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SYNOPSIS 

The stability of hydraulic structures founded on 

permeable soil has to be ensured against forces caused by 

percolating water. The seepage water exerts uplift pressure 

below the structure and tends to remove the soil particles at 

the exit and which may ultimately lead to piping. - Intermediate 

filters or drains can be provided below the floor of hydraulic 

structures founded on permeable soil to reduce uplift pressures 

resulting in appreciable savings. A solution was obtained by 

Chawla (6) for a drain of any dimension located anywhere 

between two cutoffs of a flat floor founded on permeable soil 

of infinite depth. Until now no solution was available to 

determine the effect of plane drainage located anywhere between 

two cutoffs of a flat floor founded on permeable soil of finite 

depth. 

In many cases an impermeable layer exists at shallow 

depth and downstream sheetpile cutoff may extend upto 

impermeable layer due to inadequate subsurface investigations 

or as a safe gaurd against scour. In such a situation uplift 

pressures equal to upstream water head would develop below the 

central portion of the floor unless the upstream sheet pile is 

also driven upto the impermeable layer or an alternative 

arrangement is made to release the pressure. It is impossible 

to provide a vertical cutoff completely free ffom leakage, 

unless it is made of concrete and is monalithic with the 

floor. In steel sheet—piles leakage may occur due to improper 

interlocking or corrosion of sheet—pile and therefore even 



(iv) 

providing a complete cutoff at the upstream end of the floor to 

intercept seepage cannot be relied upon. In such a situation, 

an intermediate filter could be provided to release the uplift 

pressures. 

In the present work, the problems of seepage below a 

flat floor, with a partial cutoff at the upstream end and a 

partial or complete cutoff at the downstream end, founded on 

permeable soil stratum of finite depth with an intermediate 

filter of any dimension located anywhere in between have been 

solved with the help of conformal mapping. In addition the 

solution has also been obtained using finite element method for 
the seepage below a flat floor with two partial cutoffs and an 

intermediate filter founded on subsoil underlain by sloping 

impermeable layer. 

The uplift pressures at key points end exit gradient at 

the end of the floor have been calculated for various combina-

tions of the parameters involved. The results have been plott-

ed in the form of curves which can be corveniently used for 

design. 

The results indicate that the uplift pressures on the 

floor and exit gradient at the end of floor reduce considerably 

with the provision of an intermediate filter of even very small 

length. Further reduction in pressure and exit gradient with 

increase in length of the filter is less as compared to the 

initial reduction. The uplift pressures decrease on the down-

stream and increase on the upstream side of the ,filter as the 

location of filter is shifted downstream. 
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The uplift pressures on the floor and exit gradient at 

the end of floor decrease with decrease,  in the depth of 

pervious stratum and increase with increase in the inclination 

of the impervious layer. The uplift pressures decrease with 

increase in the depth of upstream cutoff. The effect of depth 

of the downstream cutoff on uplift pressure is very small, 

however, the exit gradient reduces significantly with increase 

in depth of the downstream cutoff, 

An illustrative example of Narora barrage, using the 

deSign curves developed in the present work has also been 

included in Appendix A-1.The redesign with intermediate 

drainage shows 40, reduction in sectional area of concrete. 



NOTATIONS 
	 (vi) 

A 
	

Area of flow region 

= Area of an element 

al'aGP  ai 
	= Transformation parameters 

b 	= Length offlocirwith end cutoffs 

b1 	= Distance of filter from upstream cutoff 

d1 	= Depth of upstream cutoff 

d2 	= Depth of downstream cutoff 

F(Y,m), = Elliptic integral of first kind 

P(91tml)  

Fi e 	Flux vector for a4 element 

(F1 	Global flux vector 

Fs 	= Factor of safety against heave 

= Length of filter 

Gth• 	= Exit gradient at end of floor 

gips, 	 ConstaAt 

R1 	Head in filter measured above downstream 
water level 

H2 	= Head in upstream bed MPastred above downstream 
water level 

Head at any point measured above downstream 
water level 

hav 	Average head 

hw = Piezom:tric head at any point 

Ne  = Heed vector for an element 

h) 	= Global head vector 

I 	= Gradient at any point 

= Nodal point ti an element 



= F(nArm) = complete elliptic integral of 
first kind . 

re F(nAni) = complete elliptic integral of 
first kind 

= F(-0,m1 = Associated complete elliptic integral 
of first kind 

K . 	= Element of stiffness matrix at ith  row and 
jth column 

[K]° 
	

= Stiffness matrix of an element 

[K] 	= Global stiffness matrix 

, k 	= Coefficient of permeability 

Coefficient of permeability of upper layer of soil 

k2 	= Coefficient of permeability of lower layer of soil 

k 	= Coefficiet of permeability in x direction 

kyy 	= Coefficient of permeability in y direction 

M 	= Constant 

m,mj 	= modulua of elliplic integrals 

1 	— 	= comodul-un of elliptic integrals 

N 	= Constant 

N 	= Interpolation function (Shape function) for 
the ith node 

n In 	= x and y component of unit vector normal to x y 	boundary 

= Discharge per unit width across a boundary surface 

= Seepage discharge per unit width normal to 
direction of flow through filter 

= Total Seepage discharge per unit width normal 
to direction of flow 

1th  = Residual at . node 

= Surface area of flow region 

= Depth of pervious stratum 

11. 

ql 

RS. 

T 



t 

w 

wi  

r+ia complex variable representing semi 
infinite plane 

= Addition weight per unit area over filter 

= ce+iw = complex variable representing flow field 

= Weightage function of ith node 

= Coordinate of point j (point of maximum uplift 
pressure downstream of filter) 

= x+iy = complex variable representing physical. 
plane 

= Substitution parameter, (Chapter-2) 

= Parameters of elliplic integral of the third kind 

= Transformation parameters 

= Unit weight of water 

2 	2 	2 
(P''altm)'H491a2tmi),11AT,)a3,m) = Elliptic integrals thild kind 
=...11 (n/24;6) = Complete elliptic integral of third kind 

fl = -1,1(5/2,,m) = Complete elliptic integral of third kind 

2 F13  =;;(11/2,a3,0.) = Complete elliplic integral of third kind 

= A substitution parameter (Chapter 2) 

Inclination of impervions stratum with 
horizontal (Chapter 4) 

= Potential function 

Tl'2'93" T' = Argument of elliptic integrals 

0' 
1 

9' 	= Argument of elliptic integrals at point D' 

0 	= Argument of elliplic integrals at point' F 

0
G 	= Argument of elliptic integrals at poing G 

= Stream function. 

Yeub 	= Submerged weight of soil 
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downstream end, The upstream cut-off is provided to safe- 

gaurd against possible scour and to reduce uplift pressure 

below the floor and the downstream cutoff is provided to safe-

gaurd against piping and scour at the downstream end. Inter-

mediate filters or drains can be provided below hydraulic 

structures to reduce the uplift pressure resulting in appreci-

able savings  

1,4  A solution of considerable importance was obtained.by 

Maleshchenko (11) and Numerov (13) in which they included the 

effect of ane or two drainage holes in the impervious floor. 

The effect of plane drainage connected to downstream bed in 

case of seepage below a flat apron or a single overfa/1 founded 

on infinite depth of permeable soil was obtained by Zamarin(19). 

Bengal (16) determined the extent of reduction in pressure 

affeoted by a flat and deep filter of particular dimensions 

below the foundation of a barrage with the help of electrical 

axiology model. Chawla (6) determined the effect of drainage 

of any dimension located anywhere between two cut-offs of a 

flat floor founded on infinite depth of permeable soil. Until 

now, no solution was available to determine the effect of plane 

drainage located anywhere between the two out-offs of a flat 

floor founded on permeable soil of finite depth. 

1,5 In many cases where an impermeable layer exists at shallow 

depth, it is not necessary to take the downstream cut-off upto 

impermeable layer from piping consideration, However, in some 

cases the sheet pile cut-off might Nava been driven upto 
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CHAPTER -. 1 

INTRODUOTION 

lel The design of hydraulic structures founded on permeable 

soils presents problems of complex nature. Besides testing 

such Structures for forces due to surface flow, their stability 

hee to be ensured against forces caused by percolating water. 

The Seepage water exerts uplift pressure below the structure 

and tends to wash away soil under it leading to piping, In 
n4ti of the oases, the damage to such structures may be attri-

buted to the destructive effect of the seepage. The impor-

tance of proper design and planning of hydraulic structures 

founded on permeable soil is, therefore, obvious. 

1,2 General solution to the problem of seepage below struc-

tures, which is a confined flow problem, by conformal mapping 

was indicated by Pavlovsk Y (14) and Ehosla(10). Based on con-
:grata transformation, general solutions for various boundaries 

have been given by Musket (12), /Ian (9),Aravin and Numerov(1), 

Pelubrarinova KochIna (15) and OhaWla (6). These solutions • 

axe applicable for flat floor with an asymmetrical out-off, 
inclinod floors, inclined cot.offe edetpressed floor with gym-

Metric or asymmetric cutoffs, with ir,finite and finite per-
vious reaches. Some of these solutions have been obtained for 

anieotropic soils also. 

1.3 . It is seen that generally the design'engineer has to 

proVide two out-offs, one at the upstream end and ether at 



downstream end, The upstream cut-off ie provided to safe-

gaurd against possible scour and to reduce uplift pressure 

below the floor and the downstream cutoff is provided to safe-

gaurd against piping and scour at the downstream end, Inter-

mediate filters or drains can be provided below hydraulic 

structures to reduce the uplift pressure resulting in appreci-

able saving. 

1,4 . A solution of considerable importance was obtained by 

Maleshchenko (ii) and Numerov (13) in which they included the 

effect of one or two drainage holes in the impervious floor, 

The effect of plane drainage connected to downstream bed in 

case of seepage below a flat apron or a single overfall founded 

on infinite depth of permeable soil was obtained by Zamarin(19), 

Sangal (16) 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 

anology model. Chawla (6) determined the effect of drainage 

of any dimension located anywhere between two cut-offs of a 

flat floor founded on infinite depth of permeable soil, Until 

now, no solution was available to determine the effect of plane 

drainage located anywhere between the two cut-offs of a flat 

floor founded on permeable soil of finite depth. 

1,5 In many cases where an impermeable layer exists at shallow 

depth, it is not necessary to take the downstream cut-off upto 

impermeable layer from piping consideration, However, in some 

cases the sheet pile cut-off might have been driven upto 



impermeable layer due to inadequate sub-surface investigations 

or to safe guard against scour. In such a situation uplift 

pressures equivalent to upstream water level would develop be- 

low the floor unless an arrangement is made to release the pres-

sure. Alternately a fully penetrating out-off may be provided 

at the upstream end of the floor also to check the seepage be-

low the floor thereby reducing uplift pressures. However, pro-

viding a fully penetrating cut-off at the upstream end for 

intercepting the seepage below floor is not a positive and fool-

proof measure and therefore, cannot be relied upon. In such a 

situation, intermediate filters could, however, be provided to 

release uplift pressure. 

1,6 In the present study, an attempt has been made to study 

the effect of intermediate filter with different boundary con-

ditions. The cases with the following boundary conditions have 

been studied: 

(i) Flow under a weir with unequal partial cut -offs at both 

endscfthc floor and an intermediate filter founded on 

permeable soil of finite depth (Chapter 2 ). 

(ii) Flow under a weir with a partial cut-off at upstream 

end, a complete cut-off at downstream end of tho floor 

and an intermediate filter founded on permeable sal 

of finite depth (Chapter 3  ). 

(iii) Flow under a weir with unequal partial cut-offs at both 

ends of the floor and an intermediate filter founded on 



permeable soil underlain by a sloping impervious 

stratum (Chapter 4), 

1,7 The solution of the problems of first two cases has been 

obtained with the help of conformal mapping. The transforma-

tion equations have been integrated numerically using Simpson's 

formula. A computer programme has been developed to evaluate 

the intermediate transformation parameters and uplift pressure 

all along the floor and also exit gradient at the end of floor. 

The solution of the problem in the third case is obtained 

by solving the Laplace equation using finite element method. 

A computer programme has been developed to compute the uplift 

pressure all along the floor sad exit gradient at the end of 

the floor. The factor of safety against lave below the filter 

is also determined to study the safety against piping below the 

filter, 



CHAPTER - 2 

THEORETICAL SOLUTION FOR INTERMEDIATE FILTER WITH 
HORIZONTAL IMPERVIOUS LAYER 

2,1 INTRODUCTION 

The stability of hydraulic structure founded on permeable 

Soil has to be ensured against uplift premneand piping. Inter-

mediate filters or drains can be provided below hydraulic 

structures founded on permeable soil to reduce uplift pressures 

resulting in appreciable savings, Chawla (6) determined the 

effect of drainage of any dimension located anywhere between 

two end cutoffs of a flat floor founded on infinite depth of 

permeable soil. Until now, no solution was available to deter-

mine the effect of plane drainage located anywhere between the 

two end cutoffs of a flat floor founded on permeable soil of 

finite depth, In this chapter, a solution has been obtained 

using conformal mapping for seepage below a flat floor with two 

unequal cutoffs and a plane drainage located anywhere between the 

two cut offs and founded on permeable 'soil of finite depth. 

2,2 LAYOUT, BOUNDARY CONDITIONS AND METHOD OF SOLUTION 

Consider an imperVious floor AB of length b founded on a 

homogeneous permeable soil of depth T. The floor has a cutoff, 

C' D' Of depth d1  at the upstream end and a cutoff ED of depth 

d2 at the downstream end of the floor. The floor is drained by 

an intermediate filter FG of length f at distance bi  from the 

upstream cutoff. The structure is founded on permeable soil of 



depth T under-lain by an impervious stratum Mi.. The profile 

is represented in the'z- plane as shown in Figs  2.1(a). 

The steady seepage through the pervious foundation of 

the structure that causes uplift is governodby Laplace equation 

irs7  29, 	0  ...(2.1) 

in which 0 =A velocity function = -kh, h = the head,and It = the 

hydraulic conductivity. 

Without loss of generality, the head h along the down-

stream bed can be taken as zero and head measured above this 

h = Hi as the head in the filter and b = H2  as the head in the 

upstream bed. Then 'along the upstream bed MA, 0 = -kH2  and 

along the downstream bed BM1, 0 = 0. The foundation profile 

AWC I F, forms the inner boundary of upstream flow and therefore 

can be taken as the stream line w = 0, in which w is stream 

function. The lower profile of filter FG, is an equipotential 

line, V = 6-1KS1. The foundation profile GEDB forms the inner 

boundary of downstream flow and may be taken as stream line, 

= qi  in which qi  = discharge per unit width normal .to direc-

tion of flow, drained through the filter. Starting from some-

where at the upstream end the streamline w = qv  would meet 

the floor GEDB, at .some point J where it would divide into 

two streamlines, one along JG emerging at G and other-Q=8MB 

emerging at B. The potential along the floor CnISDBwould be 

maximum at J. The impervious boundary NMI forms another 

streamline T = q2  in which q2  = tots' discharge seeping below 

the foundation. The complex potential, is represented by 
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w = V + iYs. The layout of various boundaries in the w-plane 

is shown in Fig. 	The region of complex seepage poten- 

tial is the area in w-plane between the two vertical lines 

AM (V = -kH2) and BMi(V= 0) and bounded on the upper side by 
the lines WI' = 0), PC(V = -111i) and GJRDB (4/ = ql) and on 
the lower side by MM1(1.2 = 92). 

To obtain the solution, both the profiles of structure 

in the z-plane and the complex seepage potential in the w-plane 

have been transformed into lower half of same semi-infinite 

t-plane using the Schwartz-Ohristoffel transformation. The 

following relations are thus obtained: 

z = f(t) „,(2,2) 

w = F(t) ...(2.3) 

combining Eqs. 2.2 and 2,3 

z = f(t) = fF-1(w) „.(2.4) 

and 	w = F(t) = Ff-1(z) „,(2,5) 

in which z = x + iy represents the physical plane, t.= r + is 

represents the intermediate semi-infinite plane, and w = V+iT 

represents the flow field, 

2,3 THEORETICAL SOLUTION 

2.3.1 First Operation z = f(t) 

In this operation the profile of the hydraulic structure 

in the z-plane is transformed onto the real axis of the t-plane. 

On the t-plane, the points A and Mi, are placed at 0 and 1 and 

the points D:C', FIG1E,D, and B lie at x , 6 , aF, %, 0, 0 



0 

0 

I
f1(0) 

Y = 214 	f2(0) de ...( 2.7) 

and u respectively. The values of these parameters are to be 

determined. The Schwarz -Christoffel transformation that gives 

the afore-mentioned mapping is: 

(t -A) (t -P) dz 	M  	...(2.6) 

(1 -t) 4t(t -6)(t -0)(t -a) 

This equation has been integrated in various portions of the 

seepage boundaries. 

Along Upstream Cutoff AD'C' (0 < t 	6): 

For integration of Sq. 2.6 along the upstream cutoff 

AD'C', a substitution t = 6812 0 is made and the Eq. 2.6 

yields 

dt 

in which 

  

f1(0) = (6Sin
20-A) (6Sin

2
0-P) ...(2.8) 

   

i 
i2(0) = (1-6Sin

2 
 0) -f(0-6Sin20)(12-6Sin 0) 	...(2.9) 

At point Dt, y = d1  and t =A i.e. 6 = Sin-146-A , the Eqn.2.7 

reduces to 

Sin-1 R;  
d1 = 

  

f (e) 1 	as 
f2 (e) 

...(2.10) 2m 

  

 

0 

 

At point C', y = 0 and t = 6 i.e. 8 = nAp the Sgt. 2,7 re- 

duces to 



n/2 
dia  = 
12(9) 

0 

6
2
Sin

4
0  

f2(0) 	
d0...(2.12) 

„,n/2 

0 f
3  ( 9 ) y= 2M 	de 
f4(e) 0 

...(2,13) 

10 

n/2 
f1  (e) f2(8)  010 = 0 ...(2,11) 

sq. 2.11 can be written as 

,n/2 

(X+P) 	f2(8
6Sin0  ) de- X 0 

o 

Along the downstream cutoff ED13 	< t < 4)1 

For integrating. Eq. 2.6 along downstream cutoff EDE the 

substitution t = aSin
2
0 + oCos20 is made and Eq. 2.6 reduces to 

in which 

	

f3(9) = 	(aSin20 + Oos20-x ) (aSin20+0Cos20.9 ) 	(2.14 ) 

£4  (Os (1,-41Sin20-oCos28) fi (aSin20+000920)(aSin20+00os20-6) 

...(2.15) 

 

At point 	D, y = d2  and t=17) i.e. 0 "P'Sinsl  4  , the 
Eq. 2.13 reduces to, 

1 p..0 
r 	u-o 

	

d2 _ 	f (e) 3  
d0 

 

'4"T - 	±4(e) 4 

At point B, y = 0 and t = 4 i.e. 9 = i/2, the Eqn. 2.13 re-

duces to 

...( 2.16) 



,..(2.17) 

b = 
2M 

/2  
f5(4) 

de 
f6(e) 

,„(2,22) 

11 
.n/2 

fl(0) 
	 de 0 

o 14(e) 

Eq. 2.17 can be written as 

n/2  
OISin2e4a  Cos ei do „, )1/4  p 

f4(9) 
(x+P) 

 

el n/2 
(ain

2
614Pc Cos20)2 di;  
f4(8) 

 

■ •• ...(2.18) 

  

0 

Along the floor 013 (8 < t 4 a): 

For integrating along the floor the substitution t = 

a Sin20+60os20 is made and Bci, 2,6 reduces to: 

re 
f5(0) de 2M 	f

6 

 (0) 0 

in which 

f5(0) = (aSin2e4-6Cos2e 	aSin2e+6 Cos2e-P) 

.(2.19) 

...(2,20) 

f6(0) ' (1-081n
2 
 4-6Coa

2  4021n2e+6Cos2e 6 	 )(4-aSin20-6Cos20). 

