res with drainageICalculated 
points with i 	b/d 	10, ffd9= 0.5 pressures 
origin at the without 
upstream floor filter 
end 

x/d2 ; y/d2 $ b ,/d 	4.02 5.0 5.171  

0.106 0.000 6.933 6:915 a.-890 o'l96a 
3. .000 0.000 0.730. 0..708 0'.667 0.806 

0`.640 3.000 00.000 0.482. 6.415 0.330 
3.500 0`.000 0.430 0.364 0.223 0'.606 
5.000 0.000 0.246 0.000 0.143 0.928 
6.000 0.000 0.000 0.145 0195 0.473 
7.000 0.000 0.110 0.373 0.203 0.423 

E 	10.000 0.000 0.141 0.158 0.161 6.279 
0.436 0,.139. 0.154 0.157 0.212 
0.600. 0.136 0.147 0.153 0.264 
0 *714 0.133 0.143 0.149 0.231 

D 1.000 0.106 0.113 0.117 0`.194 
0.414 0.060 0.628 0".065 0'.151 
0.600 0.049 0.051: 0.053 +x.086 
0.436 0.035 0.036 0.037 0.061 

8 	10.000 0.000 0.000 0.000 0.000 0.000 
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reduces the pressures downstream of the drainage to a small extent. 
The effect of upstream cutoff on pressures downstream of drainage has 
been studied in some detail. The decrease in pressures at D,E and J 
with the provision of cutoff at upstream end from those without 
upstream cutoff have been plotted for b/d2 =10, b/d 	5, = 5 E  f/d2 +! .5, 
and various depths of upstream cutoff viz. dj/dg = 0.50, 1.0 and 2.0 
in Fig. 6.8 A perusal of this figure indicates that the reduction in 
pressures at p, E and 1 Increases- with increase in the values of 
d3,/d2. The decrease in pressures at D,:E and. J for b/d ,> = 10, f/d9 =0.5, 
dj/d2 1.0 and bl/d2 = 1,2,3 4 and 5 have also been plotted in 
Fig. 6.8. It is seen that as the drainage approaches the downstream_ 
cutoff the effect of upstream cutoff in reducing the pressures at D,E 
and J reduces. It is also seen that reduction in pressures at b,E and J 
is not more than 	of the total differential head when upstream cutoff 
up to twice the depth of downstream cutoff is provided. Actually, the 
depth of upstream cutoff is seldom likely to exceed that of the dovx,• 
stream cutoff in which case the error at 3 is limited to 2. of the 
differential head. The uplift pressures for floor with two end cutoffs 
and intermediate deep drainage tan, therefore, be calculated for 
upstream portion neglecting downstream cutoff- and for downstream portion 
by neglecting upstream cutoff. This may result in an error,, less than 
2. of the total differential head, in the uplift, pressures along the 
downstream floor only. The error would give pressures on the higher 
side, and would thus be on the safe side. 

6.2.6 The uplift pressures for intexmediate,filter and deep drain with 
two and cutoffs have been compared in Fig. 6.9. The length of the filter 
has been kept equal to the depth of the deep drain. The former values 
are theoretical while the latter are experimental. A perusal of this 
figure Indicates that for these conditions the deep drainage is more 
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effective in reducing uplift pressures on the downstream and 
upstream portion of the floor except in the portion where filter 
is provided. 

6.3 	LE4CY CUTOFF 

This problem has been studied for a central cutoff under a 
flat floor with a single opening of varying size and location along 
the cutoff.: As in other cases, an infinite depth of permeable stratum 
has been assumed. This helps in quantitative assessment of the effect 
of leakage on uplift pressures, though it Is recognised that these 
conditions do not represent the more complex situation In actual works. 

CO-)  
6.3.1 Uplift Pressures: It is seen from Figs 4.2, to 4.3(c)that with the 

existence of an opening in the cutoff the uplift pressures increase 
below the floor on the downstream side and decrease below the floor 
on the upstream side. The increase in the pressures on the dovmstream 
and decrease on the upstream is more if gap Is nearer the floor. For 
d/b = 0.2, the pressure at C is 43.8w of the differential head when 
there is no opening. The pressures at C, for 1% opening at a.depth 
0.3, 0.6 and 0.9 of the total cutoff depth rise to 46.55, 45.3 and 
44.0 of differential head respectively. The pressure at C, for an 
opening of width 1 of the total depth of cutoff located, at a depth 
of 0.39  0.6 and 0,9 of the total depth of _cutoff depth rise to 47.5 , 
45,9 and 44.$ of total differential head. The pressure at C for any 
size of opening at the ,junction of floor and the cutoff rises to 
of the differential pressures. In case the portion of the cutoff below 
the opening is completely neglected +fir considered ineffective the, 
pressures at C for d/b  0.2 and d , jd a 0.3 9  0.6 and 0.9 work out to 
48,1, 46.2 and 44.36 of differential head. The pressures with perfect 
cutoff, 4th cutoff having 1, 5 and 1C% open area at dud  a 0.3, 0.6 
and 0.9 and for the case when the portion of cutoff below the opening 
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is neglected have been plotted in Fig. 6.10. A perusal of the figure 
indicates that even a small opening brings pressures at C close the 
value which would be obtained when cutoff below the opening is neglected 
It is seen that even 1C opening at any level results in uplift 
pressures rising to values close to those obtained neglecting portion 
of cutoff below opening. It is therefore necessary to ensure the 
imperviousness of at least upper part of the cutoff to ensure the 
stability of the structure. 

The effect of leakage through the opening is more pronounced 
when the length of floor increases. 

6.3.2 Seepage Discharges A perusal of Figs. 4.4 indicates that the 
maximum seepage discharge passes through the opening *hen It Is 
located at about 0.4 of the depth of cutoff. The leakage, discharge is 
minimum when the opening is at the lowest end of the cutoff . The 
seepage discharge also reduces with decrease in the size of the opening 
and with increase in length of floor. 