...(2.21) 

At point E,x = b and t = a i.e. e=n/2, the Bt. 2.19 reduces to 



,Sin-1  
f1  (e) 
f2(0) 

2 
25(0) 
6 	

de 

de 	„,(2,24) 

..„(2,25) 

d1 	1  

V 
d2 
	F(9) 

0 

d2  

 

F(4) 
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At point Mi(t = 1): 

At point4M1, as t passes around a semi-circle of small 

radius r = (t-1) e-14, the corresponding change in z is iT, 

The Eq. 2.6 can be written as 
-0 

M(l+reie-x)(1+r eie-Oireie  
iT = Lim 	de 

n -reie  4(14reie)(1.4reiG.6)(1+re/9-o)(14re;24) 

On simplification, this equation reduces to 

T 	0.5 n(1-x)(1-P)  
2M 

,1(1-6)(1-0)(140 
...(2.23). 

On dividing the Eqs. 2,10, 2,22, 2.23 and 2.19 by Eq. 2,16, 

these are reduced to 

 

0,5(1-0(1-01;  
-1 (1-0(1-0)(1-0 

 

	

x 	1 	
25(4)._  d9 

	

d 2 	P(g) 	f6(g) 	
..,(2.27) 

0 

in which 	F(9) = I 

Sin-1.1 P-0  
4--a 

0 

f3(A) 

f4(e) 
de .„(2.28) 

At point F, x=bi  f and t = aF therefore, Eq 2,27 gives 



hi _ 
	

i 
d2  F(9) 

Bqs. 2,12, 248, 2.24, 2,25, 2,26, 2.29 and 2,30 make it 
possible to determine the value of A ,P,6,a,m, a1  and aa  

At point G, x = bi , and t = 	therefore Bq. 2.27 gives 

Sin-TaG-6 
a-6 f

5
(9) 

dO 	...(2.30) f6(40) 
0 

13 

Yr _ 1  
d2 	1(9) 

1 	-k 

a-65(0)  

i6(4) do 
...(2.29) 

 

0 

  

Since these equations are not explicit in transformation 
• 

parameters, direct solution of these equations for the values 

of these parameters is not convenient. These equations can, 

however, be conveniently solved for physical dimensions b/d2, 
d1/d2 , x/d2  and T/d2  for assumed values of 61o,µ and t. 

2.3.2 Second Operation w =F(t) 

In this operation the flow field in the w-plane, shown 
in Fig. 1(c) is transformed am the semi-infinite t-plane,shownin 

Fig, 1(b). The transformation of the polygon in w -plane on 

the t -plane is given by 

dw 	(t-aj) 
N dt 

..,(2 ,31) 

Tt7t-a1) ( t-1/4)(1-t)(1--0 

Integrating Eq, 2.31 along GJB (aG  t < a): 

Making substitution t = u Sin
2
a + aa  Costa to remove the 



singularities at points G and B and integrating the Eq. 2.31 

alpng GJB, it yields 

A/2  

...(2.32) 

MI =2N 

f1 	(a) V = -2N 	da 
f2(a) .... , 

at 
in which at = Sin 1  t-ao  

1 A "ea 

fl(a) = (araSin
2
a -aG.  Cos2a) 

f2(a) = 4(1Sin2a + liaGeos2a) R 

R = (iSin2  a+aGCos
2 
 a-ap)(1-fain

2 
 a -aG  Cos

2
a) 

At point G, V = -kBl  and t = ea, therefore 
n/2 

fl(a) 
r da 
a 

,..(2.34) 

14 

Integrating Eq. 2.31 along AF (0 < t ap): 

Integrating the Eq. 2.31 along Al' after:eaketituting 

t = 07  sin2a  , le obtain 	 1  
A 

 
Siǹ  t-Itiap  

= 2N 

0 

f3(a) --„ da 
f4°)  

...(2.35) 

in which 

f3(a) = (ap Sin2  a - a.) 	„.(2.36) 

14(a) = -1(apSin2a-aG)-apSin2a)(1-a Sin2  ) 	(2 3 ) F 	a 	• 7 

At point F, t = ail  and V = -kRi, therefore 
n/2 , 
fa) 

k(H2-111) = 2N 
ti 	f4(a) 0 

da 	...(2.38) 
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From Eqs. 2.34 and 2,38 

Hi  
r -H2_ 

rni2  
f (a) 
2da 

(a )  2.39) 
n/2 

f3(a)- am  
f4(a) 

Solving foray  we obtain 

/2 	2 
	+ 42 
	

a n 	 iCo r  i 	apSin a da 	(48in2a+ 	s2a) da 

o 	14(4 	 f2(a) 
a = 
i 	,n/2 /2 	

...(2.40) 

	

d a 	.1.

- 
it 	d a  

d 14( ;)  i f2 (a )  0 	0  
Promal. 2.40valueof. a j  can be determined 

2.4 UPLIFT PRESSURES 

Uplift pressures below the upstream floor AD'C'F can 

be determined from Eq. 2.35 after substituting the value of N 

from Eq. 2.38 as below 
sin-1  Jap  

13(a) 
1;Ta7 da 

f/(a) 
' 	 

f4(a) da  

V kE2 
k(H2-H1) 	, a  2 

Uplift pressure below downstream floor, GJEDB can be determined 

from sq. 2.32 after substituting the value of N from Eq. 2.38 

as below 



7c/2 
16 

0 

 

fl(a)  

f2(a)da  
at 	 

ildr2  
f3(a) 

f
a)  dm 

.o 	4 

..„(2,42) 
14112-Hi 

in which 

4,0-% 
at  - Sin-1  

g -aG 

Knowing the values of all, ay ais  A, the uplift pressure 

can be determined at any point below the floor by substituting 

the corresponding value of t in Eq. 2.41 or 2,42 depending 

whether point is upstream or downstream of filter PG, 

2,5 EXIT GRADIENT 

In addition to the uplift pressure, it is also important 

to know the hydraulic gradient at the downstream end of the 

floor i.e. at point B, 

Gradient I at any point is given by 

...(2.43) 

in which h = the head at any paint along the floor or the cut-

off and s = distance measured along the streamline passing that 

point, Eq. 2.43 can be written as 

g _ 	1g dt dz I -= aft d  — k  • dt  • d z  • s  

Along the outer face of the downstream cutoff, 
dz =i  
ds 

...(2,44) 

• „(2,45) 
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Also along the floor and cutoff T = constant, therefore 

ag _ dw 
dt TT ...(2.46) 

Substituting the values of constants M and N, the values of 

dt/dz and dw/dt can be determined from Eqs. 2,6 and 2,31 res-

pectively, therefore 

at = 3(1-t)(1-x)(1-P)  ,l(t(t-6)(t-0)(t-iu) 
T(t-x) 	 (1-6)(1-o)(1-4) 

„,(2.47) 

dw 

dt 	rit/2 

0. 

0,5 k(112-111) 

(apSin2a a2) dm 
	x 

-1(apSin2a-aG )(4-aySin2m) (1-apan2a) 

it(t-sp)(t-AG )(4-0(1-t) 
„,(2.48) 

Combining the Ego, 2,44 to 2,48 and simplifying the value of GE the 

exit gradient at point B (t=4.0 is given by 

0.5%(H2-111)(1-0(1-P)(4-ai) _I (11-6) (20) (141) 
GE = 	 

.T(g.-)J (A-P) IG 	(1.8)(1-o)(1-4)(u-ap)(u-eG) 

...(2.49) 

in which 
_E/2 

(aiSin2m 	da 
IG = ...(2„50) 

(apSin2a-80)(A-apSin2  a)(1-aFSin2a) 

Exit gradient GE can be expressed in terms of downstream cutoff 

depth d2  also by combining Ego. 2,49 and 2.26. 
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2,6 RESULTS 

The equations derived herein have been used for computa-

tions of uplift pressures and exit gradient. These calculations 

involve the evaluation of many integrals which were computed 

on digital computer by numerical methods, For assumed values.  

of 8, o and U the physical dimensions dl  /d2, b/a2  and T/d2  are 

worked out from Eqs.• 2.24, 2.25 and 2,26 respectively after 

finding the values ofN and 0 from Eqs. x.12 and 2.18. The 

values of bi/d2  and f/a2  are then worked out from Bqs, 2.29, 

and 2,30 for assumed values of ap  and 	The The uplift pressure 

at key points corresponding to these physical dimensions of the 

structure are determined from Eqs, 2.41 and 2,42 after deter-

mining the value of a. from the Eq.. 2.40. Pressure at any point 

along the floor can be obtained from Eq. 2,41 or 2.42 for as-
sumed value of t and the corresponding value of x/d2  is obtaired 

from the Eq. 2.27 in which x is the distance of the point from 

the upstream cutoff," The exit gradient at point B is then 

worked out from the Eq. 2,49. 

To facilitate the use of various equations for finding 

out the uplift pressure and exit gradient, the values of uplift 

pressures at key points and exit gradient have been computed 

for different combinations of floor length, depth of upstream 

and downstream cutoffs and depth of soil strata and have been 

plotted in the form of curves, The results obtained herein can 

be used for practical design. The curves cover the values of 

bia2  = 2,5, 5 and 10, d2/dl  = 1, 2, 3 and 4, f/d2  = 0.0 to 1.0, 

anywhere between two cutoffs and T/d2  "4 1.5, 2 and 4, The 
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uplift pressures at D', CI , B D and J have been plotted 

in Figs, 2,2, 2,3, 2,4, 2..5 and 2.6 respectively, The 

location of point J is obtained in Fig, 2,7, The exit gra-

dient at point B is plotted in Fig, 2,8, 
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CHAPTER - 3 

SOLUTION FOR INTBRMSDIATB FILMS WITH FULLY PEN-CRATING 

DOWNSTREAM CUTOFF 

3.1 INTRODUCTION 

Sheetpile cutoff is provided at the downstream end of 

the impervious floor of structures founded on permeable soil 

to ensure stability against piping and scour due to surface 

flow. Deeper cutoff, although, improves safety against piping 

but results in increased uplift pressures and higher cost of 

the structure. Cutoff depth ie,therefore, kept minimum to 

ensure adequate safety factor against scour and piping. In 

case an impermeable layer exists at shallow depth and the cut-  

off penetrates the impermeable layer, uplift pressures below 

the floor will approach pressures equilvalent to upstream water - 

level, From piping consideration, it is not necessary to take 

the cutoff upto impermeable laver. However, in many cases the 

sheetpile cutoff might have been driven upto impermeable layer 

due to inadequate subsurface investigations or to safeguard 

against scour. In such a situation full uplifts would develop 

unless an arrangement is made to release the pressures or a 

fully penetrating cutoff is provided at the upstream end of the 

floor to intercept the seepage-  below the floor. 

Providing a fully penetrating cutoff at the upstream end 

for intercepting the seepage below floor is not a foolproof 

measure. It cannot be relied upon due to possible leakage 

which would lead to increased pressures. Intermediate filter 
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can be provided to release the uplift pressures. An analysis 

has been presented in this Chapter to determine the uplift 

pressure below a floor founded on permeable soil of finite depth 

with fully penetrating cutoff on the downstream end of the 

floor and an intermediate filter for release of pressures. 

3.2 LAYOUT AND BOUNDARY CONDITIONS 

Consider an impervious floor AB of length b founded on a' 

homogenous permeable soil of finite depth T underlain by en im-

pervious stratum. The floor has a cutoff CI D' of depth d at 

the upstream end and cutoff HD at the downstream end penetrat-

ing into the impervious stratum at a depth T. The floor has an 

intermediate filter PG of length fl  at a distance bi from the 

upstream cutoff (i.e. AG=bi).Pervious bed on the upstream and 

downstream ofLthe floor extends upto infinity.. The profile is 

represented in z-plane and is shown in Pig; 1,1(a)-, 

We shall take head h = 0 on the downstream water level 

and measured above it h = Hi as the head in the filter and h=H2  

as the head in upstream bed. Then along AM, V =-kH2  and along 

the filter FG, 0 = -al, where V is the velocity function. 

The upstream foundation profile A D' C' F forms the inner 

boundary of the flow and therefore can be taken as stream line 

T = 0, where T is the stream function. The lower profile of 

filter FG is an equipotential line V = 	The downstream 

foundation profile M'DEG forms the another boundary of flow and 

may be taken as stream line T = qi, where qi  is discharge drained 



29 -r 
H . 

4  

	 b 

4,14 

	, „i„,n, 

i  

f --HG 

0' K lmffrfirrtfin f•-, 	 

Ca) Z-PLANE 

ct 0 h 1  

6,  e' 	F  6 
itto t -PLANE 

 

C 	OC 
1 	 a  1" T 

  

kH -  kHII  

  

Dit 	6' F 

qE 

(c) W-PLANE 
FIG. 3.1 TRANSFORMATION LAYOUT 

7.5 
	15 OD 22.5 	30 	37.5 

0 	 0.2 	0.4 	/ 	0.6 	0.0 	10-0 

T 
FIG. 3.2 UPLIFT PRESSURE AT O IN PERCENT OF H 



30 

through the filter per unit width normal to direction of flow, 

w = 	iT represents the complex potential, Layout in 

the w - plane is shown in Fig. 3,1(c). The region of complex 

potential is the area in the w - plane between the two vertical 

lines AM (0 = -kH2) and FG(0 = -kEi) and bounded by the lines 

AP (V = 0) GM' (T 	41). 

3,3 THEORETICAL SOLUTION 

3.3.1 First Operation z = f(t) 

In this operation the profile of the structure in the 

z - plane is transformed onto the real axis of the t - plane 

(Fig, 3.1(b)). The point A and dare placed at 0 and 1, the 

pointsD', F, G, B and D lie at x ar, aG, E, and o. The values 

of these five transformation parameters have to be determined. 

The Schwartz - Christoffel transformation that gives the 

above napping is, 

dz 	(t-0 = 

	

	 ...(3.1) 
eit(t-1)(t-6)(t-o) 

This equation can be integrated along various regions to 

determine the values of the constants. 

Along upstream cutoff A D' C' (0 < t 	1): 

-t 

dt 

--I (1-tt)(.5-t)(o-t) dt- 
Adt 

-4t,(1-t )(64 ) (0-t) 
Y = M 

0 '15 

Making use of standard formulae (Rof,(3), Egs. 252,00,252.14 and 

337.01), 
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= (a)k) F( ,m) - 0 fl(529. ,m) 	 ...(3.02) 	. 

in which P(cya) and -x! 	
2 

rcgral,m) are elliptic integral of first 

and third kind respectively, and 

2 

  

...(3.04) 

...(3.5) 

...(3.6) 

...(3.6) 

  

P1= sin-1 ,i(o-i)t  
(a-t) 

m2 = 	
A2 Lo. 

 

  

At point C', y = 0 and t = 1 therefore, Eq. 3.2 gives 

X = c(1- 	) 	 ...(3.7) 

in which 

Tri  = 	( , 4, ) = complete elliplic integral of 
third kind, 

K = F (1 ,m) = complete elliplic integral of first 
kind. 

At point D', y = d and t =x ,therefore Eq. 3.2 gives 

2 
Mg = (0-21/4) F (9 1 m) -41(9D' arm) 

in which • 

= Sin-1  412.7114 
(a-h ) 

...(3.8) 

...(3.9) 



32 

Along  the floor 01FGE (1 < t 	6): 

Integrating  the Eq, 3.1 along  the floor 
- t 	4 M 	r 	 xcit 

.2 	
j  Iti.:17-6:mciti-)  at — 

2_ 	1 	 A 4t(1—t)(8—t)(0—t) _ 
Making  use of standard formula (Ref. (3) Eq. 254.00, 254.02) 

Mg = F(92 Oil t 	11 (92 4, M T  ) t  

in which 

   

    

T2  = Sin- IftElit- 	...(3.11) 

2 _ 6-1 
a2 - 	g- 	 ...(3.12) 

6-132  m'2= 1-m2 1  = --- 	...(3.13) co-1 6 

At point E, x = b and t = 6, therefore Eq. 3.10 gives 

M
g _ , K1 	

1!2 
	...(3.14) 

in which 

= F(2,1);) 	 ...(3.15) 

= p(  , 4, nil) 	 ...(3.16) 

At point, 1' , x = 	f and t = ap, therefore Eq.3.10 yields 

b, -1 - F 	2 
Mg-- - X (PP m ) TT (Tr a2, mi) 

in which 1)  

	

PP = Sin- 	
6(a  

1 	(6 -1)ap 

...(3.17) 

.,.(3.18) 
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At point G, x = bl  and t = ao, therefore Eq. 3.10 reduces to 

b, 

N=  N P(  (PG  yarm
2 I 

 ) .„(3.19) 
in which 

   

    

-1  6(aG-1) 
cPG  = Sin  -1 

Along downstream cutoff ED (6 < t 4. a): 

...(3,20) 

Integrating Eq. 3:51,1 along downstream cutoff .ED 

t  (t_5)(0-t) 
iy = r 

{_f  
6 a-t) 

itXd;  

Making use of standard formulae Ref. (3), Eqs. 256.00, 256.13 

and 339.01) 

2  2 2 
=  §2- IF fp m)_ aka3 -m  ) 

M3 	a2 % /  4,401) ...(3.21) 
4:(3  

3 

in which 

2 = cr-6 
3 a-1 

 

.,.(3.22) 

3
= sin 4 ig,,121.1.§.1 

(0-6)(t-1) 

2 
Putting the value of a3  and m in Eq. 3.21, it reduces 

Mg  
2 _Y  0,-1) 11(9)  m) -(6 -1)1  (Tia3,m) ...(3,24) 

At point D, y = T, and t = a, 93= it /2, Eq. 3.24 reduces to 

T/Mg = (x-1)K - (.5-1)r13  ...(3.25) 

in which 

= TT (2 a3, m) 
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...(3.27) 

...(3.28) 

From Eqs. 3.8,3.10,3.14,3.17,3.19 and 3.25 

d 	(0-732  (9D'Im)-41 (9V49m)  
7 = 

and 

bl 	= XF,(9G■ir!) -11  (9)G4nS  

(x -1)K - (<5 -1)TT3 

0110111•0•1•01.010 

...(3.29) 

...(3.31) 

Eqs. 3.7, 3.27, 3.29,3.30 and 3.31 enable us to determine the 

values of A ,d,o, 	and and aG. 

3.3.2 Second Operation w = F(t) 

In this operation the flaw field in w-plane (Fig. 3.1(c)) 

is transformed on to the same semi-infinite t-plane. The trans-

formation of polygon AFGM in' w-plane onto the t-plane is given 

by 

dw = N 	1 
dt 	-4(t-ap)(t-a) 

...(3.32) 

This equation can be integrated along various regions to deter-

mine the value of the uplift pressures, 

Along the portion AD' O'F (0 t <cOr: ................................ 