6.3.3 Cutoff Efficiency: The influence of location, area of leakage 

and the length of floor on efficiency of the cutoff has been shown in 
Fig. 6.11. The efficiency of the leaky cutoff has been taken as the 
ratio of the head drop across the leaky cutoff to that across a 
perfect cutoff $  other variables remaining the same. A perusal of Fig. 6.1 
indicates that efficiency of the cutoff reduces as the opening 
approaches the top of cutoff. The floor length does not affect the 
cutoff efficiency significantly unless it is very small. The cutoff 
efficiency reduces wd.th the increase in the size of the opening. 
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CHIP TER V.[1 

CONCLUSIONS AND RFCG FNDATIONS 

7,0 	Exact solutions have been obtained for the problems of two 

dimensional seepage flow below a hydraulic structure founded on 

permeable soil of infinite depth 4th the help of conformal mapping 

for the following boundary conditions: 

(a) Flat floor with two end cutoffs and a horizontal filter of any 

length located anywhere between the two cutoffs. 

(b)  ,Flat floor with a single cutoff and a deep drain. The cutoff 

may be either on the upstream or downstream end of the floor. 

(c) Flat floor with a central leaky cutoff. The 'cutoff is assumed 

to have a single opening anywhere. 

The equations derived have been used for computation of 

pressures at the key points. The results have been plotted in the 

form of design curves. The effect of v arious parameters on the uplift 

pressures has been studied and is indicated below. 

7.1 	I NTERM EDx ATE FILTER. 

7.1.1 As discussed in Chapter VI the uplift pressures reduce 

considerably along the entire profile of the structure 4th the 

provision of filter of even very small length. Further reduction in 

pressures with the increase In the length of filter is less as compared 

to the initial reduction. The maximum reduction in pressure takes place 

near the filter ( Para 6.1.1 and Fig. 6.1 ) . 

7.1.2 The uplift pressures decrease on the downstream side and 

increase on the upstream as the filter is moved from upstream to 

the downstream side. The filter should be located such that the total 
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uplift on the floor downstream of the gateline is minimum (Para 6.1.2 
and Fig. 6.2) . 

7.1.3 With the increase in the depth of downstream cutoff, the uplift 

pressures increase only along the floor downstream of the filter. The 
uplift pressures along the floor upstream of the filter are unaffected 
by the increase in the depth of downstream cutoff. (Para 6.1.3 and 
Fig. 6.3) 

7.2 	CEEP .tR aI N 

7.2.1 With the increase in the death of the drain the uplift. pressures 

decrease along the entire floor length. As in the case of intermediate 
filter, the provision of deep drain of even a small depth reduces 
pressures considerably from those when no drainage is provided. Further 
reduction in the uplift pressures with the increase i n the depth of 

drain is less as comp aced to initial decrease (Para 6.2.1 and 6.2.3, 
and figs. 6.4 and 6.6 ) . 

7.2.2 The uplift pressures increase along the floor upstream of the 
drain and decrease along the floor downstream of the drain with the 
shifting of drain towards downstream. The drain should be located such 
that the total uplift on the floor downstream of the gateline  is 

minimum C Para 6,2.2 and 6.2.4, and Figs. 6.5 and 6.6 ) , 

7.2.3 In the case of floor with two end cutoffs and a deep drain, the 

observed pressures along the floor upstream of the drain are very close 
to those theoretically calculated for this portion neglecting downstream 
cutoff. The observed pressures along the floor downstream of the drain 
are slightly less than those theoretically calculated for the portion 
neglecting upstream cutoff. The uplift pressures for floor with two end 
cutoffs and a deep drain can, therefore, be calculated for upstream 
portion neglecting downstream cutoff and for downstream portion nsglec-
ti ng the upstream cutoff. (Para 6.2.5 and Figs 5.4, 6.8 and 6.9 ) 



This 4411 not involve errors exceeding 2.5% of the total head. 

7.3 	LE /KY QYTO FF. 

7.3.1 The uplift pressures increase along the downstream portion 
and decrease along the upstream portion of the floor with the existence 
of opening in the central cutoff. Even for shall opening at any leva1. 
the uplift pressures along the floor approach values close to those 
obtained neglecting portion of cutoff below the opening. (Fare 6.3.1). 
It is, therefore, evident that a leak near the top of the pile would 
make it more or less ineffective. A leak near the bottom would have 
much less effect in the present case of infinite depth of pervious 
medium. The influence of location and area of leakage on " efficiency" 
of cutoff has been shown in Fig. 6.11. The efficiency of the leaky 
cutoff has been taken as the ratio of the head drop across the leaky 

cutoff to that across a perfect cutoff, other variables remaining 
the same. 
	 1 ~ 

7.3.2 The maximum seepage discharge passes through the opening when 
it is located at about 0.4 of the depth of cutoff. The seepage 
discharge increases 4th the increase in the" area of the opening and 
with decrease in the length of the floor (Pare 6.3.2) . 

7.4 	RECOMMENDATIONS. 

7.4.1 Intermediate filter or deep drainage should be provided below 
hydraulic structures to reduce uplift pressure and thereby afford 

reduction in the cost of structure. The filter should be relied upon 
for release of uplift pressures below hydraulic structures founded on 
permeable soils. In facts a lot of reliance is placed on proper 
functioning of filters in case of earth and rockf ill dams, even though 
in case of earth dams, it is not possible to take remedial measures 
if a filter gets choked up 1 whereas remedial measures can be taken up 



in case of filters below hydraulic structures. Constant watch can be 
kept on the behaviour of filter by providing piezometeric pipes and 
keeping a record of the seepage flow through the filter. In case some 
holes get choked it would be possible to drill fresh holes. Failure 

of an earth dan due to choking of filter inside it would normally,K•  
lead to much greater loss of property and possibly even human 1 Tves, 
as compared to the lass due to failure of a hydraulic structu e'on 
pervious foundations. If the filters are properly designed and 
constructed and normal vigilance is maintained#  there should, of course, 
be no possibility of failure. But the risk, if any, being much less 
than that being accepted in case of earth dawns should be acceptable 
for these structures. 

7.4.2 In actual practice the filter would neither be horizontal 

without depth nor deep without any width as assumed in the theoretical 
solution. However, for design purposes it would be safe to assure the 
filter to be horizontal only in case its depth is small in comparison 
to, the depth of the cutoff. In case the depth of filter or drain is 
comparable to the depth of cutoff it may be considered as a deep drain. 

7.4.3 Leakage of any size through the cutoff results in pressures 
nearly equal to those obtained neglecting the portion of cutoff below 
the opening. The impermeability of the upper part of the cutoff should*  

therefore, be -ensured. 

7.4.4 The design procedure based on the present work has been 

illustrated by an actual example in appendix I. This procadikre is 

recommended for the design of similar Hydraulic structures. 

7.5 	SCOPE 1)R RJRTHM %)RK 

The work presented in thesis may be extended as follows 
„/(a) Theoretical solution of seepage below a flat floor with two end 
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cutoffs and intermediate filter resting on permeable soil of 

finite depth. 

(b) Analytical solution for seepage below a flat floor with two► 

end cutoffs and a deep drain founded on finite or infinite depth of 

permeable subsoil. 

(c) The effect of single opening in cutoff at the end of a flat 
floor resting on finite and infinite depth of permeable soil, on the 
uplift pressures and exit gradient. 

(d) Effect of several openings in an end cutoff on the uplift 

pressures and exit gradients. 

l t 

6 

c 

0 
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PPFENt X I 

ILLUSTRATIVE EXA APLE. 

Consider a low dam founded on an infinite 'depth of pervious 
material. Length of impervious floor is 60 .Om, depths of upstream 
and downstream cutoffs are 6.Om. The gateline is located at 30m from 
the upstream end of floor (Fig.I-i) . The design procedure both for 
horizontal filter and for deep 'drain is given below: 

Horizontal Filters 

The uplift pressures were determined from Figs. 2.2 to 2.6 and 

plotted in Fig.I-2 for 3.Om long filter located at 24,3©,36 and 48m 
from the upstream end of the floor. The total uplift pressures 

downstream of the gate line were wnrked out for these locations of 

the filter. These have been plotted against locations in Fig.I-4. The 

total uplift downstream of the gate line is #men to be minimum when 
the filter is located at a distance of about 36xn from the upstream 
and of the floor# 

The uplift pressures were also determined for various lengths 
filter located at 36.Om from the upstream end of the floor and plotted 
in Fig. 2-4. Although pressures reduce with the increase in the length 
of the filter but the decrease in the pressures beyond 3.Om length of 
filter is not appreciable. 

The uplift pressures without filter have also been plotted 
in Fig. I=2. It is Seen, that provision of 3.Om long filter reduces 
tot*l uplift pressures on the floor downstream of the gate line to 
39.3 of the total uplift in this portion without filter. The 
provision of filter would, therefore, result in very considerable saving 



Q 
Li 

-L 
LL 
i 	m 

Q 
d 

10 

W 
d 
_J 
f--U 

w 

U: 
U 
J Z 

0  

n 
} s' 

1 
0 

J 

0 
a 
a 



d 

rr 

r  I L  O . 

	

/ f t 	 H 

4 

./ 

/;/ • -. __~- — +- -------- 	W 

O00 O 	 d 

vp0 

a a u 
o 	0 	0 	0 	o a O 	 W 	 0 	 Q 	 N 

H 30 1N3J 3d NI 32i(1SS3Ud 1311df1 



- 65 - 

Deep Drain: 

The uplift pressures at 0' and C' were also determined from 
Figs. 3.3, 3.4 respectively neglecting downstream cutoff and 
pressures at D, E and J were determined from Figs. 3.7, 3.8 and 3.9 
respectively neglecting upstream cutoff for 3.©M deep drain located 
at 24, 34, 36 and 48m. from the upstream end of the floor (Fig.I-3) . 
The total uplift pressures downstream of the gateline were asked out 
for these locations and plotted in Fig. 1-4. The total uplift is seen 
to be minimum when the filter is located at a distance of about 36m 
from the upstream end of the floor. 

The uplift pressures were also determined for various depths 
of drain located at 36.Om from the upstream end of the floor and 
plotted in Fig.I-4. Although the total uplift reduces with the 
increase In tI depth of the drain but the reduction in uplift 
beyond 3.Om depth of drain is not significant. Moreover the excavation 
greater than 3.Om may present dewatering problem in the field. 

With the provision of 3.Om deep drain at 36.0 in from upstream 
and of the floor of the total uplift downstream of the gateline 
reduces to 37.69% of the total uplift without drainage. It is seen 
that reduction in the total uplift downstream of the gateline is 
slightly more in case 3.Om deep drain as compared to that with 
horizontal filter of 3.Om length. But the convenience and economy of 
construction would normally favour a horizontal drain in comparison 
to a deep drain. 
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PPPENY X II 

FORTRAIN SOURCE PROGRAMS 

Following computer programmes, used for the computation of 

uplift pressures and location of the point in physical plane for 

assumed values of parameters, are listed: 

(i Intermediate filter with two end cutoffs 
(ii Deep drain with upstream cutoff 

(iii Deep drain with downstream cutoff 
iv Leaky central cutoff 

In addition following subroutines were developed for the 

cor utation of elliptic integrals of first, second and third kinds. 

(v) Subroutine DERJN ( for elliptic integrals of first and 
second kinds ) 

(vi) Subroutine EFUN (for elliptic integrals of all the three kinds) 

The elliptic integrals of first and second kinds are calculated 

by suming up certain terms of infinite series ( 4,Egs. 902.00 and 

903.00) such that desired accuracy was obtained. 
The computation of elliptic integral of the third kind 

involves Lambda function, Zeta function and the Theta functions. The 

latter requires evaluation by means of infinite series. In addition, 
to the argument and the modulus it, this integrals depends also r n 

the parameter a Following are the possible cases according p to the 
values of cc2. 