Integrating Eq. 3.32 along portion AD'C'F 
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Making use of standard Formula (Ret. (3)t Eq. 253.00) 

in which 

= Ng' P(,(Pcini ) ...(3.33) 

...(3 4 ) 

...(3.35) 

2 g, = 

  

 

p = Sin-1 _1 aG(aF-t)  '  
ap(aG-t) 

m = 2 
1 	aG 

At A, 	= - kH2  and t = 0, therefore, Eq. 3.33 gives 

Ne  = 	k(H2-H1) 

K, 
...(3.37) 

where 

El = 	2 M1 ) 
 ...(3.38) 

Along GM' (t >aG  > ap > 0): 
111/4111•7•1.71r 

Integrating the Eq. 3.32 along GM' 

dw = N 	dt  
4t(t-aF)(t-aG) 

caS 

Making use of Standard Formula (Ref,. (3)4  Il9r..23.7.00) 

V + kH1 r* Ng' F(91,m1 ) 
	 ...(5.59) 
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36 

yi = Sin-1  -
It-

EG  

'3.4 UPLIFT PRESSURE 

3.4.1 Uplift Pressure Below Upstream Floor AD'0'F 

The uplift pressure below the upstream floor can be 

determined from Eq. 3.33 after substituting the value of Ng' 

, F(Y;m1) 	Hi  

'7
7
27

7 
 = '---i---- 1 112-H1  

In case the release in the filter is provided at the downstream 

water level i.e. B1 = 0, then the Eq. 3.41 reduces to 

V 

kH2 

F(T,m1 ) 

'Cl 

4.3.2 Uplift Pressure Below Downstream Floor GED 

The uplift below downstream floor GED can be determined 

from Eq, 3.39 after substituting the value of Ng' 

F( 9i ,m1) 
k(H2  - Hep = 	-ir- 

or 

F(91 ,m,) 	H ( 	1 	4. 	 1 	) 
k(H2- H1) 	K1 	112-H1 

...(3.43) 

In case release in the filter is provided at the downstream 

level, H1  = 0, Eq. 3.43 reduces to 
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V  F091,m1) 

kH2 xi ...(3.44) 

Knowing the values of art  aG, the uplift pressure can be deter-

mined at any point below the floor by substituting the corres-

ponding value of t in Eq, 3.41 or 3,43 depending upon whether 

the point is upstream or downstream of filter FG, 

3.5 RESULTS 

The equations derived above have been used for computa-

tion, of uplift pressures. Since the equations 3,27 to 3.31 

are not explicit in the transformation parameters direct solu-

tion of these equations for the values of these parameters' is 

not convenient. These equations, however, can be conveniently 

used for computing the physical dimensions b/T, d/T and x/T for 

assumed value of parameters 6, a and t. The uplift pressure 

at the corresponding point below the floor can be determined by 

using the Eq, 3.41 or Eq. 3.43, 

A computer programme was written for computation of up-

lift pressure for various combinations of the values of the 

variables involved, The calculations involve the use of ellip-

tic functions of first and third kind which were computed by a 

subroute EFUN. 

The uplift pressure at key pointalw calculated for 

assumed values of 6 and a and various values of ar  and to  so 

as to cover all the possible dimensions of a structure and 

plotted in the form of curves. The computations have been made 
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'for values of b/T = 2,5,5 and lc, 	= 1,5, 243 and 4, f/T 

from 0,0 to 1,0 and various valves of bi/T. 

The uplift pressures at D, E, 01  and D' obtained for the 

above values have been plotted in Figs. 3.2, 3,3, 3.4 and 3.5 

respectively assuming water level in filter corresponding to 

the downstream water level (i.e. a1= 0). The pressure at 

point D is approximately same as that at point E for b/T = 5 

and 10. Therefore, uplift pressure at Din Fig.3,2 are plotted 

only for b/T = 2.5 and can be teken same as for point E for 

b/T = 5 and 10. 
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CHAPTER - 4 

NUMERICAL SOLUTION FOR INTERMEDIATE FILTER 
WITH SLOPING IMPERVIOUS STRATUM 

4.1 INTRODUCTION 

In actual field problems, the impervious strata may not 

be horizontal. They may be sloping either upstream or down-

stream. The solution of the problem by method of conformal 

mapping involves a large number of transform parameters and it 

is very difficult to solve the equationc which are not explicit 

in transformation parameters. The equations are to be solved 

indirectly for assumed values of transftemation parameters and 

involve many trials to obtain the desircs values of physical 

dimensions. In recent years, numerical methods have been used 

extensively for solving seepage problem. Galerkin's method is 

a weighted residual numerical method for Egproximate solution of 

a differential equation with some defir.3d boundary conditions. 

This method with finite element technique is used here to solve 

the Laplace equation which governs the flow in this case, 

4.2 LAYOUT 

Consider an impervious floor AB o length b founded on 

homogenious permeable soil underlain by m impervious stratum 

sloping at an angle 9 with the horizonta;. The floor has a 

cutoff C'D' of depth d1  at upstream end ond a cutoff ED of 

depth d2  at the downstream end of the flcor. The floor is 

drained by an intermediate filter FG of lEngth f at a distance 
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b1 from the upstream cutoff, The thickness of pervious Strata 

is T below upstream or downstream end of the floor depending 

upon whether the impervious layer is sloping downward or upward 

respectively. The profile is represented in the z-plane and is 

shown in Fig, 4,1, 

4,3 FORMULATION OF THE PROBLEM 

The velocity potential V of the flow through the pervious 

medium satisfied the two dimensional Laplace's equation 

2 4  A2 4  
\-7 2  V = 

A 	
- 0 ...(4.1) 

ei X
2 

0Y
2 

where cli = - kh, h is the head and k is coefficient of percola-

tion, In weighted residual method, the function V is approxi-

mated by a series as below 

V = = rt - Ni i i=1 
..„(4,2) 

where Ni  are undetermined parameters and Vi  are unknown para-

meters.a is called a trial function. Substituting the trial 

function into the Eq. 4.1, it produces an error or residual R 

such that 

(1())  ...(4.3) 

The best solution will be one which reduces the residual R to 

a least value at all the points of regior under consideration. 

An obvious way to achieve this is to mak: use of the fact that 

if R is identically zero every where, than 



=wR dA = 0 
"- A 
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or 	Ro 	1\7 2  Gin w dA = 0 	 ...(4.4) 

where w is a weightage function of the coordinates and A is,  
Area of the region -under consideration. If the number of un-

known parameters ((ii ) is n, then n weightage functions (wi ) are 

chosen and the corresponding number of equations are written as 

follows 

iLi  = ic72 (0) wi  dk = 0 	 ...(4.5) 

For anisotropic soil Eq. 4.5 can be written as 

t• 
Ri = 	x 	w dA 	k

YY 	
2 w dA 0 2 

ox 
A " 

 

Integrating this by parts 
f- 

R = 	 15Y I( kxx  1 ax  14  nx  + (kYY 	n 
Y

)] w de 

o w.  
(k 	1 	1124,  + k "1-21; dA = 0 xx a x 	x 	yyay ay 

or 

	

aw6h 	aw. a h 
R = 	qwi de — (k •Tre't 	+ k 	 = 0 

	

xx ax ax 	yy ay ay 
A 

or 

(kxx 	—67 kYY 	Elt)d4 	qwi  de ...(4.6) 

where nx  and ny  are the x and y component of the unit vector 

normal to the boundary and q is the boundary flux. 
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Galerkin's chosen weight function wi  is same as inter-

polation function Ni  (i.e. Wi = Ni ) and therefore, 

1  
I (kxx acibx Ltax )+(kyy a:4 a-763Ni ).1 siii - q.Ni de • \ s 

in 

Substituting cif = — kh in Eq. 4.2 and differentiating it with 

x respect to and y, we have 

a h = 
x -/— a ax j=1 

...(4.8) 

and 
• = 	h  

a3' • fr.-1 	OY ... (4.9) 

Substituting  this in Eq. (4.7). 

ON 6 N. i rk 	rt h. 	1,4.k 	ON. aN 

L  XX 1=1  J ax ax 1 yy(  4 	s 	tin) jdAs qN de 
A 	 =1 	Y 

i ricxx oaxN j  ON. 
	

ON. ON4  
+ Kny FA at ) h j  dpi = 	q Ni  ds 

4 j=1 	 E3 
a w i  arri  + k  A i 6 

	

-::v  -Ni)cm =  N a 11 . h. 	(k 	 9, i  8 jr_l_ 3 	xx ex ox 	YY 6'.7 6Y 
'A  

\Ls 
or 

it, Kii hi  = 
Fi 

3=1 
( 4 .10 ) 

i =1,2,3 	 

where 
fel aNi a N, 

+k 	
ON• aN. 

) d = Ox 6x 	OY
J 
 Er 

Or 

or 
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and 	Pi  = r  q Ni  ds 
	 ...(4.12) 

Thus we can write n equations , which can be solved to 

obtain the values of h at'all the n points with known boundary 

conditions. 

4,4 SOLUTION BY FINITE ELEMENT METHOD 

The main difficulty in direct application of Galerkin 

method is the choice of the global, functions, 	These 

functions have not only to satisfy the essential boundary con-

ditions of the problem but also to be adequate to describe the 

geometry, material and other characteristics of the problem, 

All these conditions are generally very difficult to fulfil. 

Therefore, the method in classical sense has limited uae. With 

the advent of high speed digital computer, the idea of the 

approximating functions being localised in a small region 

(element) was developed. In this way simpler interpolation 

functions can be used. These localised functions can be better 

implemented if each element is considred separately thus ori-

ginating the finite element technique. In this technique, we 

consider each individual element unrelated to the others and 

then joined together, satisfying the necessary continuity and 

the global boundary conditions. Therefore, the unknown func-

tion h is defined element by element. 

In general triangular, rectangular and quadrilateral 

types of elements are used The choice of element shape and the 

interpolation functions is an important part of finite element 



R:la 	
K1J 
	Kik 

K . 	K . 	K. 
Ji  OJ  Jk 

I d I 	Kk5 	Kkk 

...(4.13) 

...(4,14) 

„,(4.15) 

.„(4„16) 

{14e  
hj  

Fe = 

Eicje chle _ 

where 

Egiji = 
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analysis and the accuracy of the results achieved depends to a 

large extent on these factors. In general higher order poly-

nomials yield better results but are taxing to computer as well 

as difficult to handle. The choice is, thus, made by overall 

consideration of these factors. Simplest elements in two 

dimensional problems are triangular elements with linear inter-

polation function and are taken for the analysis, in this case. 

Equation 4.10 can be discretized using finite element to 

give a matrix notation as 

and 

l, j, It are the nodal numbers of the element. 

For a triangular element, the interpolation function 

can be taken as, 
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h = al  +a2  x + a3y 	...(4.17) 

which varies linearly in the triangle and produces three un-

knowns 'per element. These unknowns can be related to the nodal 

values at nodes 

hi  

hk 

it  j and k and 

1 	xi 	yi  

7j 
1 	xk yk  

we 

[ 

have 

al  

a

2 

a3  

The inverse 

al  and hi  as below 

lal 
_ a2} - Tie  

a3 

where 

ai 	= 	xk 	xj 

of the Ego. 	(4.18) 

	

24 	2113 	2,41° 

	

bi 	bj 	bk  

	

at 	aj  • 
It_ 

aj = xi - x,10 ak = 

gives relationship between 

hi  
hj 	...(4.19) 

hk 

} 
xj - xi 

bi  = yj 	yk  .1 bi  7-1  Yk  - Yi 	bk  = Yi  - Yj 	(4.20) 

= xj  yk 	xk  yjp 2Aj  = xk  yi-xi  yk, 2A(k)  = xiyj-xj  yi  

2A0  .= bi  a j  - b j  ai  ( Ae 	= Area of triangular element) 

Substituting the values of al, a2  and a3  in Eq. (4.17) 

and collecting the terms of hi, h j  and hk  together we have, 

h = *1(24 + bix + aiy)hi+(2ej  +bjx + ajy)hj  + 

(24 + bkx + aky)hk] 

or 	h 	= Ni  hi  + Nj  hj  + Nit  his 	...(4.21) 



where 

Ni  = 	(2q.  + bix + aiy) 
e 

1 	J (2A° + b'x + a ) NJ rice  

Nk eike  (24? + bkx + aky) 

In 

where 	{NT 

Now 	{al= 

{h} 

matrix 

= 

notations 

NJ 

t 

{h 

= 

}e  

Nk} 

Eq. 4.21 

bi  

b. 

lb 

ax. 	24e  24e  
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...(4.22) 

can be written as 

...(4.23) 

...(4.24) 

...(4.25) 

and {411.1 = 1  Oat = 
aY  2Ae 

...(4.26) 

AN- 	6U Substituting the values 	
ar 

and -- from Eq.'s. 4.25 and 4.26 
aY 

in Eq: 4,11 

ij=1 
j 	 7 (k xx  bj 

 b + 
" J 1 

a. a,)dA 
44e   

A 

= 71- (k 	b. b + k a. a.) 4e  xx j 	-yy j ...(4.27) 

The values of Kij can be substituted in Eq. 4.14 to 

obtain the value of the matrix [K]e  for a finite element. 
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Matrix equations for the complete system can be obtained by 

systematic superposition as 

[K] 44 - f p} 	 ...(4,28) 

with the degree of freedom of system M, equal to the total 

number of nodal points. At the boundary nodal pointe,either the 

pressure is defined and known (h = ho) if the point is on a 

constant potential line or the flow q and therefore F is zero 

if point is on a flow line. The Eq. (4.28) can be rearranged 

corresponding to active and boundary points as below 

[K11] [1(12.31  4h1/-  
mxm 	mxp 	mxl 

11(21] 	[K22] 	4h2} > 	tP2} 
pxm 	pxp 	px1 	pxl 

...(4.29) 

where 4b4 is the vector of unconstrained or free nodes and 

4h4 is the vector of specifid values of potential at boundary. 
P is the number of boundary nodal point on which pressure is 

. known and m is the number of free nodes on whiCh pressure is 

to be computed. 

The problem is now reduced to solution of the first set 

of equations (4.20. 

[x13 {h1} = rEl 1,1 [K12] {h2} ...(4.30) 

The value of F2 at the constrained boundaries can be 

computed from the second set of equations(4.29) 

{P2} = [K21]  {h1} + C1(223 {112} 
	 ...(4.31) 
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A more practical way of forming the modified equilibrium 

equationsis to write the equations in the following partitioned 

form 

[K11] [0]-  fh1  1  _ , 4  1 - EK123 £h2} 1 

mxl 	mxl 

1 4-,,hj-- f 	I  ih2} 
t.px1 i 	pxl 

 

mxm mxp 

 

.„(4,32) 
[0] 	[1] 

pxm pxp 

 

  

In order to preserve the banded nature of the equations, 

the process is performed without reordering the equations im-

plied by the partitioning. For a specified nodal potential hj  

occuring at the jth degree of freedom, the above process is 

summarized as: 

F1=Fi...K.
1j 	j 

h 	for i = 1,213 	M 

K. 	= Kmj = 0 for m = 1,2,3 	M ...(4.33) 
Jm 

Kjj  . 1 

Fj 	
=hj  . 

hi  is known value of potential at jth boundary node. 

These operations ensure that the equilibrium equations remain 

symmetrical. 

4,5 BOUNDARY CONDITIONS 

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

downstreamm water level, and measured above it h = H1  as the 

head in the filter and h = H2 as the head in the upstream bed. 

Then on the upstream bed AM, 0 = -kH2  and on downstream bed 

BM, 0 = O. The foundation profile A D' C' F forms the inner 
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boundary of the stream line 2 = 0 where p is the stream func-

tion. There will not be any flow across this and therefore 

the value of F along this can be taken as zero. The profile 

of the filter FG is an equipotential 0 = - kH1.. The foundation 

profile GEDB forms the inner boundary of the downstream flow 

and may be taken as the sstreamline p = qf  where yes the dis-

charge per unit width normal to the direction of flow drained 

through the intermediate filter. Therefore, the value of F 

along this boundary will also be zero. The impervious boundary 

M' M" forms another streamline T = q2  in which q2  is total 

discharge seeping below the foundation. Therefore the value 

of F along this is also zero. For finding the solution to the 

problem the boundary MM" is assumed as a streamline w = q2  so 

that the value of F is zero. This assumption is not likely to 

involve substantial error as the pervious length of bed is 

assumed to extend, three times the floor length from the floor 

end. 

4.6 MESH SIZE,  

The seepage problem with the boundary conditions specified 

ns Above has been 	solved by using triangular element. The 

accuracy of results achieved depends to a large measure on the 

size of element. In general smaller size yields better results 

but requires more computer time. Therefore, a detailed study 

has been carried out to find the optimal size of the element 

for the following case 

= 10, -2- = 2, -I = 4, S = 8, -1  = 1.0 and = 0°  d1 	d2 	d 2 	d2 
b 

d2 
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The uplift pressures for the different mesh sizes were computed 

and compared with the results obtained by the closed-form solu-

tion in Chapter 2 (Table 4.1). It is found that as the mesh 

size is reduced the uplift pressure approach to those obtained 

by closed form solution, but the CPU time increases. The dif-

ferences in the uplift pressures at the key points obtained by 

FEM and those obtained from closed form solution are very small 

with the mesh size equal to b/40 and further improvement in the 

uplift pressure with the reduction in mesh size to b/50 is not 

appreciable. Therefore the mesh size adopted for computing the 

uplift pressure for various combinations of the floor lengths 

and cutoff depthshas been taken as b/50 which gives uplift pres-

sures very close to those obtained by the closed form solution. 

Table-4.1: Comparison of pressures with different mesh sizes 

Uplift pressures in per- 	Loca- Exit 	CPU 
Mesh size cent of differential headH 	tion 	gra- 	Time 

of dient in 
pointJ sec. 

. hD 	hc1 	hD 
hE 	xl/d2  GE 172  

b/30 86.25 81.25 6.16 4.89 6.28 9.31 0.0382 8.53 
b/40 86.09 80.72 6.33 4.97 6.44 9.31 0.0381 11.70 
b/50 86.02 80.45 6.42 5.02 6.55 9.17 0.0380 13.02 

Closed 
form so-
lution 

85.98 80.36 6.48 5.07 6.59 9.17 0.0379 

4.7 RESULTS 

A computer programme has been written to generate the 

mesh with given boundary conditions and to calculate the uplift 
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pressure at all the nodal points. The values of exit gradient 

and uplift pressures at key points have been computed for dif-

ferent combinationeof floor length, depths of upstream and 

downstream cutoffs, depth of soil strata and slope of imper-

vious layer and have been plotted in the form of curves. The 

results obtained here can be used for practical design. The 

curves cover the values of b/d2  = 2.5, 5 and 10, d2/di  =1,2,3 

and 4, f/d2  = 0.0 to 1.0, anywhere between two cutoffs, T/d2= 

1.5, 2 and 4 and A = -15°, - 30o,  .450 15°, 30°  and 45°. 

At the filter the pressure would correspond to the re-

lease level, which is normally the downstream water level, 

but as all the streamlines are not intercepted by the filter 

and some of them proceed to the downstream discharge surface, 

pressure again builds up on the floor between the filter and 

the downstream discharge surface. Starting from somewhere at 

the upstream, the stream-line = ql , would meet the floor 

GEDB at some point J where it would divide into two parts,one 

along JG, emerging at G and other along JEDB 'ameziging at) 13', The 

potential along the floor GJDB would be maximum at J. 

The uplift pressure at D' , C' , E, D and J have been 

plotted in figures 4.2, 4.3, 4.4, 4.5 and 4.6 respectively. 

The location of point J is obtained in figure 4.7. The exit 

gradient at point B is plotted in figure 4.8. 
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filter and may cause failure of structure due to piping, 

starting from filter towards upstream of floor. 

5,2 FACTOR OF S.P.FETY AGAINST SUBSURFACE EROSION 

Practically all piping failures on record have been 

caused by subsurface erosion involving the progressive re-

moval of material through springs. The erosion of subsurface 

soil is supposed to result by the high velicities of flow of 

water through it, when such velocities exceed a certain limit, 

But this concept of piping is incomplete, In 1925 Professor 

Charles Terzaghi explained the causes of subsurface erosion 

by pressure - gradient, Water has a certain residual force 

in the direction of flow and is proportional to the pressure 

gradient at that point, At the release point, this force is 

upwards and will tend to lift up the soil particle if it is 

more than the submerged weight of the latter. Once the sur-

face particles are disturbed the resistance against upward 

pressure of water will be further reduced, tending to pro-

gressive disruption of subsoil. At the instant of just stable 

condition the residual force will have its critical value 

which will be just resisted by downward weight of soil, The 

slightest increase in the value of residual force will lead 

instability and soil particle will start to be lifted up, 

Therefore, the exit gradient provides a design criterian 

for the factor of safety with respect to piping caused 

by subsurface erosion initiated at exit point. 

' At both the ends F and G of the intermediate filter the 
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CHAPTER - 5 

SAFETY AGAINST PIPING BELOW FILTER 

5.1 INTRODUCTION 

A number of structures founded on previous soil have 

failed apparently by sudden formation of a pipe shaped die - 

charge channel or tunnel located between the soil and the 

foundation, As the stored water rushed out of the reservoir 

into the outlet passage, the width and depth of passage in-

creased rapidly until the structure collapsed. An ovont of 

this type is known as failure by piping. 

Failures by piping can be caused by two different pro _ 

eesses. They may be due to subsurface erosion that starts 

at springs near the downstream toe and proceeds upstream along 

the base of the structure or some bedding plane, Failure 

0  ' occurs as the upstream end of eroded hole approaches the 

bottom of the reservoir. Piping failures have also been ini-

tiated by the sudden rise of a large body of soil adjoining 

the downstream toe of the structure. A failure of this kind 

occures only if the seepage pressure of the water that per-

colates upward through the soil beneath the toe becomes 

greater than the effective weight of the soil,. Failures Of 

the first category are referred to as failures by sub-surface 

erosion and those of the second as failures by heave (17,18). 

In case of intermediate filter, percolating water excer-

cises an upward pressure on the soil till it emerges at the 
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filter and may cause failure of structure due to piping, 

starting from filter towards upstream of floor. 

5.2 FACTOR OF SAFETY.  AGAINST SUBSURFACE EROSION 

Practically all piping failures on record have been 

caused by subsurface erosion involving the progressive re-

moval of material through springs. The erosion of subsurface 

soil is supposed to result by the high velicities of flow of 

water through it, when such velocities exceed a certain linit, 

But this concept of piping is incomplete. In 1925 Professor 

Charles Terzaghi explained the causes of subsurface erosion 

by pressure - gradient. Water has a certain residual force 

in the direction of flow and is proportional to the pressure 

gradient at that point. At the release point, this force is 

upwards and will tend to lift up the soil particle if it is 

more than the submerged weight of the latter. Once the sur-

face particles are disturbed the resistance against upward 

pressure of water will be further reduced, tending to pro-

gressive disruption of subsoil. At the instant of just stable 

condition the residual force will have its critical value 

which will be just resisted by downward weight of soil. The 

slightest increase in the value of residual force will lead 

instability and soil particle will start to be lifted up. 

Therefore, the exit gradient provides a design criterian 

for the factor of safety with respect to piping caused 

by subsurface erosion initiated at exit point. 

At both the ends F and G of the intermediate filter the 



exit gradient will be very high (Theoretically it will be 

infinite as the filter depth is taken zero for the analysis) 

but it rapidly falls down at the adjacent points. Thus the 

factor of safety with respect to piping by subsurface erosion 

cannot be evaluated by any practicable means. However, if 

the removal of subsurface material is reliably prevented, the 

conditions for the validity of the theory are satisfied, The 

foremost requirement is to avoid local concentration of flow 

lines. The removal of subsurface material and concentration 

of flow lines can be avoided by well designed inverted filter 

of sufficient depth with no sharp edges, 

5,3 FACTOR OF SAFETY AGAINST HEAVE 

The piping by heave is initiated by an expansion and 

followed by an expulsion of the soil out of a zone, No such 

phenomenon could occur' unless the water pressure overcomes 

the weight of the soil located within the zone of expulsion, 

With sufficient accuracy we can assume that the body of soil 

which is lifted up by tip-  water has the shape of a prism with 

a width equal to ex and a horizontal base at some depth y 

below the surface. The rise of prism is resisted by the weight 

of prism and by the friction along the vertical sides of prism. 

At the instant of failure the effective horizontal pressure on 

the sides of the prism end the corresponding frictional resis-

tance are practically zero. Therefore, the, prism rises as 

soon as the total water pressure on its base becomes equal to 

the sum of the weight of the prism, soil end water combined, 
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The neutral stress at any arbitrary point within the 

seepage zone at depth y from the surface is equal to the 

height hw  to which the water rises above that point in a 

piezometric tube multiplied by the unit weight Yw  of the water, 

The height hw  can be divided into two parts y and h and then 

the neutral stress is as below 

uw  = hw  Yw  = (y h)YW 	...(5.1) 

The first Part y Yw  represents the hydrostatic uplift. Its 

mechanical effect consists in reducing the effective unit 

weight of the soil from saturated unit weight to submerged 

unit weight. The second part h Yw  is the excess hydrostatic 

pressure in the water with reference to free water level on 

the downstream side and h is hydrostatic heed at the point 

under consideration, Therefore, the condition for the rise of 

the prism of soil is that the total excess hydrostatic pressure 

on the base of the prism should be greater than the submerged 

weight of the prism. If the average hydrostatic head on the 

base of prism is have  then the total excess hydrostatic pres-

sure on this base is 

ue = Yw hav ax • (5e 2) 

and the submerged weight of the prism 1!.s 

w = 	Ax  ;ab 	 ...(5.3) 

The factor of safety F8  against heave at any depth y 

can be determined by the ratio between the submerged weight 

W' and the excess hydrostatic pressure, i.e. 
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wl 	YY F = 	= sub  
havYw 

...(6.4) 

The distribution of hydrostatic pressure h and hence 

the value of hay can be obtained from the analysis presented 

in the proceeding chapters. The stability must be investi-

gated at various horizontal sections at different depths to 

determine the minimum factor of fsafety. Generally a factor 

of safety of 4 to 5 is considered adequate. If the factor of 

safety is too small, it may be increased by placing an addition 

weight W per unit area on the prism and then' factor of safety 

will be given by 

Y Ys  -nr ub ,8 	
h
av 

y
w

__ 

 
...(5.5) 

5.4 RESULTS 

In order to compute the factor of safety against heave 

below the filter, the prism, may be assumed of base width 

equal to.length of filter, The intensity of the excess hydro-

static pressure can be determined at every point below the 

base of prism at any depth y by constructing a flowenet. 

In the Chapter 4 the complete seepage region is divided 

into a grid and the excess hydrostatic pressure as percent of 

total head H is computed at every nodal point for different 

combination of b/d2, 	T/d2, di/a2, fid2  and 9 by using 

finite element technique. The average of excess hydrostatic 

pressure at different depths on the base of prism is then cal-

culated by dividing the total uplift on the base by the base 
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width. Total uplift pressure ie calculated by using Simpson's 

rule. The value of submerged unit weight of soil and unit 

weight of water has been taken as 1.0 gm/cc. The factor of 

safety against heave is calculated by equation 5.4 and have 
been plotted at different depth for different combination of 

bldg, Ai/d2, TA2, f/42, d2/a1  and 8 in Fig. 5.1. 

The results indicate that the factor of safety against 

heave is minimum at the bottom of filter (ignoring weight of 

the filter) rind increases as the depth of section under con-

sideration increases. Desired factor of safety below the filter 

can be obtained by providing adequate thiCkness of the filter. 

The results indicate that the factor of safety increases 

with increase in filter length, by shifting the filter towards 

the downstream cut-off and by increasing the depth of upstream 

cutoff. The effect of downstream cutoff on the factor of 

safety against heave is not significant. Factor of safety 

against heave decreases with increase in value of inclination 

(0) of the impervious layer. 
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CHAPTER — 6 

DISCUSSION 

	

6.1 	GENERAL 

The pressure at the filter would correspond to the 

release level which is normally the downstream water level, 

but as all the stream lines are not intercepted by the filter 

and some of them proceed to the downstream discharge surface, 

pressures are again built up on the floor between filter and 

downstream discharge surface. These pressures are lower than 

those that would have developed without the filter. The 

extent of reduction depends upon the length and position of the 

filter. Uplift pressures also depend upon the depth of cutoffs, 

depth of permeable soil stratum and inclination of impervious 

layer. 

These aspects are discussed in succeeding paragraphs. 

	

6.2 	EFFECT OF FILTER LENGTH 

A perusal of figures 2.2 to 2.6, 3.2 to 3.5 and 4.2 to 

4.6 indicates that uplift pressures at points D', C', E, D 

and J decrease with increase in the length of filter. However, 

to clearly bring out the effect of increase in filter length 

on the pressures along the entire length of floor, the uplift 

pressures for b/d2  = 10, d2/d, = 1, b1/d2  = 6, T/d2  = 1.5, 

Q = 0°  and different lengths of filter'viz. f/d2  = 0.1, 0.5 

and 1.0 have been given in table 6.1 and plotted in figure 6.1. 

The uplift pressures without filter (5) have also been 
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TABLE - 6.1 

EFFECT OF LENGTH OF FILTER 
Co-ordinate of the point Uplift pressure as percent of total head H 
with origin at upstream for T/d2  = 1.5, b/d2  = 10, bi/d2  = 6,d2/d1=1 

cutoff 

Key X/d2 	Y/d2 	f/d2= 0.1 	0.5 	1.0 
Point ' 

	

0.0 	0.25 	96.98 	96.76 	96.53 	98.11 

	

0.0 	0.50 	93.61 	93./4 	92.66 	96.01 

	

0.0 	0.75 	89.12 	88.33 	87.50 	93.20 

	

0.0 	I.nn 	88e5(7 	79.17 	77.70 	87.88 

	

0.0 	0.75 	73.14 	71.19 	69.04 	83.16 

	

0.0 	0.50 	70.03 	67.86 	65.49 	81.23 

	

0.0 	0.25 	68.57 	66.21 	63.81 	80.32 
C' 0.0 	0.0 	68.13 	65.81 	63.31 	80.04 

	

2.50 	0.0 	46.86 	42.87 	39.20 	66.94 
4,QQ 	0.0 	30.80 	25.49 	20.016 	56.79 

	

5.50 	0.0 	12.75 	0.0 	0.0 	46.65 

	

6.00 	0.0 	0.00 	0.0 	0.0 	43.21 

	

7.0 	0.0 	7.66 	4.54 	2.71 	36.43 

	

8.0 	0.0 	6.61 	3.97 	2.38 	29.70 

	

9.0 	0.0 	5.25 	3.16 	1.89 	23.40 

	

L 10.0 	0.0 	4,48 	2.69 	1.62 	19.95 

	

10.0 	0.25 	4.42 	2.66 	1.60 	19.68 

	

10.0 	0.50 	4.22 	2.54 	1.52 	18.77 

	

10.0 	0.75 	3.78 	2.28 	1.37 	16.84 

	

D 10.0 	1.0 	2.73 	1.64 	0.98 	12.12 

	

10.0 	0.75 	1.53 	0.92 	0.55 	6.80 

	

10.0 	0.50 	0.90 	0.54 	0.32 	3.99 

	

10.0 	0.25 	0.42 	0.25 	0.15 	1.89 

95, 	7.67 
	

4.54 	2.71 

X./d 2 	6.80 
	

7.00 	7.00 

Exit 
gradient GE. 2 ) 

H 
0.017 	0.010 0.006 	0.074 

With Filter . 	Without 
Filter 
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plotted in figure 6.1 for comparison. A perusal of this 

figure indicates that uplift pressures decrease with the 

increase in the length of filter, along the entire length of 

floor and cutoffs. The decrease in pressures along the outer 

faces of the cutoffs is very small. The maximum reduction in 

pressure takes place near the filter. With the provision of 

filter of as small a length as 0.1 d2, the decrease in 

pressure along the floor downstream of filter ranges between 

29.01 and 15.5 percent of the total differential head. With 

subsequent increase in filter lengths to 0.5 d2  and 1.0 d2, 

the further decrease in pressure is less and reduction in 

pressure rangesbetween 3296 to 17% and 34% to 18% of total 

differential head respectively. The uplift pressuresalso 

decrease along the floor upstream of the filter. A perusal 

of figures2.8 and 4.8 indicates that the exit gradient at 

downstream end of floor (point B) decreases with increase in 

filter length. Figure 5.1(c) indicates that factor of safety 

against heave below filter increases with increase in filter 

length. 

6.3 	EFFECT OF FILTER LOCATION 

From figures 2.2 to 2.6, 3.2 to 3.5 and 4.2 to 4.6, 

it is possible to evaluate the effect of filter location on 

the uplift pressures at points D', C', E., 0 and J. 	The 

uplift pressures increase at D' and C' and decrease at E, D 

and J as filter is moved downstream from a upstream position. 

However, the decrease in pressure at D as the filter is moved 
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EFFECT OF LOCATION OF FILTER 

Co-ordinate of the Uplift pressure as percentage of total head H for 
point with origin T/d2  = 1.5, b/d2  = 10,d2  /dl  = 1 
at upstream cutoff 	  

with filter(;-- = 1.0) 
2 without 

filter 

Key 	X/d2 	Y/d2  = 6.0 5.0 4.0 MEN d  
Point 	' 2 

0.0 	0.25 96.53 96.04 95.38 98.11 
0.0 	0.50 92.66 91.61 90.22 96.01 
0.0 	0.75 87.50 85.72 83.35 93.20 

D' 	0.0 	1.0 77.70 74.53 70.31 87.88 
0.0 	0.75 69.04 64.63 58.76 83.16 

0.0 	0.50 65.49 60.57 54,02 81.23 

0.0 	0.25 63.81 58.66 51.78 80.32 

C' 	0.0 	0.0 63.31 58.08 51.10 80.04 

2.5 	0.0 39.20 30.38 17.01 66,94 

4.0 	0.0 20.08 0.00 0.0 56.79 
5.0 	0.0 0.0 0.00 3.87 46.21 

6.0 	0.0 0.0 3.22 3.60 43.21 
7.0 	0.0 2.71 2.92 3.06 36.43 

8.0 	0.0 2.38 2.41 2.50 29,70 

9.0 	0.0 1.89 1.90 1.97 23.40 

E 	10.0 	0.0 1.62 1.62 1.68 19.95 
10.0 	0.25 1.60 1.60 1.66 19.68 
10.0 	0.50 1.52 1.52 1.58 18.77 
10.0 	0.75 1.37 1.37 1.42 16.84 

D 	10.0 	1.0 0.98 0.98 1.02 12.12 
10.0 	0.75 0.55 0.55 0.57 6.80 
10.0 	0.5 0.32 0.32 0.34 3.99 
10.0 	0.25 0.15 0.15 0.16 1.89 

0j  2.71 3.22 3.88 

X./d 2 7.00 6.00 5.20 

The Value of 	- •  
d2  

( GE R-) 0.0060 0.0060 0.0063 0.074 
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downstream continues upto a certain point beyond which the 

pressure at D starts increasing if filter is further moved 

downstream. To clearly bring out the effect of location of 

filter on the uplift pressure all along the floor length, the 

uplift pressuresfor b/d2  = 10, d2/d1  = 1, T/d2  = 1.5, g = 0°  

and bi/d2  = 4.0, 5.0 and 6.0 have been given in Table 6.2 and 

plotted in Figure 6.2. The uplift pressureswithout filter 

have also been given (5). 	A perusal of the figure 

indicates that uplift pressures decrease on the downstream 

side and increase on the upstream side of filter as the 

filter is move( downstream from a upstream position. How-

ever, the change in pressure on downstream of filter and 

along outer faces of both cutoffs is less than that on the 

floor upstream of the filter. Therefore, it is advantageous 

to provide the filter an close to the gate line as possible 

so that total uplift on the floor downstream of the gate line 

is minimum. A perusal of figures 2.8 and 4.8 indicates that 

exit gradient at downstream end of floor decrease with the 

shifting of filter towards downstream cut off upto a certain 

point and it starts increasing if filter is further moved 

towards E. Figure 5.1(b) indicates that factor of safety 

against heave below filter increases as the filter is shifted 

towards the downstream cutoff. 

6.4 	EFFECT OF UPSTREAM CUTOFF 

A perusal of figures 2.2 to 2.6, 3.2 to 3.5 and 4.2 to 

4.6 indicates that the pressures at key points D', C', E, D 
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EFFECT OF UPSTREAM CUTOFF 

Co-Tordinate with 
origin at 
jeunction of 
upstream cutoff 

Uplift pressure as percentage of total head H 
for T/d2  = 1.5,b/d2= 10.0,b1/b2= 6,f/d2  = 10 

Key 	X/d2 	Y/d2  
Point 2/d1 = 1 	d2/d1 = 2 d2/d1 = 3 

0.0 	0.25 96.53 94.13 91.84 
0.0 	0.50 92.66 85.01 
0.0 	0.75 87.50 - 
0.0 	1.00 77.70 - - 

DP 	- 	- 77.70 85.01 88.10 
0.0 	0.75 69.04 
0.0 	0.50 65.49 85.01 
0.0 	0.25 63.81 79.06 85.54 

C' 	0.0 	0.0 63.31 77.74 83.10 
2.5 	0.0 39.20 45.78 47.47 
4.0 	0.0 20.08 23.43 24.29 

F 	5.0 	0.0 0.0 0.0 0.0 
G 	6.0 	0.0 0.0 0.0 0.0 

7.0 	0.0 2.71 3.16 3.27 
8.0 	0.0 2.38 2.78 2.88 
9.0 	0.0 '1.89 2.21 2.29 

E. 	10.0 	0.0 1.62 1.89 1.96 
10.0 	0.25 1.60 1.86 1.93 
10.0 	0.50 1.52 1.78 1.84 
10.0 	0.75 1.37 1.59 1.65 

D 	10.0 	1.0 0.98 1.15 1.19 
10.0 	0.75 0.55 0.64 0.67 
10.0 	0.5 0.32 . 0.38 0.39 
1G.0 	o-ri o. 15 O. 111 0,19 
0i 2.71 3.16 3.27 

X.j/d2  7.00 7.00 7.00 
d2 Value of ( GE ri- 0.0060 0.0070 0.0073 
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and J decrease with increase in depth of upstream cutoff. 

To clearly bring out the effect of upstream cutoff on the 

pressure all along the floor, the uplift pressures for 

b1 d 	7 = 10, — = 1.5, 7— = 6, fid2  = 1, 	= 	and dibic 
2 '2 	'2 

2.0 and 1 are given in table 6.3 and are plotted in figure 

6.3. The figure indicates that the pressures decrease all 

along the floor and cutoffs with increase in depth of up-

stream cutoff. The pressure at junction of floor with up-

stream cutoff (point C') decrease; from 83.10% to 77.74% and 

63.31% of the total differential head if the depth of 

upstream cutoff is increased from 0.33 d2  to 0.5 d2  and 

1.0 d2 respectively. However, the decrease in pressure on 

downstream of filter is insignificant. Figures 2.8 and 4.g 

indicate that exit gradient also decreas€with increase in 

depth of upstream cutoff. The factor of safety against 

heave below filter increas%with increase in depth of up-

stream cutoff. 

6.5 	EFFECT OF DOWNSTREAM CUTOFF 

To see the effect of downstream cutoff on the uplift 

pressures below the floor, the uplift pressures for b/d, = 

20, T/di  = 4, b1/dl  = 12, ficii  = 2, 	= 0°  and d2/d1  = 1, 

2 and 3 are given in table 6.4 and are plotted in figure 6.4. 