Circular cases 

Case I 1 0c- 2 (k and I <- 2  o4 
Case II: k<c( 1,t and k2  LGt 41c 

Hyperbolic cases 
Case III: O4a(2 ',k2 
case IV:  

The programme includes all the above cases including sped*1 
values. The relations given by Byrd and Friedman t Q,Egs, 43,E 1, 
432,01,433.01,434.01,435.01, and .430.01 ) have been utilised. 	". 
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C C INTERMEDIATE FILTER WITH TWO END CUTOFFS 
C C DEL=a ,EMU=PL,TE1= 0- ,TE2=4 
201 READ 202,DEL,EMU,TEl#TE2 
202 FORMAT(4F10.5) 

G=0.0001 
PI=3.1415926 
C1ffi(DEL+EMUs1.0)/2.0 
C2=C1*Cl 
XK=(EMU—DEL),(DEL*(EMU-1.Q)) 
CXK-1.0—XK 
PHI=PI/2.0 
CALL DEFUN(PHI,XK,G,U,CK,CKD,EU,CE,CED) 
C3=2.0*DEL*(EMU*(CK—CE)+CE)/CK 
ELDI-0.5* (C1—SQRTF (C2—C3) ) 
ELD2=0.5*(CI+SQRTF(C2—C3)) 
PHI=ATANF(SQRTF((DEL*(1,0—ELD1))/(ELD1*(DEL-1.0)))) 
CALL DEFUN(PHI,XK,G,U,CK,CKD,EU,CE,CED) 
DD1=(DEL*(EMU-1.0)*(DEL—ELD1)) 
DD=CE*U/CK—EU+SQRTF(ELD1*(1.0—ELD1)*(EMU-ELD1)/DD1) 
BD1TX(CKD*(CE/CK-1.0)+CED)/DD 
PHI=ATANF(SQRTF((EMU-1.01*(ELD2—DEL)/((DEL-1.0)#(EMU—ELD2)))) 
CALL DEFUN(PHI,XK,G,U,CK,CKD,EU,CE,CED) 
DD2=SQRTF(ELD2*(ELD2—DEL)*(EMU—ELD2)/(DEL'(EMU-1.0)'(ELD2-1.0)) 
D2D1=(CE*U/CK—EU+DD2)/DD 
XK=CXK 
PHI*ATANF(SQRTF(DEL*(TE1-1.0)/(DEL—TE1))) 
CALL DEFUN(PHI,XK,G.U.CK,CKD,EU,CE,CED) 
XD=SQRTF((TE1-1.0)x'(EMU—TE1)*(DEL—TE1)/(TE1*DEL*(EMU-1.0))) 
X1D1=((CED/CKD•1.0)*U+EU—XD)/DD 
PHI=ATANF(SQRTF(DEL*(TE2-1.0)/(DEL—TE2))) 
CALL DEFUN(PHI,XK,G,U,CK,CKD,EU.CE,CED) 
XD1=SQRTF((TE2-1.0)*(EMU—TE2)*(DEL—TE2)/(TE2*DEL*(EMU-1.0))) 
X2D1=((CED/CKD-1.0)*U+EU—XDI)/DD 
FD1=X2Dl-XiD1 
PRINT203,DEL,EMU,TE1,TE2,BD1,D2D1,X1D1,X2D1,FD1 

203 FORMAT(1X,9F10.5) 
A=TE2*(EMU—TE1)/(TE1*(EMU-TE2)) 
P=(EMU—TE1)/TE1 
XK=1.0/A 
ALFA=(1.0+P)/(A+P) 
PHI=PI/2.0 
CALL EFUN(PHI,XK,ALFA,G,U,CK,CKD,EU,CE,CED,PYE,CPYE) 
DP=(A+P)*CK—(A-1.0)*CPYE 
P1=fP*(A-1.0)*CPYE+CK*(A+P))/DP 

X10 READ 211 +T,NN 
1 FORMAT(F10.5,I5) 

ZI=T*(EMU—TE1)/(TE1*(EMU—T)) 
IF(TEI—T)251,251,252 

~,51 IF(TE2—T)253,271,271 



252 PHI-ATANF(SQRTF(2I/(1.0—ZI))) 
XK=1.0/A 
ALFA*-1.0/P 
CALL EFUN(PHItXK,ALFA.G,U,CK,CKD,EU,CE,CED,PYE,CPYE) 
C7a(P+P1)*CPYE—P*CK 
PHIX*((P+P1)*(CPYE—PYE)—P*(CK—U))/C7 
GO TO 260 

253 C4=P/((A+P)*(1,0+P)) 
PHI=ATANF(SQRTF((ZI—A)/(A-1.0))) 
XK=1.0/A 
ALFA*(1.0+P)/(A+P) 
CALL EFUN(PHI,XK,ALFAsG,U.CK.CKD,EU,CE,CED,PYE,CPYE) 
PRIX=C4*((A+P)*(P1-1.0)*U—(A-1.0)*(P1+P)*PYE)/C7 

C  LOCATION Z—PLANE 
260 IF(T-1.0)254,255,256 
254 PHI=ATANF(SQRTF(DEL*(1.0-T)/(T*(DEL-1.0)))) 

XK=(EMU—DEL)/(DEL*(EMU-1.0)) 
CALL DEFUN(PHIsXK,G,U,CK,CKD,EU,CE,CED) 
•YD1=(CE*U/CK—EU+SQRTF(T*(1.0—T)*(EMU—T)/(DEL*(EMU-1.0)*(DEL--T)))) 
YD1=YD1/DD 
GD1=0.0 
GO TO 269 

255 YD1=0.0 
GD1*0.0 
GO TO 269 

256 IF(DEL—T)259,258,257 
257 YD1s0.0 

PHI*ATANF(SQRTF(DEL*(T-1.0)/(DEL—T))) 
XK=(EMU—DEL)/(DEL*(EMU-1.0)) 
XK=1.0—XK 
CALL DEFUN(PHI,XK*G,U,CK,CKD,EU,CE,CED) 
GD*SQRTF((T-1.0)*(EMU—T)*(DEL—T)/(T*DEL*(EMU-1.0))) 
GD1-((CED/CKD-1.0)*U+EU—GO)/DD 
GO TO 269 

258 YD1a0.0 
GD1=BD1 
GO TO 269 

259 PHI*ATANF(SQRTF((EMU-1.0)*(T—DEL)/((DEL--1.0)*(EMU—T)))) 
XK=(EMU—DEL)/(DEL*(EMU-1.0)) 
CALL DEFUN(PHI,XK,G,U,CK,CKD,EU,CEsCED) 
YD1*(CE*U/CK—EU+SQRTF(T*(T—DEL)*(EMU—T)/(DEL*(EMU-1.0)*(T-1.0)))) 
YD1=YD1/DD 
GD1*81D! 

269 PRINT 270,T,PHIX,GD1,YD1 
270 FORMAT(1X,4F10.5) 
271 IF(NN-1) 210,201,201 

END 
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C C DEEP DRAIN WITH U STREAM CUTOFF 
C C DEL=s,EMU=N,ZEB=Y 
201 READ 202 tDEL,EMU,ZEB 
202 FORMAT(3F10.5) 

PRINT 204,DEL,EMU,ZEB 
204 FORMAT(1X,3F10.5) 

G=0.00001 
PI=3.1415926 
C1=(DEL+EMU+1.0)/2.0 
C2=C1*C1 
XK=(EMU-DEL)/(DEL*(EMU-1.0)) 
CXK=1.0-XK 
PHI=PI/2.0 
CALL DEFUN(PHI,XK,G,U,CK,CKD,EU,CE,CED) 
C3-2.O*DEL*(EMU*(CK-CE)+CE)/CK 
ELD1=0.5*(C1-SQRTF(C2-C3)) 
ELD2=0.5*(C1+SQRTF(C2-C3)) 
PHI =ATANF(SQRTF((DEL*(1.0--ELD1))/(ELD1*(DEL-1.0)))) 
CALL DEFUN(PHI,XK,G,U,CK,CKD,EU,CE,CED) 
DD1=(DEL*(EMU-1.0)*(DEL-ELD1)) 
DD=CE*U/CK-EU+SQRTF(ELD1*(1.0-ELD1)*(EMU-ELD1)/DD1) 
BD1=(CKD*(CE/CK-1.0)+CED)/DD 
PHI=ATANF(SQRTF((EMU-1.01*(ELD2-DEL)/((DEL-1.0)*(EMU-ELD2)))) 
CALL DEFUN(PHI,XK,G,U,CK,CKD,EU,CE,CED) 
DD2=SQRTF(ELD2*(ELD2-DEL)*(EMU-ELDZ)/(DEL*(EMU-1.0)*(ELD2-1.0))) 
D2D1=(CE*U/CK-EU+DD2)/DD 
EN? =SQRTF(ZEB*(ZEB-1.0)*(ZEB-EMU)/(DEL*(EMU-1.0)*(ZEB-DEL))) 
XK=CXK 
PHI=ATANF(SQRTF(DEL*(ZEB-EMU)/(ZEB*(EMU-DEL)))) 
CALL DEFUN(PHI,XK,G,U,CK,CKD,EU,CE,CED) 
B2D1=((CED/CKD-1.0)*U+EU-ENP)/DD 
B2D1=ABSF(B2D11+BD1 
A=EMU*(ZEB-DEL)/(DEL*(ZEB-EMU)) 
P=(ZEB-DEL)/DEL 
XK=1.0/A 
ALFA=(1.0+P)/(A+P) 
PHI=PI/2.0 
CALL EFUN(PHI,XK,ALFA,G,U,CK,CKD,EU,CE,CED,PYE,CPYE) 
DP= (A+P)*CK-(A-1.0)*CPYE 
P1=(P*(A-1.0)*CPYE+CK*(A+P))/DP 
PRINT 207,BD1,02D1,62D1 

207 FORMAT(1X,3F10.5) 
210 READ211,T,NN 
211 FORMAT(F10.5,I5) 

IF(T-DEL)251,253,253 
C  PRESSURE UPSTREAM PORTION 
251 XK=1.0/A 

ALFA=-1.0/P 
ZI=T*(ZEB-DEL)/(DEL*(ZEB-T11 
PHI=ATANF(SQRTF(ZI/(1.0-ZI))) 
CALL EFUN(PHI,XK,ALFA,G,U,CK,CKD,E(I,CE,(ED,PYE,CPYE) 
C7=(P+P1)*CPYE-P*CK 
PHIX=((P+P1)*C(PYE-PYE)-P*(CK-U))/C7 
GO TO 260 
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C  PRESSURE DOWNSTREAM PORTION 
253 C4=P/((A+P)*(1.0+P)) 

PHI*PI/2.0 
XK=1.0/A 
ALFA=-1.0/P 
CALL EFUN(PHI,)(K,ALFA,G,U:CK,CKD.EU*CE,CED,PYE,CPYE) 
Cl.) P. P 1**CPYE-P*CK 
ZI=T*(ZEB-DEL)/(DEL*(ZE8-T)) 
PHI*ATANF(SQRTFt(ZI--A)/(A-1.0}1) 
XK*1.0/A 
ALFA=(I..0+P1/(A+P) 
CALL EFUN(PHI:XK,ALFA,G}U.CK,CKD.EU,CE.CED,PYE,CPYE) 
PHIX=C40((A+P)*(Pl-1.0)*U-(A-1.4)*(P1+P)*PYE)/C7 

C  LOCATION IN 2-PLANE 
260 IF(T-1.0)254,255,256 
254 PHI•ATANF(SQRTF(DEL*(1.0-T)/(T*(DEL-1.0)))) 

XKffi{EMU-DEL)/(DEL*(EMU-1.0)) 
CALL DEFUN(PHI*XK*G,U,CK,CKD,EU.CE,CED) 
YD1=(CE*U/CK-EU+SQRTFCT* X.0-T)*(E4U-T)/(DEL*(EMU-1.0)*(DEL-T)))) 
YD1-YD1/DD 
XD1s0.0 
GO TO 269 

255 YD1*0.0 
XDI=0.0 
GO TO 269 

256 IF(DEL-T)259,258,257 
257 YD1=0.0 

XK=CXK 
PHI*ATANF(SQRTF(DEL*(T-1.0)/(DEL-T))) 
CALL DEFUN(PHI.XK,G.U.CK,CKD,EU.CE,CED) 
GD*SQRTF((T-1.Q)*(EMU-T)*(DEL-T)/(T*DEL*(EMU-1.0))) 
XD1*((CED/CKD-1.0)*U+EU-GD)/DD 
GO TO 269 

258 YD1*0.0 
XD1$BD1 
GO TQ 269 

259 ENP=SQRTF(T*(T-•1.4)*(T-EMU)/(DEL*(EMU-1.0)*(T-DEL))) 
XK=CXK 
PHI=ATANF(SQRTF(DEL*(T-EMU)/(T*(EMU-DEL)))) 
CALL DEFUN(PHI,XK,G+U,CK*CKD,EU,CE,CE0) 
XD1=(ICED/CKDd1.0)*U+EU~-ENP)/DD+BD1 
YD1*0.0 