The results indicate that uplift pressures increase all 

along the floor with increase in depth of downstream cutoff, 

though the increase in pressure is very small. Figures 2.8 
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EFFECT OF DOWNSTREAM CUTOFF 

Co-ordinate of point Uplift Pressure as percentage of total head 
with origin at 	for T/d = 4 b /d = 20.0,b/d = 12,f/d= 2.0 upstream cutoff 	1 	' 	1 	, i 	i  

Key 	X/d1  
Point 

Y/d, d2/d1  = 1 	d2/d1 = 2 	d2/d1 = 3 

0.0 0.33 95.88 95.88 95.88 
0.0 0.66 91.15 91.16 91.17 

D' 	0.0 1.0 84.21 84.22 84.21 
0.0 0.66 79.59 79.61 79.63 
0.0 0.33 77.67 77.69 77.11 

C' 	0.0 0.0 77.09 77.11 77.14 
4.0 0.0 54.30 53.44 53.49 
8.0 0.0 24.86 24.91 24,98 
10.0 0.0 0.0 0.0 0.0 
12.0 0.0 0.0 0.0 0.0 
14.0 0.0 4.60 4.88 5.23 
16.0 0.0 4.00 4.46 5.03 
18.0 0.0 2.91 3.62 4.41 

El 	20.0 0.0 2.04 3.12 4.09 
20.0 0.33 1.82 3.10 4.08 
20.0 0.66 1.99 3.05 4.05 
20.0 1.0 1.41 2.95 3.99 
20.0 2.0 1.99 3.64 
20.0 3.0 - - 2.43 
20.0 2.0 1.99 1.08 
20.0 1.0 1.41 0.70 0.48 
20.0 0.66 0.79 0.45 0.31 
20.0 0.33 0.37 0.22 0.15 

• 

4.60 4.89 5.29 

X/d 
J 	1 14.00 14.40 14.40 

Exit gradient 
d, 

(GE- 0.0107 0.0065 0.0046 



u. _Los: 
cal 

• 

iss 	• 

0 t•1  ototo s  

O  • 
O 

a. 
cc 

•:t 

to 

8 
u. 
0 

8 
LL 
u. 

'0 

• 

2  4   

H 40 1N331/3d NI 3dASS3Nel 1411,111 

0 
a 

  

a 
• 

0 caul 

T
w 	

N. 



117 

and 4.8 indicate that the exit gradient at the end of the floor 

(point B) decreases with increase in depth of downstream cutoff. 

The effect of downstream cutoff on the factor of safety against 

heave below filter is insignificant. 

6.6 EFFECT OF DEPTH OF PERMEABLE STRATUM 

A perusal of figures 2.2 to 2.6, 3.2 to 3.5 and 4.2 to 

4.6 indicates that the uplift pressures at points E, El and J 

decrease while those at DI and G,  increase with decrease in 

depth of permeable stratum. To clarify the effect of depth of 

permeable stratum, the uplift pressure for b/d2  = 10.0, d2/di= 

2.0, bl/d2  = 6.0, f/d2  = 1.0, 9 = 00  and different depths of 

permeable soil stratum viz. T/d2  = 1.1, 1.5, 2 and 4 have 

been given in table 6.5 and plotted in figure 6.5. The up-

lift pressure for infinite depth of soil stratum have also 

been shown (6). A perusal of the figure indicates that 

uplift pressures decrease along the floor except along the 

upstream cutoff and some portion of floor near it with 

decrease in the depth of pervious stratum. The maximum reduc-

tion in pressure takes place downstream of filter. The reduc-

tion in pressure upstream of filter is less as compared to down-

stream of the filter. The maximum pressure downstream of the 

filter reduces by 7.2%, 11.8%, 13.5% and 15.2% of total 

differential head, while increase in pressure at C' is 1.33%, 

2.11%, 2.74% and 3,35% of total differential head, if the 

depth of pervious stratum is reduced from infinite to 4,2,1.5 

and 1.1 times of depth of downstream cutoff, respectively. 
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EFFECT OF DEPTH OF PERVIOUS STRATA 

0"ordinate with 
origin at 
upstream cutoff 

Uplift pressure as percentage of total head H 

for b/d2  = 10,101/d2= 6,d2/d1= 2.0, f /d2  = 1.00 

Key X/d2  
Point 

0.0 

0.0 

D'  0.0 

0.0 

0.0 

C'  0.0 

2.0 

4.0 

5.0 

6.0 

7.0 

8.0 

9.0 

E  10.0 

10.0 

10.0 

10.0 

D  10.0 

10.0 

10.0 

10.0 

o;  

Y/d2  T/d2=1.1 T/d2=1.5 T/d2=2.0 T/d2=4.0 T/d2  =0: 

0.18 96.18 95.75 95.80 95.10 

0.37 91.36 90.41 92.00 88.70 

0.50 85.94 85.01 84.22 83.41 82.50 

0.37 81.63 81.00 80.20 79.10 

0.18 79.06 78.50 77.80 77.00 

0.0 78.35 77.74 77.11 76.33 75.00 

0.0 52.54 53.06 53.44 54.25 

0,0 21.87 23,43 24.91 41.79 

0.0 -0.0 0.0 0.0 0,0 

0.0 0.0 0.0 0.0 0.0 

0.0 1.73 3,16 4,88 9.38 

0.0 1.51 2.78 4.46 9.50 

0.0 1.22 2.21 3,62 8.29 

0.0 1.05 1.89 3.12 7.38 15.0 

0.25 1.04 1.86 3.06 7.30 

0.50 0.99 1.78 2.95 6.98 

0.75 0.91 1.59 2.64 6.63 

1.00 0.60 1.15 1.99 5.18 12.0 

0.75 0.30 0.64 1.18 3.40 

0.50 0.17 0.38 0.70 2.50 

0.25 0.09 0.18 0.33 0.96 

1.74 3.16 4.89 9.73 19.0.  

6.80 7.00 7.20 7.40 7.70 

0.0030 .0070 0.0131 0.0381 
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The figures 2.8 and 4.8 indicate that the exit gradient at 

end of floor also decreases as the depth of pervious soil 

stratum decreases. The factor of safety against heave below 

filter increases with decrease in depth of pervious soil 

stratum. 

6,7 	EFFECT OF INCLINATION OF IMPERVIOUS LAYER 

The perusal of figuree4.2 to 4.6 indicates that the 

uplift pressure increases at all the key points 	D', C', 

E, D and J with increase in inclination of impervious layer. 

To clarify the effect,the uplift pressures for b/d2  = 10, 

d2/di  = 2, bi /d2  = 6, f/d2  = 1, T/d2  = 1.5 and different 

slopes of impervious strata, viz. 4 = 0°, 10°, 20°  and 30°  

have been shown in table 6.6 and are plotted in figure 6.6. 

The results indicate that uplift pressures increase all 

along the floor with increase in inclination of impervious 

layer.. The increase in pressure upstream of filter is less 

PS compared to increase in pressure on downstream of filter. 

The maximum increase in pressure downstream of the filter is 

4.3%, 8.4% and 12% of total differential head while maximum 

increase on upstream of filter is 5.290, 7.6% and 9% of total 

differential head if the inclination is increased from 0°  to 

10
o, 20° and 30° respectively. Figure 4.8 indicates that 

exit gradient at end of floor also increaseswith increase in 

inclination of impervious layer. The factor of safety 

against heave below filter decreases with increase in 

inclination. 
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TABLE - 6.6. 
EFFECT OF INCLINATION OF IMPERVIOUS STRATA 

Co-ordinate with 
origin at 
upstream cutoff 

Uplift pressure as percentage of total head H 
for T/c1„., = 1.5, b Id2 = 10,b1/d2 = 6,f"1d2 
`And d27.31 = 2 

Key • x/d2 	Y/d2 	e = Or 	0 = 10 	9 = 20° 	9 = 30
0  

Point 

	

0.0 	0.20 	94.80 
D' 	0.0 	0.50 	85.01 	84.92 

	

0.0 	0.20 	79.32 
C' 	0.0 	0.0 	77.74 	78.49 

	

2.0 	0.0 	53.06 	56.80 

	

4.0 	0.0 	23.43 	28.66 

	

5.0 	0.0 	0.0 	0.0 

	

6.0 	0.0 	0.0 	0.0 

	

7.0 	0.0 	3,16 	7,41 

	

8.0 	0.0 	2.78 	7.08 

	

9.0 	0.0 	2.21 	5.92 
E 	10.0 	0.0 	1.89 	5.17 

	

10.00 	0.25 	1.86 	5.11 

	

10.0 	0.5 	1.78 	4.90 

	

10.0 	0.75 	4.44 
D 	10.0 	1.0 	1.15 	3.34 

	

10.0 	0.75 	- 	1.80 

	

10.0 	0.5 	0.38 	1.07 

	

10.0 	0.25 	0.18 	0.51.  

94.80 

	

85.17 	84.83 
79.60 

	

78.80 	78.94 

	

58.25 	59.03 

	

31.07 	32.43 

	

0.0 	0.0 

	

0.0 	0.0 

	

11.07 	13.97 

	

11.22 	14.79 

	

9.77 	13.34 

	

8.69 	12.06 

	

8.59 	11.94 

	

8.28 	11.54 

	

7.58 	10.65 

	

5.89 	8.55 

	

3.19 	4.70 

	

1.91 	2.81 

	

0.90 	1.33 
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6.8 	EFFECT OF STRATIFICATION 

To see the effect of stratification on the uplift 

pressure, the uplift pressureshelaNthe floorvathintermediate 

filter and two cutoff with b/d2 	10, d2/d1  = 2, bi/d2  = 5, 

f/d2  = 1, founded on stratified foundation of two pervious 

layercof equal depth (T = 1.5d2), with different permeabi-

lity, (k1  and k2) have been shown in table 6.7 and are 

plotted in figure 6.7 for k2/k1  = 0.1, 1.0, 10.0 and 100.0 

The results indicate that the pressures close to filter 

increase while along upstream cutoff and in some part of the 

floor close to this cutoff decrease as the permeability of 

lower layer is increased. The increase in pressure down-

stream of filter is very large as compared to increase in 

pressure upstream of the filter. The maximum pressure down-

stream of filter is increased by .13% and 27% of total 

differential head if the permeability of lower layer is 

increased to 10 & 100 times of the permeability of the upper 

layer and decreased by 4% if the permeability of lower layer 

is reduced to 1/10 times of permeability of the upper layer. 

This indicates that filter is not very effective if the 

structure is founded .on stratified layer with lower layer 

being more pervious as.compared to the uppte layer. 
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EF2ECT OF STRATIFICATION 

Co-ordinate with 
origin at 
upstream cutoff 

Uplift pressure as percentage of total headH 

for T/d2  = 3.0, b/d2  = 10, d2/d1  = 2.0 , 

b/d2  = 6.0 

Key 	X/d2 	Y/d2 	k2/k1 	k2  /k1 	k /k 2 1 Point 
=0.10 	= 1.0 	=10.0 	= 100.0 

	

0.00 	0.25 	93.78 	93.01 	91.06 	88.81 

D' 	0.00 	0.50 	84.94 	83.35 	79,38 	74.67 

	

0.00 	0.25 	79.43 	77.90 	74.14 	69.29 

C' 	0.00 	0.0 	78.00 	76.51 	72.82 	67.97 

	

1.00 	0.0 	67.56 	66.70 	64.60 	60.59 

	

2.00 	0.0 	53.35 	53.95 	55.50 	54.07 

	

3.00 	0.0 	38.91 	41.01 	46.37 	47.89 

	

4.00 	0.0 	23.91 	26.80 	34.21 	37.78 

	

5.00 	0.0 	0.0 	C.0 	0.0 	0.0 

	

6.0 	0.0 	0.0 	0.0 	0.0 	0.0 

	

7.0 	0.0 	3.68 	7.59 	19.84 	30.54 

	

8.0 	0.0 	3.31 	7.40 	21.25 	34.94 

	

9.0 	0.0 	2.60 	6.26 	19.69 	34.63 

E 	10.00 	0.0 	2.13 	5.51 	18.30 	33.44 ' 

	

10.00 	0.25 	2.25 	5.44 	18.17 	33.31 

	

10.00 	0.50 	2.14 	5.24 	17.75 	32.87 ' 

	

10.00 	0.75 	1.92 	4.79 	16.80 	31.76 

D 	10.00 	1.00 	1.42 	3.72 	14.34 	28.66  

	

10.00 	0.75 	0.82 	2.27 	9.44 	19.54 

	

10.0) 	0.50 	0.49 	1.38 	5.96 	12.58 

	

10.00 	0.25 	0.23 	0.66 	2.92 	6.21 

0.) 	3.68 	7.74 	21.33 	35.14 

X.j/d2 	7.00 	7.40 	7.80 	8.40.  

GE -17- 
d2 	0.0091 	.0262 	0.1160 	0.2473 
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CHAPTER — 7 

CONCLUSIONS AND RECOMMENDATIONS 

7.1 CONCLUSIONS 

Exact solutions have been obtained for the problem of 

two dimensional seepage flow below a hydraulic structure 

founded on permeable soil of finite depth with the help of 

conformal mapping for the following boundary conditions. 

a) A flat floor with two partial cutoffs at ends 

and a horizontal filter of finite length locat-

ed anywhere between the two cutoffs. 

b) A flat floor with fully penetrating cutoff at 

the downstream end of the floor, partial cutoff 

at the upstream end of the floor and a horizont- 

al filter of finite length located anywhere 

between the two cutoffs. 

A numerical solution has also been obtained for seepage 

flow below a structure founded on permeable soil under lain by 

a sloping impervious stratum by finite element method for the 

boundary conditiors specified at (a) above. 

The equations derived have been used for the computa-

tion of pressures at the key points and exit gradient at the 

end of floor. The results have been plotted in the form of 

design curves for various combinations of parameters involved. 

The effect of various parameters on the uplift pressures and 

exit gradient has been studied. 
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As discussed in Chapter 6 the uplift pressuresreduce 

considerably along the entire profile of the structure with 

the provision of filter of even very small length. The up-

lift pressures reduce with increase in the length of filter. 

However, further reduction in pressures with subsequent 

increase in length of filter is less as compared to initial 

reduction. The exit gradient at end of floor also decreases 

considerably with provision of filter. The uplift pressures 

decrease on the downstream side and increase on the upstream 

of the filter as the filter is moved from upstream to the 

downstream side. The filter should be located close to the 

gate line to minimise the uplift pressure downstream of the 

gate line. Exit gradient at the end of the structure 

decreaes with shifting of filter towards the downstream cut-

off upto a certain point and then starts increasing with 

further shifting towards the downstream end. 

Uplift pressure decreases with increase in depth of 

upstream cutoff while it is reverse for the downstream cutoff. 

The increase in pressure with increase in depth of downstream 

cutoff is very small. The exit gradient at end of floor 

decreases with increase in depth of either cutoff. The effect 

of downstream cutoff on the exit gradient is more pronounced. 

The uplift pressure decreases along the floor except 

along the upstream cutoff and some portion of the floor near 

it, with decrease in the depth of pervious strata. The 

maximum reduction takes place on downstream of. filter. 
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The exit gradient at end of floor also decreases with 

decrease in the thickness of pervious stratum. The uplift 

pressurosall along the floor and exit gradient at end of 

floor increase with increase in the inclination of the lower 

impervious layer. 

The filter is less effective if the structure is found-

ed on stratified soil with lower layer more pervious than the 

upper layer.•  

The design procedure based on present work has been 

illustrated by an actual example of Narora barrage in Uttar-

pradesh (appendix A-1) and the section proposed is compared 

with the actual section provided at site. The volume of 

concrete is considerablY reduced by providing a filter of 

2.5 m length. Because of reduction in concrete thickness 

the excavation is also reduced resulting in considerable 

savings. 

7.2 RECOMMENDATIONS 

• Intermediate filter should be provided- below the 

hydraulic structures to reduce the uplift pressuresand exit 

gradient at downstream end of the structure and thereby 

afford reduction in cost of structure. A lot of reliance 

is placed on.proper functioning of filters in case of earth 

and rockfill dam, though it is not possible to take any 

remedial measure if the filter gets choked.I1 the case of 

hydraulic structures like barrages it is possible to adopt 
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some remedial measures if the filter gets choked. It is 

therefore recommended that the filter should be relied upon 

for release of uplift pressures below hydraulic structures 

founded on permeable soil. If the filter is properly design-

ed and constructed, there should be no possibility of failure. 

In order to monitor the behaviour of the filter, piezometric 

pipes should be provided and a record of uplift pressure 

below the structure and seepage discharge through the filter 

should be kept. 

In actual practice the filter would not be of negli-

gible depth as assumed in the analysis. However, for design 

purposes it would be safe to assume the filter to be of 

negligible depth. 

7,3 SCOPE FOR FURTHER WORK 

The work presented in the thesis may be extended as 

follows: 

a) Solution of seepage below a flat floor with two 

end cutoffs and a deep drain founded on finite 

or infinite depth of pervious soil strata. 

b) Solution of seepage below a depressed floor with 

a sloping glacis, two end cutoffs and a filter 

founded on pervious soil of finite and infinite 

depth. 

c) Solution of seepage for anisotropic soil strata 

with boundary conditions, as'at (a) and (b)above. 
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ILLUSTRATVE EXAMPLE 

A-1.1 General,  

The foundation of Narora barrage consists of fine sand 

to medium sand underlain by a stiff clay layer at a depth of 

about 7.0 m below river bed. The design procedure based on 

the present work has been illustrated by redesigning the floor 

of Narora Barrage with a horizontal filter. The uplift pressures  

below the floor and the exit gradient with and without filter 

have been workd out and compared. The existing floor thickness 

provided to withstand against uplift pressure vithout filter 

has been compared with those with filter to have an idea of 

reduction in excavation and volume of concrete with the pro-

vision of filter. 

A.1,2 Details of Existing Barrage 

Narora barrage is located across the river Ganga at 

Narora in Bulandshaher District of Uttar Pradesh, It is de-

signed to pass a flood discharge of 14150 cumecs, It is 924,2m 

long and consists of 7 =dorsi-doe bays each 15.2 m wide se-

parated by 3,1 m thick piers and 54 barrage bays 12,2m wide 

separated by 2.4m thick piers. The canal head regulator is 

inclined at an angle of 107°  with the barrage axis and consists 

of 7 bays of 7.6 m each separated by 1.52 m thick piers. The 

canal carries a discharge of 165, cumecs, 
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The barrage portion is designed for a flood discharge of 

11320 climes with an afflux of 0.91 m. The cistern level is 

worked out such that hydraulic jump is forming on the glacis 

for all discharges. The length of cistern is kept approxi-

mately equal to 5,5 times the height of hydraulic jump. Up-

stream sheet pile has been provided for the scour correspond-

ing to 1.05 times of scour depth R below high flood level. 

Downstream sheet pile has been provided for the scour corres-

ponding to 1.20 times the scour depth R below the high flood. 

Lower value of factor of safety against scour has been taken 

due to the clay layer encountered at a shallow depth (RL 

167.38 m). Concrete blocks over the filter and launching 

apron have been provided an upstream and downstream of the 

floor to safeguard against scour and heave. The floor length 

has been provided to obtain an exit gradient equal to 1/6 at 

downstream end of the floor. The uplift pressures on the floor 

and the exit gradient have been worked out from.the Khosla ts 

curves. Gravity floor has been provided and the maximum thick-

ness of concrete at toe of glacis worked out to 3.0 m. The 

hydraulic profile and the uplift pressures have been checked OW 

models by U.P. Irrigation Research Institute Roorkee. It was 

found that the observed uplift pressureaon upstream side of 

floor are slightly more and on downstream end are less than 

calculated pressures by Khosla's curves. The section of exist-

ing barrage is shown in figure A-1.1. The uplift pressure 

line is also shown in this figure. The salient features of the 

barrage bays are as below, 
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Upstream high flood level 	180.79 m 

Downstream high flood level 	17%88 m 

Pond level 	 179.26 m 

Crest level 	 176.20 m 

Upstream floor level 	1/5.61 m 

Downstream floor level 	173.78 m 

Bottom of upstream sheet pile 	171,65 m 

Bottom if downstream sheet pile 	169.51 m 

Total floor length 	48.16 m 

Length of cistern 	19.29 m 

Slopeof glacis 	3Hat 

A.1.3 Design With Filter 

The hydraulic profile downstream of crest has been kept 

same as for existing barrage. An intermediate filter of 2.5 m 

length is provided at a distance of 23,00 m from the downstream 

end, The length of upstream floor has been reduced to 4.71 m 

so that total floor length is 34.16 m. Total length of the 

floor has been reduced by 14.0 in The thickness'of floor has 

been kept as 0.9 m which is considered to be the minimum 

required from practical ooinsideratione, details of the floor 

are shown in figure A-1.2. 

The uplift pressures at key points D', C', B, D, and J 

are calculated from figures 2.2 to 2.6 and are as below 

For upstream cutoff 

T 	= 175.61 - 167.38 = 8.23 m 

b 	= 34.16 m 
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bl 

f 

d1 

d2  

T 

= 

= 

= 

= 

11.16 m 

2.5  m 

175.61 - 171.65 

175.61 - 169.51 

8A 23 = 	1.35  

= 

= 

3.96 m 

6.1  m 

6.1 

11-Ala =  5.6 d2  

b1
ai 

Ni 

6.1  

1.1  1,83 6.1 

2 5 
6.1  0.41 

b 
From figures 2.2 and 2.3 for bia2  = 5,= 1.83, 

"2 

d2 
	0.41, d2ia1  = 1.54 and T/d2  = 1.5 

00, = 42 /. 

VD1 = 67 'A 

Correction for thickness = 1.61:432 9 6 2:-SJ - 5 7"/ - 

Corrected value of pressure atthejunction of upstream 

sheet pile with floor, got  = 

For downstream outoff 

42 + 5.T = 47.7 71  

T = 173.78 - 167.38 = 6.4 m 

34.16 m 

b1  = 11.16 m 

f = 2,5  m 

dl  = 173.78 - 171,65 = 2.13 m 

d2 = 173.78 - 169.51 = 4.27 m 
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T I- 
2 

a2 

bl 
a2 
f 

d2  

d2 a-- 

= 

= 

__ 

_ - 

44 
Uf 
34.16 
4,27 

1 1.16 
4.27 

g2_ 
4:27 

4,27 2.3.-3  

= - 1-5  
= 

- 2,61 

= 0.58 

. 2 

From figures 2.4, 2,5 and 2.6, 2.7 and 2,8 

b, 
For 	d2 	' 

= 	2.61, T-  1.5, S-
2 
 = 0.58 , 

d  

and 	b/d2 	5 and 10, 

OrE = 3.6 V. for b/d2  = 10 and 
7.5 T. for bid, = 5 

= 2.2 T. for b/a2 = 10 and 

4,8 T. for b/d2  = 5 

Interpolating linearly 

pry  = 3.6 14-217.-L-6  x 2  = 5.16 for b/a2  = 8 

V = 2,2 	2.9.2 
x 2 = 3.76 9:for 102  = 8 

Correction for thickness = 5416 - 3 76 - .x 0.9 = 0.3 

Corrected value of pressure at junction of downstream cutoff 

with floor 0E  = 5.16 - 0.3 = 4,86 7r, 

Vi  = 9 eif. for b/a2 =10 and 
10 T. for bia2  = 5 
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j 2 = 	3.4 for 13,/d2  = 5 and 

3.8 for bia2  = 10 

Interpolating linearly 

1113 
= 9 + 10=9 x 2 = 9.4 1, for b/d2  = 8  

X j/d2  = 3.4 + 	x 3 = 3.54 for b/d2  = 8 

xj  = 3.54 x 4.27 = 15.11 in from u/s cutoff. 

d2 G 	= 0.015 for 13/d2  = 10 and 

0,02 for b/d2  = 5 

Interpolating linearly 

GE H2 = 0.015 + 2422 --2421 x 2 =0.017 for bjd2 = 8 --5 
u/s water level = 179.26 m 

D/8 water level = 173.78 m 

Total Head 	= 179.26 - 173.78 = 5.48 m 

TABLE-A-1.1: UPLIFT PRESSURES 

Point Percentage 
head 

Head above 
floor(m) 

Elevation of 
energy line(m) 

D' 67.o 3,67 177.45 

c t  47.7 2,61 176.39 

E 4.86 0.27 174.05 

D 3.76 0,20 173.98 

3 9.49 0.51 174.21 
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The uplift pressure lines with filter and without filter 

are shown in figure A-1.2. It is clear from figure that uplift 

pressures are reduced considerably. 

The floor thickness required on downitream of filter 

= 21 . 0 3n r• 1.3 	• " 

A minimum of 90 cm thick floor is provided 

The exit gradient at downstreame end 

GE = 0.017 x 
4 	'2 

= 0.017 x 	 - 0.0218 

= 1   (Safe) 42 

The section is shown in figure A-1.2. The details of 

filter are also shown in fig. A-1.2. A drain pipe of 150mm dig 

shall be provided with open joints and the outlet shall be 

provided on the chute blocks to reduce the chances of choking 

The uplift pressures are also worked out for the above 

profile for filter length of 0.5, 1.5 and 3.75 m end are given 

in Table A-1.2, ahead. The uplift pressure for the proposed 

floor without filter are also shown in the table. 

It is seen from,the table that even with a filter length 

of 0.5 m length,the uplift pressures are considerably less and -

the proposed concrete thickness is sufficient to withstand the 

pressures. However, it is suggested that a filter length of 

2.5 m may be provided so that even if part of the filter gets 
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choked , the remaining portion will effectively reduce the 

uplift pressures. 

TABLE-A-1.2 : UPLIFT PRESSURE AS PERCENT OF TOTAL READ 
FOR DIFFBEENT FILTER LENGTHS 

Filter Length 
Without 

0.5 m 1.5 m 2,5 m 3.75 m filter 

01c, 53.02 49.21 45.88 41.58 74.40 

VD, 70.78 68,50 66.56 64.14 79.00 

VE  6.75 5.05 4.06 3.17 28.83 

03)  4.33 3,2g 2.64 2.06 22.00 

• Vj  14.60 10.91 8.72 6.78 52.47 

xj/d2 
d  

3.86 3.59 3.59 3.59 3.59 

0.0259 0.0196 0.0157 0.0123 0.149 GE 

A.1.4 Savings In Concrete 

By providing the filter below the glacis, the floor 

thickness is reduced from 2.6 m to 0.q m at toe of glrIcis and 

1.2 m to 0.9 m at the end of floor. The length of upstream 

floor is also reduced by 14 m. The total concrete volume is 

reduced to 41.2 m3/m length of barrage from 73.8 m3/ length of 

barrage i.e. a reduction of nearly 44 °/. in concrete volume. 

Because of reduction in floor thickness, the excavation quan-

tities and dewatering efforts are also reduced considerably. 

Therefore, net saving will be substruntial. 
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FLOOR FOUNDED ON pERVIOS FOUNDATION OF FINITE DEPTH 

Et.4*******;*#******#***Imm********frnmsni** 

DEL=  A TRANSFORMATION PARAMETER 

SIGMA=  -DO- 

Egli=  -DO- 

ROE=  -Do- 

ALAi,=  -DO- 

AG=  -DO 

T=  -DO- 

N= hUmBER OF STRIPPS FOR INTEGRATION. IT IS AN EVEN NUMBER 

M= 1 FOR LAST DATA SET OTHERWISE = 0 

NN=1  -DO- 

mr=1  -DO- 

COMMON/Al/Ad 

COMMON/A2/AF,AG,EMU 

COmmON/A3/THETA,X,Y,Z,wewW,VING 

COmMON/A4/SuMX,SUMIF SUMZ 

comKoN/A5/ALAF1,ROE 

OPEN(UNIT=i,DENICE=IDSK I JILE="PRD.DATI) 

)1  PRINT 92 

READ (1,90)N 

LUI  REAO(1,102)DE6,SIGmAtEMW,M 

PI=3.I415926 

X=0.0 ;Y=DEL ;Z=SIGMA ;w=EMO ;THETA=0.0 

CALL ALRO(N) -  

52=SUmX ;S1=SUMY ,S3=SUmZ 

X=SIGAA ;Y=Eku ;Z=0.0 7.A=DEL ;THETA=0.0 

CALI, ALRO(N) 

S5=SUmX ;$4=SuMY ;567-SUMZ 

C1=(83*S5-S6*S2)/(S1*S5-S4#S2) 

. C2=(56*s1TS3*S4)/(52*54-55*S1) 

Funr.ci*C1-4.*C2 
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IF(RUU)1000,1001,1001 

)00  PR1MT1002,DEL,SIGMA,EM0,FON 

(ill 101100 

)01 FUN=SORT( FUN) 

Ror=0.5*(O1+FUN) 

ALAk=.5*(Cl-FuN) 

IF(ROE.LE.SIGMA)GO TO 907 

IF(ROE.GE.EMN)GO TO 907.  

INALAM.LE.0.0)C0 TO 907 

IF(ALAm.GE.PEL)G0 TO 907 

X=siGMA tYrEMO ;Z=0.0 ;=DEL 

THETA=ASIN(SORTC(R0E-SIGMA)/(EMU-SIGMA))) 

CALL VINGT(N) 

D2M=vING 

X=0.0 ;Y=DEL ;Z-SIGMA ;.=FRO 

THETA=ASIN(RORT(ALAM/DEL)) 

CALL VINGT(N) 

i)IM=-VING ;DtD2=01M/D2M ;D2D1=D2M/D1M 

X=DEL ;Y-SIGMA ;Z=0.0 ”,=EMU :7HETA=P1/2. 

CALL VINGT(N) 

Bm=VING ;BD2=10/02M ;BD1741M/D1N 

Tr=-0.5*PI*(1.-ALAM)*(1.-ROE)/SORT((1.-DEL)s(1.-SIGMA)*(1.-EMU)) 

TD2=TM/D2M ;TD1=Tm/D1M 

PRINT 96,DEL,SIGMA,EMU,ALAM I ROEI TOI,TD2,BDI,BD2,0201 

PRILT 917 

)05  READ(1,97)AG,NN 

IUDEX=1 

T=AG 

100  THETAASINCSORT((T-DEL)/(SIGMA-DEL))) 

X=DEL ;Y=SIGMA ;Z=0.0 ;0i=EMU 
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CALL VINGT(N) 

IF(INDEX.E(4.2) GO TO 902 

BID2=vING/02M 

INDEX=2 

901  RFAD(1,97) T,NM 

C 

GO TO 900 

902  61FD2=VING/D2M 

F02=BID2-B1FD2 

AF=T 

C  :******************************: 

C 	 PRESSURE CALCULATION 

C :************************ ****: 

cv0=1.0 

CALL CALAJ(N) 

IF(AJ.LT.AG) STOP 

IF(AJ.GT.ENU)STnP 

TRETA=0.0 

X=0.0 TY,=AF ;Z=AG ;W=NNU 

CALI, VINT(N) 

VINT0=vING 

TNETA=ASINWRT(ALAN/AF), 

CALL VINT(N) 

Pol=vING/VINTO 

TBETA=A$MSORT(DEL/AF)) 

CALL VINT(N) 

NCI=VING/VINTO 

X=A0 ;Y:EMU ;Z=0.0 ;W=AF 

TRETA=ASIN(SURMAJ-AG)/(ENU-AG))) 

CALL VINT(N) 

Pd.-L.-WING/VINT° 

THETA'ASIN(SURT((SIGMA-AG)/(ENU-AG))) 

CALL VINT(N) 

toEz.vING/VINTO  • 

THETA=ASIN(SORT((RDE-AG)/(EMU-AG))) 
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CALL VINT(N) 

P0=-VING/VIRTN 

C  :***************************44*n: 

C  CALCULATION OF EXIT GRADIENT 

C  :****t***rns7r*****************4: 

T=1.01*AF 

J=-1 

708 IERMI=(T-DEIJ)*(T-SIGMA)*(1,-T) 

TEPr2=(T-AF)*(T-A)*(1.-DEL)*(1.-SIGMA)*(1.-EHU) 

TaRM=SORT(ABS(TLRM1/TERM2)) 

GT=0.5*PI*(1.-ROE)*(1.-ALAM)g(T-AJ)*TERM/(vINT04(T-ALAM)*(T-ROE)) 

GD=GT/TD2 

IF(J)709,710,711 

709 GEF=GD 

J=0 

T=0.99*AG 

GO TO 708 

710 GEG=GD 

J=1 

Tr-EMU 

GO TO 708 

711 GEB=CD 

C  :*-****m******$,t***Tit**4*t*; 

CALCULATION or DISCHARGE 

c :xt**;*******tm**1********: 

X=AF:Y=AG:Z=0.0:w=EMU;THETA=0.0 

CALL VINT(N) 

01=VING/vINTO 

X=EPU :Y=1.0 37,=0.0 ;i4=AF iteruir-AG ;THETA=0.0 

CALL VINT(N) 

02D1=VING/vINTO 

C  ;sit***4*******************  1* 
C 	LOCATION OF POINT !J,  IN 1- PLANE 

C  In**********I************v*****: 

IF(AJ-SIGmA)713,712,714 

712  XJD2=D2 :XJD2=0.0 
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CO TO 715 

 

713  THETA=ASIN(SORT((AJ-DEL)/(SIGMA-DEL))) 

X=DEL ;Y*SIGNA ;Z=0.0 ;W=EMO 

CALL VINGT(N) 

Xdo2=vING/02M ;Va2=0.0 

GO TO 715 

 

714  X=sIGPA ;Y=EMU ;2=0.0 ;1/4=DM, 

THETA=ASIN(SORT((Ad-SIGMA)/(EMU-SIGMA))) 

CALL v16CT(N) 

YJD2=vING/O2M ;XJD2=0O2 

C 

715  PRINT 716,AC,AF,AJ,B1020702,X.LID2,1Ld02,P01,PCI,PJ,PE,PD,GEF.GEG, 

GE/31 01:0201 

C 

 

717  IF(Mm)991,991,904 

 

904  IF(NN)905,905,1190 

 

907  PRINT 908,ALAM,ROE 

 

1100  IF(M)91,91,108 

 

908  FORMAT(60X,2F7.5) 

 

90  FORMAT(I5) 

 

92  FORMAT(//8X,5110ELTA,5X,5HSIGNA,5X,3HMUE,7X,5HLAMoA,5X,3HRUe,8X, 

I 4HT/D1,6X,4NT/02,6X,4HH/D1,6X,4HB/D2,6X,5902/01) 

 

102  FoRMAT(3F10.5,I1) 

 

1002  FORMAT(15HFUW XS NEGATIVE,4F10.6) 

 

917  FORMAT(74)(12HAG,7X,2HAFOX,2HAJI7X,5NB1/02,3X,AdF/D2,2X,5HXJ/D2,2X, 

1 5NY4/02,3X,3HPD1,4X,3HPC1,4X,2HPU,5X,2HPE,5X,20PD,4X,3HGEF,4X, 

2 3HGEG,4X,3HGER,3X,2H01,4X,5H02-01/) 

 

96  FORmATU5X,5F10.7,5F10.46 

 

97  FORMAT(F10:7,I5) 

 

716  FORMAT(2X,3F9.6,14F7.3) 

 

108  CLOSE(0NIT=1) 

PRINT 98,N 

 

98  FORMAr(//10X,P********** N='„ /4,,  *************') 

STOP 

END 



145 

PAGE: 6 APPENDIX: A-2.1 

SUBROUTINE, VI? T(N) 

COAPION/Al/A0 

COmm04./A3/ThETA F X,Y1 2,W,Ww,VINC 

AN=N 

n=3.1415926 

H=(P1*,5-1HETA)/AN 

SUM=0.0 

M=N+1 

00 20 1=2.N 

kft7=4-2*(I-1/2*2) 

W(1-1)21,21,22 

22  IE(I-M)23,21,21 

21  'ivF=1. • 

23  A1=1..1 

RETAxTHETA+AI*R 

SI=SIN(BETA) 

Tz(Y-X)*SI*SI+X 

PHI-J=(AJ-T)/SORT(ASS((T-Z)*(T-w)*(WW-I'))) 

SUR=SUM+PUD**F 

20  CONTINUE 

vING=SUM*H/3, 

RETURN 

END 
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SUBROUTINE CALAJCN) 

CONMON/A1/A0 

CO4MON/A2/AF,AG,EMU 

AN=N 

A=0. :AR=ENU-AC :P1=3.1415926 

sUMA=0.07SUMB=0.0 

H=P1*0.5/A4 

M=N4-1 

DO 20I-1,M 

tJE=4-2*(1-1/2*2) 

IF(I-1)21,21,22 

22  IF(I-M)23,21,21 

2t  NF=1 

23  AI=I-1 

THETA=A+AT*H ;SI=SIN(THETA) ;T:AM*SI*SI4-AG 

FUN=SORT(T*(T-AF)*(1.-T)) 

FUN1=1./FUN 

FuN2=T/FUN 

pUmA=SUMA+wi*FON1 

umB=SUMR+NF*FON2 

2O  CONTINUE 

AJ=SUMM/SuMA 

RETURN 

END 
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SORROUTINE VINGT(N) 

COMAON/A5/ALJA%/ROE 

COMMON/A3/THETA,X,Y,Z,h,NN,VING 

Ahr.A 

P1=3,1415926 

H=THETA/AN 

SUM=0.0 

to=t4+1 

DO 20 T=1,M 

4F=4-2*(I-1/2*2) 

1FCI-1)21,21,22 

2  IF (I^'+)23,21.,21 

1 

3  AI=1^1 

BETA=A14H 

ST=SI,4(bETA) 

T=(Y—X)*5I*5I+X 

FUN=(T—ALAN)*(T—ROE)/((1.—T)*SQRT(AHS(CZ—T)*(W—T)))) 

SUM=SUM+FUN*WF 

0 	CONTINUE 

viNG=SMOH/3. 

RETURN 

END 
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SUBROUTINE ALRO(N) 

COMMON /A4/SUAX,BUMY,SUMZ 

CCIMPION /A3/THETA,K.Yliowfwwf vING 

P.I=3.1415926 

H=(4.5*PI-THETA)/AN 

SUMX=0.0 ;SUMY=0.D ;SUMZ=0.0 
M=N+1 

00 TO Izt,M 

wPc4-2*(I.-1/2*2) 

IF(I-1)21,21,22 
12 	TF(I.-M)23,21,21 

1 	WF=1. 
A1=1,1 

BETA.=THETA+AI*H 

SI=S1NCBETA) 

T.7(Y-X)*SI*SI+X 

FUN=(1.-'I')*SORT(CZ-T)*(04-T)) 
Fild=1./FUN 

SUMX=SUMX+FUN*Wp 

SOMY=SUMY+FO4*I.F*T 

SUMZ:4511MZI-FUN;w7*T*T 

CONTINUE 

SUMX=SUMX*H/3. 

SUMY':5UMY*H/3. 

SUmZ=sUmflii/3. 

RETURN 
END 
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C 	(okiLLET  U  HIV CJIVLia Cu'! JEI A is 11,1itt,  tJLA,F. F1, 

C 

C 

C 

C 

C 

C 

A iflAI,SPUte PAILL eAmA'r.TEg 

rd.= 

= ;  14E. L-al ha„ Stf Uftifii-ibn = f, 

(1.; Ii=1ot1/4iCE.7')51i',FILL:='DAXA.DA.C.) 

r 

rt,  1  I I 

C 

6: . 