269 PRINT 2709TtPHIXtXDI#YD1 
270 FORMAT(1X,4F10.5) 
271 IF(NN--1)210+201.201 

END 



C C DEEP DRAIN WITH DOWN STREAM CUTOFF 
C C DEL*S,EMUvNZEBYY 
201 READ 202,DEL,EMU,ZEB 
202 FORMAT(3F10.5) 

PRINT 204,DEL,EMU,ZEB 
204 FORMAT(1X,3F10.5) 

G=0.00001 
PIa3.1415926 
C1 (DEL+EMU+1.0)/2.0 
C2*C 1*C1 
XK*(EMU—DEL)/(DEL*(EMU--1.0)) 
CXK=1.0—XK 
PHI=PI/2.0 
CALL DEFUN(PHI,XK,G,U,CK,CKD,EU,CE,CED) 
C3=2.0*DEL*C EMU* (CK—CE)+CE)/CK 
ELD1=0.5*(C1—SQRTF(C2—C3)) 
ELD2=0.5*(C1+SQRTF(C2-C3)) 
PHI=ATANF(SQRTF((DEL*(1.0—ELDI))/(ELD1*(DEL-1.0)))) 
CALL DEFUN(PHI,.XK,G,U,CK,CKD,EU,CE,CED) 
DD1l( DEL* CEMU-1.0)*(DEL—ELD1)) 
DDlCE*U/CK—EU+SQRTF(ELD1*(1.0--ELD1)*(EMU—ELD1)/DD1) 
BD1s(CKD*(CE/CK-1.0}+CED)/DD 
PHI=ATANF(SQRTF((EMU-1.0)*(ELD2—DEL)/((DEL-1.0)*(EMU—ELD2)))) 
CALL DEFUN(PHI,XK,G,U,CK,CKD,EU,CE,CED) 
DD2=SQRTF(ELD2*(ELD2—DEL)*(EMU—ELD2)/(DEL*(EMU-1.0)*(ELD2-1.0))) 
DZD1a(CE*U/CK1EU+DD2}/DD 
ENP=SQRTF(ZEB*(ZEB-1.0)*(ZEB—EMU)/(DEL*(EMU-1.0)*(ZEB—DEL))) 
XKlCXK 	 &, 
PHIlATANF(SQRTF(DEL*(ZEB—EMU)/(ZEB*(EMU—DEL)))) 
CALL DEFUN(PHI,XK,G,U,CK,CKD,EU,CE,CED) 
B2D1=((CED/CKD--1.0)*U+EU—ENP)/DD 
B201lABSF(B2D1)+BD1 
A=EMU*(ZEB-DEL)/(DEL*(ZEB—EMU)) 
PrEMU/(ZEB—EMU) 
XKa1.0/A 
ALFA=t1.0+P)/(A+P) 
PHIlPI/2.0 
CALL EFUN(PHI,XK,ALFA,G,U,CK,CK[),EU,CE,CED,PYE,CPYE) 
DPu(A+P)*CK—tA-1.0)*CPYE 
P1*(P*(A-1.0)*CPYE+CK*(A+P))/DP 
PRINT 207,BD1,D2D1,B2D1 

207 FORMAT(1X,3F10.5) 
210 READ21l,T,NN...  
211 FORMAT(F10.5,I5) 
C 	PRESSURE UPSTREAM PORTION 

IF(T—DEL)253,253,251 
251 XK=1.0/A 

ALFA=-1.0/P 
ZIEEMU*(ZEB`T)/(T*(ZEB—EMU)) 
PHI*ATANF(SQRTF(ZI/(1.0-ZI))) 
CALL EFUN (PHI ,XK,ALFA,G,U,CK,CKD,EU,CE►CED,PYE,CPYE) 
C7s(P+P1)*CPYE—P*CK 
PHIXl((P+P1)*(CPYE-PYE)—P*(CK-U))/C7 
6010260 
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C  PRESSURE DOWNSTREAM PORTION 
253 C4*P/((A+P)*(1.0+P)) 

PHI =PI/2.0 
XKa1.0/A 
ALFA- -1.0/P 
CALL EFUN(PHI,XK,ALFA,G,U,CK,CKD,EU,CE,CED,PYE,CPYE) 
C7-) P. P 1**CPYE--P*CK 
ZI=EMU*(ZEB-T)/(T*(ZEB-EMU)) 
PHI=ATANF(SQRTF((ZI-A) /(A-1.0))) 
XK=1.0/A 
ALFA( 1.0+P) /(A+P) 
CALL EFUN(PHI,XK,ALFA ,G,U,CK,CKD,EU,CE,CED,PYE,CPYE) 
PRIX=C4*((A+P)*(P1-1.0)*U-(A-1.0)*(P1+P)*PYE)/C7 

C  LOCATION IN Z-PLANE 
260 IF(T-1.0)254,255.256 
254 PHIffiATANF(SQRTF(DEL*(1.0-T)/(T*(UEL-1.0)))) 

XK=(EM(j-DEL)/(DEL*(EMU-1.0)) 
CALL DEFUN(PHI,XK,G,U,CK,CKD,EU,CE,CED) 
YD1=(CE*U/CK-EU+SQRTF(T*(1.0-T)*(EMU-T)/(DEL*(EMU-1.0)*(DEL-T)))) 
YD1=YD1/DD 
XD1a0.0 
GO TO 269 

255 YD1r0.0 
XD1=0.0 
GO TO 269 

256 IF(DEL—T)259,258,257 
257 YD1=0.0 

XK=CXK 
PHI=ATANF(SQRTF(DEL*(T-1.0)/(DEL-T))) 
CALL DEFUN(PHI,XK,G,U,CK,CKD,EU,CE,CED) 
GD=SQRTF((T-1.0)*(EMU-T)*(DEL-T)/(T*DEL*(EMU-1.0))) 
XD1=((CED/CKD-1.0)*U+EU-GD)/DD 
GO TO 269 

X258 YD1=0.0 
XD1=BD1 
GO TO 269 

259 ENP=SQRTF(T*(T-1.0)*(T-EMU)/(DEL*(EMU-1.0)*(T-DEL))) 
XK=CXK 
PHI=ATANF(SQRTF(DEL*(T-EMU)/(T*(EMU-DEL)))) 
CALL DEFUN(PHI,XK,G,U,CK,CKD,EU,CE,CED) 
XD1=((CED/CKD-1.0)*U+EU-ENP)/DD+BD1 
YD1=0.0 