1.1 25.1,15J20 

c 

1 
	

KLA. (1,1 ,  )LtL,S1G“A,P 

A)SULL/((1eadEL);S1U A) 

ALtA1=PtL/(L/EL-1.) 

ht.rh2=(;)),,:h-ULIO/SIGmA 

Abe,3=(1.-b1(3,A)/(1.-uEL) 

..J4N=v, 

P-11=PI/2. 

AAI=1.-AK 

CALL 

3A-71 

ALA DA=1,-.CeW/Ch 

t- F0(06,PrI,Xll,ALPA3,U,U 

jri  k.=(t“A dro.(2LL)*Crk-(5IG. A-0L14),FCelti 

Arf1.-De,u)4,1,LAU/4/((1.-ALAmuA)*uc;L) 

Ar-Lb,A1(A/11.-A)) 

er), irAtA (A) 

vA=^1 

CALL  (JA ? Phial e Aht ALF/1/21 fjfUrtUrcl< r(t./ Ct`etCt..4if  

A ,j  4}2.04u-riLiin 
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APPeo.diX: A-4.i 	PA(41::: 2 

Pm1=PI/2. 

CAL,: t:FuLiJe‘,NnI T AKI,ALIVA2rti,UfbuteND,CLO,C14.,Ct.,Lelt.2) 

A w 

r 

Pt'] T2',. "pr.L,SIG- A,ALIA,IDA,v1V2,6d2 .  

if s, 

2 

I=Ab;[(7.141:CK=1 

3  A=61G'A;(1-0EL)/((61GP.A-DEL)*T) 

A=S-Rt(4/(1.-X)) 

iniA=A1ANIX) 

CALL 6F.J.(JK,PHIX,XKI.ALFA2,G,U.EU,M,CE.CfC,CtreYtiA) 

A,U r -T.At.AAVAali-J4L*PiE2X 

li.(1CdeCK.G1.1)601:040 

:1102=Au/De.hii 

35  KLAy(1,2/.)Ar,4 " 

T=Ae 

ICHLICK=2 

GI) 10 30 

4  e02=&132-mAoimipto 

C 

Pn1 ,T 3o ,:;.b1D2fFa 

IrC'U35,35,97 

i!N=4. 

XA=hF/AG . 

1=ALilv:DigiC=1 

5 	X=A.*(Ay-L)/(At.#(AG-1)) 

A=s 4RI(x/l1.-A)) 

PHI=ATA4(k) 

ALf.A=,..4 
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APPn41.01X: A-4.2  PACJE.: 

CALI. EFILI(JA,Pnt,XK,A1)FA,G,J,Eo,“1,Ch1,CK01,CE)Q1,P1z) 

1F(le.G1.1)GD 1,, 7) 

HOI=1)t—to/Ch1 

1=OtL;JK="1;1 Cz2 

GO ro 5u 

7  Iti(1C.G1.1)60 TO 9t 

HC1=1ut“*J/Ch1 

T=SIG . A;IC=.3 

X=( 1-AG)/(T-AN) 

X=5JRI(A/(1,-A)) 

P81=ATANCX) 

Go TO 6v 

9'  TE(1C.t1;T.3)G0 Ti) 95 

ht=1)..O/CtI 

1=1. 

1C=4 

GJ TO 80 

95  mo=104.;O/CIU 

tal-W‘T  DEL,51cliA,AbArint,di02,1V21 0102,to2,sp],,c1,pz,,mi, 

tj 

97 IF(e)V1 ,1,,17b 

98 STOP 

FOHAT(2F14.4,15) 

2 	' FOR'AT(e1J.4,15) 

FO8rATU6A -LetLFA  S1G',A ALA. lit  0102 3/02 01/44' 

1,"  P/D2  ell MO./) 

2  I.+ FUI-t:AT(5X,3i5.5,218.3) 

3;.40 Foe 	AT(45A,21- 8.2) 

4L704 FOk 4 AT(11F1t.4) 

KRD 
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APPh.ILIA: A-L.2 	 VAUE: 4 

iu CALJCULNTE tiohltqlc lii!“214 APS 

C 	+4,44#4114I-4KX 4,,tt4.**#T*4*4.444,T4r,.#*cv.44:4-7.4.4c4“4***4-43 

) 

1=i.1 

Sr  w  1)51)bi5.:5,5o. 

7  (^1.H.J.9/V",)5 

L  4.„A,S=5,gi(,:,c56(ALtA)) 

Ci■=, LU6l4./,:ahilj.eAK)) 

tAD=Pi/z. 

1 0 (eHl-e1/2.)5'3,5,:2,503 

r.no  S,4 

5.,3 	u=4,:(q)( t I .1-01..1.H-11)h/1/43S UTAI 

7. t 	 (1-'91) 

1Y (AtAril)bi ,1,./4•611 

to  ..“,=-..rs (ikLe 

Pit."-t.(y -f”- ;A.tik  sotS2 •(P/11)) )/(1,-ALFA) 

G . AP 2. 

L11  tr. lectit'A -1.1c13,,J12,171.3 

C14 

C 110 

13  W.LIS.‘S 4fri A (  A5461 (Pri 	)/(1.-Alafriths:, (tr ill))) 

ejt.= (..-ALEn..-:.*AL.Lic,(i,Jt))/(1 • "ALL' A) 

u L .21 

;CL=r1/2. ;C:Z=1. ;o7.Pn1 ;EU=Fili 

G11zALN,(4./st) 

Ir('IrA-.T.)-194,012,b4q1 

▪ ir(rnt-PI/i.)5t1,50b,S07 

• e1t=ei/12.41(1.-ALEA)),  

It 2 

• / 1- 14.=A144.((si..(FA1)/Cub(PHI))*66.HTtl.s.AL,FA))/S14I(1.-ALrA) 

(1., Al.. 2 

n h b-7-1tAbEA-1.) 

ki.z..C5(twn1)...5w4t.51 (ehl) 
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APPE'l PiX; A-4.2  PA(,4: o 

9  it('-1)1411J,11 

1,  CAD=F 

C6U=E 

10 35 

y. 	zi 

L.K=r6L) 

35  1:(kLFA)I 1,1‘4,1.9 

1 1  ir(-ALF- 0,0K)1.2,1M,10 

3=-z 

TN=ATI (5.xt(ALfA/(-XM) 

GLaullO 

113  J=irl 

rzl= 	(SArt(1.0/(-ALFA))) 

GLI‘11R 

J=5 

P)E=0 

GL,T. 

I ,  5 	t'=* 
IF(FH1-F'1/1.,)1C6,1c7,1ft6 

156  AT=b)01.1.;-AmvS1,(eliJ)*5(s;(pli)) 

r;IF.:=L/2.+PJA: ((1.-Aidk,A)4,51-1Pni)/(CQS(rt.i)*AT))/C1.4(1,-AL. 

bosr2 ,  

1 7  1- /L=CA/2. Pi/(4.*(1.-ALT4)) 

(“iii 2 

1“9  Ir(ALFA-A6)11C,111,112 

117  3=. 

Imaktel(ALEA/CAK-ALFA))) 

Er‘=AK 

uctLli8 

liI 	J=S 

sT=0:)FT(1.-wsI-(Pr:1);Sit (Phi)) 

EYE=(f.u-Xh#61,0-411)#Cub(Pni)/,1)/tKu 

TL2 

112 	IK(..JA-Sr.)113,1.ili 

4.13 
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AppL,L,IA:  FA(A: 4 

c IL Ciii/CLL^Tt. tkikkeite ji.Tr.(J1.i4k5 

44r44#204=7r#**4#4*g*9*44+-74,42(-44tic*4**s***44,44.*43*** 

,N LJ :5' s  L Ei.,,(aN,prii,xn,AbrA,t„u,g.,, ,eA,LL,ct.wyctu,ert) 
0 = J.-T(4 ) 

1=3. t)3/4r/ 

,,1)505,5c5/ 5,j, 

tr (  - .9-09)5  /5()1 

& (Arlb(ALF A)) 

.;,03(4s/ouhlt1.-XVO) 

Irtr 41-ej/205t3 / 502 / 503 

(-,k. kJ 5.4 

5 3 w=;.-0“(1.+:$1N(PHI))/COS(Pel)) 

t L-2=0I-(P4)) 

kr(i,hrA),53,,lj4 / 611 

6+1  Ac:ris(ALrAv) 

wIL5(„th.A1A. (AcIS14(Pril)))/(1.-AL4A) 

(• -fl 2, 

ir (J.) FA-1 .)513 / (312 / 3U 

r;  Lrul=1.-AK 

lio 

elc=SJKI(t1.iAl.rA5461 (Pr1))/(1.-ALrk)-051.(edi))) 

e ) t r (,-ALF. A5*AL0G(Pit))/(1--"r") 

v  1: '21_ 

5 3 CN=e1/2. ;Ci.zvi/2. ;Cr.D=1. )„i=f2(11 ;Eu=en1 

C‘i=AWIG(4./Sb) 

.:.r•  •J V 1390:12/t),..,  

19.  kr (Fr...I-PI/MS:. (,5i/c•ri.•7 

5  e)i=e1/12.*bvh1(1.- )) 

v. 1%. 2 

/ ky4=Air. ((Si.  )/Li.3(ehk))*6vhT(1.-A.A.A))/6-Ki(1.-AkkA) 

tc 2 
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APPE4G1X: t-t.2  PAUE: 

Ir(frie]511.511,51t 

ti  itA=C05(PH1)46L4S7".(PB1) 

FYr=AG0c,(EFA/fri.)/(2.4bQ) 

uL la 2o 

t:fl FH1..7 512,P61,ALvA,XK 

511 r6..4 ATC3X,suAbL46 ut.  IIA6,ARI s ibX,3Y12.7) 

SJLr 

9  =-1 

P=PHI E]lk-'=41s ;LAD=1.-61( 

Ir(J1')3,3,46 

„,=1.^ ;B=1. ;:i.T.p ;K=9 ;E=P 

Ao=- 

Y,4=2-4;,-1 

Z N =21” 

5=84-r/4;.--0050-9*(SIL(P))**Y,/4. 

A=A*F.K#VIZN 

o=e*Etc*JA*-1.5)/A,. 

t=i+ATS 

E=KiB*s 

Ci-le:N=A6(A;5) 

1?'(CHr2K-G)6,6,5 

5  r,=7.4-1 

GJTU4 

6  It'(N)7,6,9 

7  U=F a:0=E 

1Y(OK)4u,35,40 

35  fr(etil-?1/2../)1,2,1 

fr=PI/2.?, 

e=I i1 

G0103 

2 

P  Cit=r 

Ct.,=6 

it,,A=LAL,  

r..! +1 

(.1-1/‘ 3 
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APPeOIX: A-G.2 	PAlle:: 0 

9  It( 4-1)1u/14 1 11 

1.  ert1)=F 

CL.)=E 

Cu 10 3 

4.  1 =1 

t..1C=rKU 

P=PL/2.t. 

35.•  IF(ALEA)1i,1,1u4,1‘9 

1 , 1  it(-ALFA-JK)Lt2,1C5,1L3 

1.2 	d=-2 

Th=ATA (3,h1(ALFA/(-XK))) 

GuT0118 

1(3  0=-1 

Tr:=ATAr(Sue,J(1.ti/C-ALkA))) 

GuTL:11R 

1'4  0=4 

P) E=1; 

GuT"..-24 

1 , 5  J=6 

li(Vh1-eJ/2.631C(0,1v7,j06 

1Po  AT=b4R7(1.s..AS*Si.(eht)451,tp11i) 

PIE=0/2.+AIA ((1.-AtjA)451..(Fri)/(CUSA1)*A1))/(.2.*(1.-A‘e))) 

(11.1tu21) 

1 '7  1-0.=CK/2,IF1/(4,,*(1.-ALF A)) 

cuaL 2' 

1.9  (ALFA-xr, )11C,111,112 

,) 

itl=h-fA,.LSt $1(ALI- ARAK-ALFA) ) ) 

EK=AN 

C.:T1,116 

111 	0=5 

bf=b0PT(1.-4K*41':(Ph1)4b1((Ph1)) 

FYI._=(?.j-Xt401,(Ph1)*CuS(Ph1)/,i)/hKu 

1 1 2 

112  1r1,1..pA-:,til1if 1i'7,p114 

£13  0=1 
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APPU.141A1 0-2.2  PALE: 7 

T14=- T A K I((ALFm- X tk.)/1.0\ * ( 1.-ALF A) 1i ) 

GLT,116 

114  liCALSA-1.)11,110,111 

115  w=2 

1h=-1.-(5,4ita((1.-ALtA)/(ALti--)0,))) 

tfliTlf119 

11.6  v=7 

41, (eti7-eT/2.)15,513,515 

513 PYK=9.99999925 

Cu 10 2 

515  Af=:,CleT(1.-Aic#,51.,(i=d1)*314(ptit)) 

HYL=U-a,,-31.( )01);AT/CUS(Prit.))/ 

GJTJ2. 

11.7  J=3 

Th=4TA%(1./s6IHACAstA-1.)) 

Ee\=AK 

113  •,=Trt 

rrt!.t1 

• GolA 

11  1.4.1k=AK 

ur=4.  

eWItE 

V=P171J/(2,*Cl') 

te1*uT/(t.4CN) 

PE=PJ*C1W/C2.4CN) 

u=ExPC-2.*Pit) 

a=1 

A.=L 

a,]=, x „  

le(0)121,12,R,lk 

121  1e(wt1)12i,123,124 

122  A 1;4.4"- X 4' 

(u1 12a 

123  A =i...sX *kPt-.) 



156 

APPE-01X: m-2,4  wAi,r_: 

L,Th 126 

14.  x 

it=4.--Fxh*Pc: 

=(EXPl2.;XP)-1.)/12.4t:AP(Aen 

5-, =51.; 1-51 , cAk)451.0, )/(x,c51,a) 

044t=t65(614-,(xVflS1;.(xii)/Cx,*61.,, H)) 

lett-Hr2K-G/it„,16,15 

1i  1r(,)-'i)126,127,134 

1.46  X =2. *Xi,*.. 

G.Jit..128 

)27  X.r_4_8x-+CyL-) 

12a  s1tt=(EAPL2.,;(x.)-1.)/(2.tLixPcx,i) 

CLThil=(Expt2,*x,)41.)/(2.*r_AP(Arn 

It(1)12Y,132,132 

129  ,a=,./2 

h113(.,13u,131 

13 	51.g4-  (AV )4,511. r. 

Su! L,=,51.1! D-Fu**16*c_u5txv )4Ck_tha 

UL, fk,133 

1 1 1  Sur =oliiit,..44,51:(xl,)*sA,,/ 

SyVv=Sid D-U*{,5,,CUS(Xv)*Ctmdbt,  

CoTo133 

142  SuP.=SU'r,+04,* S*51“(X.)*S1A, a 

50;.c=SU, o+u4.44.51KuS(x4)4CLA 

133  CrIt=Abb(04.1“s*sj,(XV)4.- bu.n) 

Ik(cHtf\-G)14,14,15 

14  CaEls=455(“3 #sS*C06(xV)*cosh) 

1:(chLK-G)16,1(r,15 

15  .=!.+1 

cAIT.•:L2 

134  A -7[1.4. X .  

Ae7-At • CX, *tat, 

311 ,=(ExPl2.4XY)-1.)/(2.*Lxv(xe) 

EJ,=SU -4.(**X4*S11+(X,-)461L(X4)/(X.:*51(41) 

cie„1=1.,S,-3(.14, 4•A. 461.i0U )*SIT (AL)/(A .4,S.1.4. 

It(CHfre-6111,16,15 
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p..PPEI1:1X: A-2.4 

to  lt(j)13c,135,13t 

135 	w .7-tv,j 4  

Lui=E0T-COws/Cr 

L=544)CALFA 4. (1.-A1100*{Ais-AIJF,1)/ 

i'lL.z..!+A4,Fikflt.*t.4.0-  1/0 

136 	14*d-3)136.137,13is 
1 37 	,PV=.4V 

‘=.-V 
(4  .7 .54ALOG(Sli(qPV)/blioCiPn))+Sk" 

tu zeCr-Ct*ul/(.t,  

u=S...hctALtA 4 LAutA-1.);(A1JrA-XN)) 

P/E=—ALrA 4 toti, 

G11 t 

1 3i 	L,t2.:„7.*3.JA -It:A.r11,4 (14-Ai4.7)*(kot'Ar‘)) 

Lu'z(rr+r44-1- Cn 4cL.irCo'Sfi)*4./er 

Ir(c+1)134,14,914A 

d9  =4..;C.-fAin.OL. )/P1 

t-Yr;--P3xr/lAi\-AI'es)-?1*AL.1- Alku*,:,„  

L, 1-7 

v = 4L.TCOh1motb , )/P1 

ialr=14/(A.-AutA)4P.P. ALrA*(01%L,-7.)/9 

2 

.1 	(.-1)1.4.142,143 

1. 2 	 Lir“,(Lzui 

].*ttl* u*r.s.a; —AO / ) 
(2.11 4 

3 , 

2 	kr.:1 P. 
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APPEilDIX: A-2.3  PAGE: 1 

PPOGRAFME FOR unIFT PRESSURE dELOI, HYDRAULIC STRUCTURE dY FE; 

C 	ipmits.m*******4*”ticrnActx***m#4********4*****4**t4;42;**** 

C 4DATA= rj). OF DATA SET 

C 	1:1 T1Jc= 1 IF I..T7F“EOIATE RESULATS oEEDED OTHERnISE = 0 

C 	T= DETTd OF SUL,  GTRATly 

C 	d= LE-4TO oF.  

C 	 Al= DISTA0C,: of FILTER FROfal UPSTREAg CUTOFF 

C 	FL= LSNGTH .JF FILTER 

C  pi= DEPTH DE uPSTREe CUTOFF 

fr2= DEPTH OF DONsThEAg CUTOFF 

C 	 THETA= Ihenlft/ATIOa OF IMPeRVIOU6 LAYER 

"+1-,+0. OF STRIPPS DMINSTRtArri oF FLOOR 

C 	 42.=400 4  OF STRIPPS 5ETwEEN FILTER AND 0/S CUTOFF 

C 	 3.-17:40. OF STRIPPS I. FILTER LitaGTH 

34=N0. OF STRIPPS HETwEE'J FILTEP AfiD u/S CUTOFF 

C 	N5=,i0. OF STRIPPS u/S OF FLUOR 

c 	4= 41. or HUPIZd TAI: SlYTPP6 
AKK1= Pi.:HrEABILITY oF UPPER LAYR 

C 	AKK2= PEREA6ILITY of TJUAER 4m1'C.12 

C  niPTH1= DEP2m OF UPPER LAYEt4 

C01101./A/ T chthl,FL,D1,D2,THETA,r1,K2,N3,04,to$,1',,sli 

C0140;,/5/ X(224,),Y(22)0),,N1(44)9,3),INDEA(2701) 

Co/thON/C/ P.LP,'°,1J,4:(3C 

CO1N0,00/ 

Cflrt0,/;/ 61,C271,4u),F(220;) 

UWOL./F/K1,N2,K3,64,K5,K6,0 

CO-0(,/6/pHIUI,OMIC,PHIE,PHID,PHIJ,XJ,Y,J,GE 

DI:ENSTJN TZTLE(20),S(3,3) 

OPEN (9 IT=1,i)EVICE= I DSK 1 ,FILK= I FEW.DAT') 

Rak0 (1,)1.0) (7TTLF(I),I=1,20) 

PPIFLT 11—, ,(TITL,40.),1=1,201 

IF CI.;M:R.6U.) FranS q00) 

RCAD(1,401.) PDATA,I TER 
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APPEnDIX: A-2.3  PAGE: 2 

C 

On 2n USETz1,.yhATA 

IF(INTEm.HE.C)PRINT 7000,35ET 

REAL (1,40u)T,Hdit,FL,R1,D2,TOLIA 

C 

IE(INTER.IL.0)PRICI 500),T,hrb1,FL,D1,C12,TRZTA 

"102=T/D2:,,D2=i7,/02;DO2=01/D2;B102=R1/D2:FD2=FL/D2 

READ(1,30.-)t,I,L2,143,641 h5,1 
C 

IF(INTER.ri...()PRILT 3u0,N1,”2,13,N4,N5," 

r 
C 	 Pk:A(1000 Akt,1 ercKZ,OEPT.11 

Tfo(INTEK.it.n)RRINT 800:),AKNI,AhK2,DEPTH1 

GOEPATIOn LM !IESH 

C  simstnift*wfx5c444.*************tt*******E.*** 

CALL MESH 

C 	 *#***101*4g**************************** 

VALUE or bL AM) F l!ATIITX 

C 	***vm**************44*************t****** 

no 5 I=1,,.NP 

F(I)=9.1. 