269 PRINT 270,T,PHIX,XDI,YD1 
270 FORMAT(1X,4F10.5) 
271 IF(NN-1)210,201,201 

END 
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C C LEAKY CUTOFF 
1 	READ 2, SOD 

2 FORMAT (F10.5) 
G=0.0001 
PI=3.1415926 
GAMA=1.O+BOD*BOD 
DO 23 I=110 
XI:I 
D1Dz1.0-XI/10.0 
BETA=I.0-D1D*D1D 
GAP=0.01 

3 D2DuGAP+DID 
RO:1.O-D2D*D2D 
XK*(GAMA-BETA)*RO/(BETA*(GAMA-RO)) 
ALFAm-RO/(GAMA-RO) 
PHI=PI/2.0 
CALL EFUN(PHI,XK,ALFA,G,U,CK,CKD,EU,CE,CED,PYE,CPYE) 
S1G*GAMA*(CK-CPYE)/CK 
ALFA$(GAMA-BETA) /(GAMA-•RO) 
XK=(GAMA-BETA)*RO/(BETA*(GAMA-RO)) 
PHI-ATANF(SQRTF((GAMA-RO)*(1.0-BETA)/((GAMA*1.0)*(BETA--RO))}) 
CALL EFUN(PHI,XK,ALFA,G,U,CK,CKD,EU,CE,CED,PYE,CPYE) 
EMGH=0.5/(CK*(RO-S1G)+CPYE*(BETA-RO)) 
PHIC=EMGH*((RO-S1G)*(CK••U)+(BETA-RO)*(CPYE-'PYE) ) 
XK=(BETA-•RO)*GAMA/(BETA*(GAMA-RO)) 
ALFAN ( BETA-RO) /BETA 
PHI NPI/2.0 
CALL EFUN(PHI,XK,ALFA,G,U,CK,CKD.EU,'CE,CED,PYE.CPYE) 
QOKH=EMGH*(S1G*CK-RO*CPYE)  f  
PRI NT11,SIG,RO,BETA,GAMA,BOD,DID,D2D.GAP,PHIC,QOKH,EMGH 

11 	FORMAT(1X,11F10.5) 
DO 20 N'1,5 
XN=N 
XOD=(XN/5.0)*BOD 
Ta1.0+XOD*XOD 
PHI*ATANF(SQRTF((GAMA-RO)*(T-BETA)/((GAMA-T)*(BETA-RO)))) 
XK=(GAMA-BETA)*RO/(BETA*(GAMA-RO)) 
ALFAN(GAMA-BETA)/(GAMA-RO) 
CALL EFUN(PHI,XK,ALFA,G,U,CK,CKD,EU,CE,CED,PYE,CPYE) 
PHIF=EMGH*((RO-S1G)*(CK-U)+(BETA-RO)*(CPYE-PYE)) 
PRINT 18,N,XODoPHIF 

18 FORMAT(1X,I5,22F15.5) 
20 CONTINUE 

IF(GAP-0.05)21,22,23 
21 GAP-0.05 

GO TO 3 
22 GAPN0.10 

GO TO 3 
23 CONTINUE 

GO TO 1 
END 
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SUBROUTINE DEFUN(PHI sXKsG,U,CK,CKD,EUsCE,CED) 
SK=SQRTF(XK) 
P153.1415926 
Mi-1 
P=PHI 
EK=XK 
EKD=1.0—EK 
IF(PHI—PI/2.0)1,2,1 
M=-1 
GO TO 17 

2 	M=O 
U0 .0 
EU=O.O 

17 P=P H I 
3 A=1.0 

B=1.0 
S=P 
F=P 
E=P 
N=1 

4 XN =N 
YN=2*N-1 
ZN=2*N 
S=S*YN /ZN—COSF (P) * (S I NF (P)) **YN/ZN 
A=A*EK*YN/ZN 
B=B*EK*(XN-1.5)./XN 
F=F+A*S 
E-E+B*S 
CHECK=ABSF(A*S) 
IF(CHECK—G)6,6,5 

5 N=N+1 
GO TO 4 

6 	IF(M)7,8,9 
7 U-F 

EU=E 
P=P 1/2.0 
M=M+1 
GO TO 3 

8 CK= F 
CE= E 
EK=EKD 
M=M+1 
GO TO 3 

9 CKD=F 
CED=E 
RETURN 
END 
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SUBROUTINE EFUN( PHI ,XK,ALFA,G,U,CK,CKD,EU,CE,CED,PYE,CPYE) 
SK=SQRTF(XK) 
PI=3,14159265 
MM-1 
P=PHI 
EK=XK 
EKD=1.-EK 

3 	A=1• 
B=1. 
S=P 
F=P 
E=P 
N=1 

4 	XN aN 
YN=2*N-1 
ZN=2*N 
5=S*YN /ZN-COSF(P)*(SINF(P))**Y;J/ZN 
AAA*EK*YN/ZN 
B=B*EK* (XN--1.5) /XN 
F=F+A*S 
E=E+B*S 
CHEK=ABSF(A*S) 
IF(CHEK-G)  6,65 

5  N=N+1 
GO TO 4 

6  IF(M) 7,8,9 
7  U=F 

EU=E 
P=PI/2. 
M=M+1 
GO TO 3 

8 	CK=F 
CE=E 
EK=EKD 
M=M+1 

9 	I 'QM1c) 3  10,10+ 11 
10 	CKD=F 

CED=E 
IF(ALFA) 	1019104,109 

101 	IF(-ALFA-SK) 	102,105.103 
102 	J=-2 

TH=ATANF(SQRTF(ALFA /(-XK))) 
GO TO 118 

103 	J='1 
TH=ATANF(SQRTF(1.0 /(-ALFA))) 
GO TO 118 

104 	J=4 
PYE=U 
CPYE=CK 
GO TO 20 
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105  J=6 
IF(PHI—PI/2.0)  106,107,107 

106  AT*SQRTF(1._XK*SINF(PHI)*SINF(PHI)) 
PYE*U/2.+ATANF((1.—ALFA)*SINF(PHI)/(CQSF(PHI)*AT))/(2.*(1.—ALFA)) 
GO TO 108 

107 	PYE=CK/2.+PI/(4.*(1.—ALFA)) 
108 	CPYE$CK/2.+PI/(4.+x(1.—ALFA)) 

GO TO 20 
109 IF(ALFA—XK) 110*111,112 
110 	J*0 

TH=ATANF(SQRTF(ALFA/(XK—ALFA))) 
EK*XK 
GO TO 118 

111 	J*5 
AT*SQRTF(1.—XK*SINFC PHI )*SINF( PHI) I 
PYE*(EU—XK*SINF(PHI)*COSF(PHI)/AT)/EKD 
CPYE=CE/EKD 
GO TO 20 

112 IF(ALFA—SK) 113,105,114 
113 	J*1 

TH=ATANF(SQRTF((ALFA—XK)/(XK*(1.—ALFA)))) 

GO TO 118 
114 IF(ALFA-1.) 1159116#117 
115  J*2 

TH*ATANF(SQRTF((1.—ALFA)/(ALFA—XK))) 
GO TO 118 

116  J=7 
ATuSQRTF(1.—XK*SINF(PHI)*SINF(PHI)) 
PYE=U—(EU--SINF(PHI)*AT/COSF(PHI))/EKD 
CPYE=1000.0 
GO TO 20 

117 	J=3 
TH*ATANF(1./SQRTF(ALFA-1.)) 
EK*XK 

118  P-TH 
M=M+1 
GO TO 3 

11 	EK'XK 
UT*F 
EUT*E 
V*PI*U/(2.*CK) 
W=PI*UT/(2.*CK) 
PE=PI*CKD/(2.*CK) 
Q-EXPF(-2.*PE) 
SUMN=0.0 
SUMD*0.0 
SUM*0.0 
Nat 

12 	XN*N 
NSsN*N 
XV*2.*XN*V 
IF(J)  121,1249125 



121 IF(J+1) 122#123*124 
122  XW==2.*XN*W 

GO TO 128 
123  XW=2.*XN*(PE-W) 

GO TO 128 
124  XW=2.*XN*W 

XPw2.*XN*PE 
SINH-(EXPF(2.*XP)-1.)/(2.*EXPF(XP)) 
SUM-SUM+SINF(XV)*SINE(XW)/(XN*SIKH) 
CHEK-ABSF(SINF(XV)*SINF(XW)/(XN*SINN)) 
IF(CHEK-G)  16!16#15 

123  IF(J-2)  126,127,134 
126  XW=2. *XN*W 

GO TQ 128 
127  XW=2.*XN*(PE-W) 
128  SINN=(EXPF(2.*XW)-1.)/(2.*EXPF(XW)) 

COSH=(EXPF(2.*XW)+1.)/(2.*EXPF(XW)) 
IF(J) 12991329132 

129  NH-N/2 
IF(N-2*NH) 13091309131 

130  SUMN=SUMN-Q**NS*SINF(XV)*SINH 
SUMD-SUMD+Q**NS*COSF(XV)*COSH 
GO TO 133 

131  SUMN=SUMN+Q**NS*SINF(XV)*SINH 
SUMD=SUMD--Q**NS*COSF(XV)*COSH 
GO TO 133 

132  SUMN=SUMN+Q*DNS*SINF(XV)*SINN 
SUMD-SUMD+Q**NS*COSF(XV)*COSH 

133  CHEK*ABSF(Q**NS*SINF(XV)*SIKH) 
IF(CHEK-G) 14,14*15 

14  CHEK=ABSF(Q**NS*COSF(XV)*CQSH) 
IF(CHEK-G) 16*16*15 

15  N=N+1 
GO TO 12 

134  XW=2.*XN*W 
XP=2.*XN*PE 
SINHr(EXPF(2.*XP)-1.)/(2.*EXPF(XP)) 
SUM2SUM+Q**XN*SINF(XW)*SINF(_XV)/(XN*SINN) 
CHEKUABSF(Q**XN*SINF(Xt'J)*SINF(XV)/(XN*SINH) 
IF(CHEK-G)  16+16,15 

16  IF(J)  136,135,136 
135  QN=SUM 

ELM-EUT-CE*UT/CK 
D=SQRTF(ALFA*(1•-ALFA)*(XK-ALFA)) 
PYE=U+ALFA*(U*ELM-QN)/D 
CPYE*CK+ALFA*(CK*ELM)/D 
GO TO 20 

136 IF(J-3) 138*1379138 
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137  WPV*W+V 
WMV■W-V 
QNaO.5*ALOG(SINF(WPV)/SINF(WMV))+SUM 
ELM=EUT—CE*UT/CK 
D=SQRTF(ALFA*(ALFA-1.)*(ALFA—XK)) 
PYE■—ALFA*(U*ELM—QN)/D 
CPYE--ALFA*(CK*ELM)/D 
GO TO 20 

138  D=2.*CK*SQRTF(ALFA*(1.—ALFA)*(ALFA—XK)) 
ELMS (CE*UT+CK*EUT—CK*UT)*2./PI 
SUM=2.*SUMN/(1.+2.*SUMD) 
IF(J+1S 139,140,141 

139  QNa2.*CK*ATANF(SUM)/PI 
PYEaU*XK/(XK—ALFA)-PI*ALFA*(U*ELM+QN)/D 
CPYEaCK*XK/(XK—ALFA)—PI*ALFA*(CK*ELM)/D 
GO TQ 20 

140 QN=U+2.*CK*ATANF(SUM)/PI 
PYEaU/(1.—ALFA)+PI*ALFA*(U*ELM-►QN)/D 
CPYE=CK/(1.--ALFA)+PI*ALFA*(CK*ELM—CK)/D 
GO TO 20 

141  I F (J-1) 142,142,143 
142  QN=2.*CK*ATANF(SUM)/PI 

PYE=ALFA*PI*(U*ELM—QN)ID 
CPYE=ALFA*PI*(CK*ELM)/D 
GO TO 20 

143 	QNRU-2•*CK*ATANF(SUM)/PI 
PYEaU+PI*ALFA* ON—U*ELM)ID 
CPYEaCK+PI*ALFA*(CK—CK*ELM)/D 

20  RETURN 
END 
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