LW) 5 

AL(I,y)=0.5 

COrTZ“Ut 

C  w,****41+*,,,T***** **M+C44#4M*****4*****; 

C 	 GLJVRhTIOr OF '5' MATRIX 

C  rs**************t**4****m*4*********4444.**4 

CO 

40FI=NI(I,1) 

PLI=. (1,2) 

NPK=4,7(I,3) 

mJ=Y(”Pr)-X(nNu) 
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APPEoD1X: A-2.3  PAGE: 3 

AJ=Y(VID7)-X(i&h) 

6K=X(1.P0)-X(4.4a1) 

IT=Y(4v0-Y(fi Db) 

DJ=Y(LFE)-Y(6PI) 

r.K=Y(6PI)-Y(LP0) 

AFKA=0.5*(8I*AJ-Ed/AI) 

1r=6.25/APE1 

6KK=AKK1 

C  IF(Y(LiPI).G3.DrPTI41.0R.Y(Nra).(,T.DEPTHI) AKA=AKK2 

C 	IF(Y(NPV).Gt.OEPThi) AKK=AKK2 

TT=AhivtTT 

S(1,1)=(hl*P/40411)*TT 

6(2,2)=Cild*bdthd*/,J)*TT 

S(3,3)=(dA#HK+AK*AK) 4 TT 

S(2,1)=W4F,f4AJ“I)4TT 

5(3,1)=(6K0a+AK*AI)*TT 

S(3,2) ---(80edtAK*A0)*TT 

6(1,2)=8(2,1) 

b(1,3)=5(3,1) 

6(2,3)=8(3,2) 

C 	 AssErsbE OF GLOBAL BLNIJD hATRIX"Bb' 
***st****“**41,**wern*****1,4**m**T*******# ***4 

DO 611=1,3 

DO 6TH=1,3 

IC=e12(T,I0 

ID=IC-(IR-1) 

TF(TD.LT.1) GO TO b 

DU(IP,10)=BL(IF,ID)+8(TA,IR) 

6  rnhTrruE 

7  cortrhqF 

C 	

*Insms******,,ttsm4,4***mini.vm,44***4-stn 

BOW.DARY COLDIT1P-5 AbD GOKBATION OF PUS  COL. VECTOR 

C 

 

 *********t******t***v*******a************************4**;4***rn 

IX) 11 J=1,!:p 
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APPENDIX: A-1.3  PAGE: 4 

IF(,1NDEX(J).E0.4) Cu 10 it 

00 10 I=I,(PP-I) 

IR=J-I ; IT=I41 

IF(IP.LT.1) Go IC e 

HIR)=F(IF)-b1,(1P,11) *PHI(J) 

BL(IP,II)=N.0 

IR=j+1 

IF(IP.GT.litiP) GO TO 10 

F(111)=-F(IR)-i'L(J,II)*PHI(J) 

lv  CONII(UE 

131,(J,1)=1.0  

F(J)=PHI(J) 

11  CONIINJ6 

C  *********,:*************************** 

C  SOLUTIOr OF LOUATIotb 

C  ************4*3********** ***min 

CALL FISOLUE(,JNppfla) 

IF(INTER.Nt.6)PP1`T 2040,NNP,NLL,N6C 

CALL RESULT (02,") 

IF(INTL:R.N..1.)pHI•IT 9000 

PPTFT60CJ,Ipl,b1-2,002,6 1 D2,FD2,PHID1,PNIC,PHIE,PHID,PHIO,XJ,YJ,GE 

1F(Irlik.CJ.:)GC To 20 

PRINT 3114" 

on 13 Itip"NP 

IF(Y(I).L,T.0.0.0F.X(1).G1.X(h4))G0 lu 13 

IF (X(I).Eu.o...AND.Y(I).LE.01)G0 10 12 

IF (X(I).F.a...(ts4).A:L.Y(I).LF„.D2) u0 TO 12 

IF(Y(1).,c,.C.C)G0 TO 13 

17  PRINT 400,I,X(I),Y(I),F(I) 

13  CONTINUE 

DO 14 K=1,(N3+1) 

L=((-1)*(.k+4)+F5-1 

LO 15 J=1,(F16 ) 

1=1,4J 

FRPT 43u3,1,X(1),1(1),P(I) 
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APPENDIX: A-2.3  PAGE: 5 

 

14  COlvTINDE 

	

I. 4  CO%TINU 

 

100  EORmAT(2044) 

 

241  elRmAT(7F10.3) 

 

354  IORFAT(615) 

 

4 1 4  FOR0:AT (215) 

 

5,,  FORMAT(3F10.3).  

 

1)t4  eORMAT(//2tX,2044//) 

 

7)q,  FOP"AT(//10X,IA, OF"NODAL PrAINT.ti,I4//10X,t0. OF ELEMENT:1 F 

t 14//1OX,'NO. Pe YWUNDARY POIijTS GI CONSTANT mEAD.4 1 ,I3//) 

 

351 )  FORP:AT(//10X,'NODE  (1)',TX, 1 X(I) 1 ,9X, 'Y(1) 1 ,7X, 'PHI(1))//) 

 

d,iv  FoRrAT(/15A,I5,7X,F6.2,7X,F6.2,7X,F6.2/) 

5.4 F0/00,AT(//3X,'Tz 1 ,F5.2,1  8= 1 ,F5.2, 1  81=',F5.2,1  V=',F5.2 

I  U1=',F5.2,! D2=',F5.2, 1  THETA=',F5.2,' DEG'//) 

 

6)' '  FORMAT(/3X,12F7.2,F10.4) 

eoRmAT(/ i ***  oET N0.f ,I30.  *4'/'   4 ) 

	

8 J -.I' .4 
	

FORD/A'"('  10=',F7.3, 1  K2=',F7.3, 1  DEPTH OF TOP NAYER= 1 ,F7.3) 

 

90'.  FORK,AT(/6X,'T/D2 8/D2 D1/D2 81/1)2 F/D2 HD1 HC1  ttE 

1  HO XJ/D2 YJ/D7 GE*D2/H 1 /) 

CLOSE (NNIT=1) 

STOP 

END 
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soLuTitg or E0uATtON6 (BANLZD) BY GAUSS LLIM1VATION mETHOD 

*4*********#***M4M***********************************, * 

SUBROUTINE ASuLVE(k,'') 

CurAtBWE/ Bh(2200,40,F(2200) 

niPrItSIum C(5D) 

Do IC K=1,t 

F(K)=F(K)/hb(e.1) 

IF(K.EO.N) 60 TO 100 

DO 20 d=201 

C(J)=Bli(N,J) 

Ab(N,J)=BL(N,J)/Bb(h,1) 

 

2_  COF.TINUE 

DO 30 L=2,B 

T=K+L-I 

IFct,.n.T.I) GO 10 3G 

J=Q 

DO 40 Lb=b,P 

J=Jtt 

BL(I,J)291J(I,J)-C(L)tBL(K,I,L) 

 

Lit  CONTINUE 

F(I)=F(I)-C(L)4F(K) 

	

3. 	cOLT1NuE 

COtvTI4UE 

K.74 

 

1: .  K=K-1 

IF(E.E0.3) GO lo 2r 1 

Du 59 J=2,h 

L=K+J-t 

IF(N.LT.14) CC 10 5t 

F(K)=F(K)-f3L(tc,J)*F(U) 

 

5t  CONTIYJUE 

GO TO 

 

2riJ  FETUBr 

Eta) 
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C 	GENeRA7m. OF PESH FOR EItIT EllEyErx ArAhisis 

***3****41-**14.0 c*4of t*******,$44M4M*********** 

SURROUT1r4; 1,,E5h 

COInUN/b/ X(72t0),Y(2200),NI(440C,3),INDEX(2200) 

COmmflo/C/ 

COY:1011/A/ 11,a,c1,11,,D1,1)2,THETA,r1,N2,1,3,N4,15,k14..B 

COG.Sto/ PnI(72)v ) 

COMn0,../P/K1,K2,(3 1 1'4,KF,K6,67 

THETA=3,141592*THElk/Isc„ 

N=41;AmtR;Ahai 

Z3=3.tB ;2,2=3.113 

IF(THUTA,E0.0.0) GO TO 5 

ZI=P1 12°6(THETA)/SI1(THETA)-Z2 

TI=Z1*S/N(ThETA)/COS(ThETA)  ' 

L=1  NCC=P 

IF(Z1.01.0.0) GD 7C 10 

Z1=),1 1tri*COS(ThETA)/6IV(IHE1•A) 

z2=9,vZ1 ;T1=0.1*T 

ri=AWA7,2/Z3 

JF(N1.LT.12) N1=12 

N=r-1 ; AG=M 

GO 70 10 

T1=T;Lit() 11:C=4 ;NCC=0 

XXF=Z1+22443 1K(1:1 =XX8 ;Y(1)=0,0 

XX=7,2/A0  

Z=71 ;N=111-1 

12  00 15 R.-1,h 

AI=I ; INDEX1zu 

TT=711.(kI-1.)*XXtS1h(THETA)/CUS(THETA) 

VY=TT/A11, 

Ir(NC.G7.3) YY=T/A1% 

Z7=7,+(i.1-1.),IxX 

DC 15 dz1,('...-4) 

AJ=J 

K=(1-1)*(P+ )4.,14.L 
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X(K)=XX1..-zZ 

Tr(INDExl.g0.1) a0 To 13 

N(A)=(AJ-4.)*YY 

IF(J.LE,S) Y(h)=(A0-1,)*11/4. 

tr(Y(10.LT.D1.0R.NC.LE.3) GU TO 15 

1'00=01 ;IliDEX1=1 ;YY=(TT-D1)/(A+4-A0) 

CO TO IS 

Y(K)=Y(%-1)+YY 

	

C. 	CONTLItic: 

Ir"(NC.GI.3) GO £0 35 

117(t,CC.61:7.1) GO Tj 18 

L=N*(“4-4)+1, 

CC=1 ';r=2 

	

4 7 	XX=XX/2. 

Z=724-XX 

TI=TT+XXt3Iii(THETA)/COS(THETA) 

GO Ti 12 

IF(CC.E0.2) GO TO 19 

uCC=2 7,N=3 

GO TO 17 

TI=T ;D=D2 17)=7,1+7,2 ; 1NDEX2=0 

	

2; 	Y17=TI/AM 

IF(Ik0EX2.E0.1) YI=T/AM 

L=Wx(:!+4)+1, 

INDLX1=v 

DU 30 1.1=1,(P.441) 

ALI=LI;K=J41, 

X(F)=XX15-7, 

IF(INDEX1.EU.1) GO TO 2S 

JK=J ;KK=E+',44 

X(KK)=X(K) 

Y(F)=(AJ-4.)*IA 

TF(.7.LE.5) Y(K)=(AJ-1.)*YY/4. 

Y(KK)=Y(K) 

IF(Y(10.1,T.U) GO TO 3„ 
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Y(K)=0 

DEN0=4;+4-J 

yy=(T1-0/Dr-0 

INOCX1=1 

CC TO 3o 

25  Y(K)=Y(6-1)+YY 

CONTINUE 

IF(INOi-:X2.E0.1)G0 TO 60 

Kt=L+1 ;K2= K1+1 ;K3=L+LIK ;K4= K1+m+4 

oKI=JK-1 

M1=NC+N1+6 

Nc=M1 

L=KK-1 

35  1F(PC.NE.i)1) GO TO 40  

h5=h4 

Ir(O.E0.B1)G0 To 45 

f=112 ;AN=ti 

XX=(8-81)/Ali 

Z=Z1472+XX 

T1=2,7 *SIF(THETA)/COS(THETA) 

IF(TH6TA.E(+:0.0) T1=T 

1"2=t,C+N ;NC=A2 

GO TO 12 

IF(IIC.NE.K2) GU TO 50 

L=h+g2*(N+4) 

K5=b-C”+3) 

c!  iFcrL.E(.4.0.c) GO TO 52 

N=N3 ;A ;;=c ;XX=Finvi 

Z=7.1+7,20i-R1+AX 

T1=Z*SPI(Tmt:TA)/COS(THETA) 

Irtvit:TA.Et..0.0) T1=1 

”3=0C+N ;/C=',3 

GO TO 12 

50  IPCI,C.IE.y3) GO TO 55 

U=b+A3*(P+4) 

s;  p=r4-1 
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A!=- 111 ;XL-zit-A-HA/AN 

7,=Z1.42*E-FltrL4XX 

11=4*5I.;(1iIrTA)/COS(THETA) 

TF(THrDA.L0.0.°) TIC 

) q=1 C+  ;. 

GO TO ‘;'' 
S5 	IVI,C.!ft7..4) GO TO b5 

Z=z1 4- L2IR 

T1=2,- *6ITJTHf.sTA1/COSCTHETA) 

I1=T 

D=21 v:C=AC+7. 

1",,,X2=1 

Go fi.) 

K6=L+1 ;K7=L+JK ;L=KK-1 

JK2=Js-1 

5 ;11,,=7  ;XX=Z3/Ar4 ;XX=XX/4. ;N=4 

:6=.7,1+7,2+13-f - XA 
TI=7,*011,(TiiitTA)/COSCTUFTA) 

IF(TPLIA.En.Q. 1 ) T1=T 

"5= ,C+'1 ;4C= 

GU Yn 12 

IF(-re-"°5) GO Tu 75 
L=':4  .(,;+4)t11 7,16=nr+r, ;9C=M6 :6=2 

7,  XX=2.*Xx 

7,=z7,+XX 

TI=TT+VirSIN(THETA)/COS(THETA) 

GO TO 12 

IF(NC.%ii:.16) GO Tn 80 

L= *(d4.4)+1. 

c7=44C+A ;Ne=?,7 ;N=r5-2 

Tn 70 

n4  TiP=K  148-=''+64.JK1 

L=4 ; NE=c, 

h=r1 4h24.3+4.4+WS+8 

't=t,1 4,5 

,v2r-1-1-.4241.3-t'1+5 
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IF(THcTA.27:0.0.)  GO TO 125 

Do 121) J=1, (i'+3) 

flE7-1J 

II(%E,1)=1 

%I(,, ,2)=J+1 

AI(.4E,3)=j+2 

12 ,  CoUrIJOJ 

1==i. 

00 17n 1=1,k 

Kr.(I-1)*(4+4)+L 

IF(I.20.s1)=I*0.+4)41,  

Kr.(1-1)4.(1+4)+b+JK1 

Ie(I.Eo.14) K,7[*( 14-1. 4),,h+JK1 

Ir(I.CT.44) K=CI-1)*(14-4)4.L+JK 1 +JK2 

Du 165 J=1,(41.3) 

'I(t.E,1)=K+j 

4I(..r.:,2)=i1(vEstW4.4 

CJ TO 135 

IF(J.CT.JU) .((NE,1)=NI(46.1 )-1' 4  

'1I(4E,7)=K4J+0K1 

135  IF(I.W].42) GO 10 110 

IF(J.GT.JK2)N1NE,1)=1I(aC,1)-M-4 

dI(LIC,2);;N+0+JK2 

14^  NI('.E,3)=41(3F.,2)+1 

2.E=0.4+1 

34b  44:E=cit,-1 

a(NE,I)=Li(Jee,i) ; dI(NE,2)=NI(ht;;E,3) 

il(,3)=.1(42,1)+1 

IE(I.14r.+1) GO 70 150 

IF(J.c0.JK1) 

15.  1h(1.4E.12) r;0 TO 169 

IF(J.,.0.010) nr(NE,3)7=NICNE,1)-M-3 

10S  COVII:q_ 

1 
	

CIYIT I s. 

1,= is 
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C  SuBROBTINE FOR CAJ:COLATING FINAL RESULTS AT KEY POINTS. 

ms****444*******;******************3*********rni4*4*** 

SUBROUTINE, hCsULT (OrP) 

COmmOu/o/ X(2200),1(2200),N1(4400,3),INOEX(220n) 

COmm04/0 PL(2200,40),P(22000 

COMMO;JF/K1,1(2,K3,K4,K5,K6,0 

COmmON/G/pH101,PHIC,PRIE,Phio,PHIJ,XJ,YJ,GE 

Pro"0=F(K.3);PHIF=F(f.4);PhIC=F(K6);PHIO1=F(0) 

Gt=0.ci*O7P(F(K2)-F(Ki))/Y(K2) 

PHIJ=F(K5) 

I=KS YJ=0.n 

2c  I=I-(A+4) 

IF(X(I).GE.X(K4)) CO TO 3t) 

TF(F(.1).;,E.PhI,J) GO TO 50 

PHIJ=F(1) 

Lit:X(1) 

GO TO 2o 

3J  I=K4-1 

4, 

Ir (F(I).LT.PHIJ) GO TO 5t■ 

PHIJ=F(I) X.)=X(I) ;Yd=I(I) 

GO TO 40 

Xot-XJ/D YJ=yd/0 

RETORT. 

E:.1) 
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IF(Ttic:Tn.F:u.L) GO TO 123 

VU 120 3471,(/3-3) 

fitt=ki 

qICE,1)=1 

AI(“6,3)=J+2 

1 2  CLWTINUE 

177  00 170 1=1,4 

K=(I-1)*(14.4)+L 

TF(I,4:q."1)r.74*(M+4)+1, 

K=(I-1)*(A+4)+L+JK1 

K=Iv(4+4)+h+JAC1 

K=C1-1)*(0+4)1-L+JK14.4K2 

165 J=1,(1+3) 

13.  17.1-1 

GJ TO 135 

TF(O.CIT.JK1) t1t(NE,I)=NT(4E,1)-c-4 

,I(41.,:,2)=K+0+.1K1 

135  IF(1,47.42) CO TO 140  • 

IF(U.GT.OK2)NICUE,1)=31(NE,1)-0-4 

nrIA,2)=K+J*LIK2 

t4' 

 

 1I('H 

.%E=“1.+1 

145  :Ezg=“c;-1 

r4ICTIE.1)=NI( -IEE,1) ; JI(NE,2)=NTI(hEE,3) 

ii(t,g,3)=”i(r:O1 1)14 

IF(I,6E.11) GO TO 150 

TF(J.60.UK1) 0:(1.Z0)=NI(4E,1)-h-3 

15.  IF(1.AE.12) GO TO 165 

IF(J.w.J42) uT(NE,3)=dICJ4E,t)-Pi-3 

163 COU4M., 

COOTIn7r: 



169 

APPE:,D1X: A-2.3  PAGE:12 

..ao=:411...31-N5+11+L 

IF(A3.EW.j) %0C=7.1$ 5+10+L 

D0. 175 I=1,baP 

PO/(I)=0.0 ;I...fr.:X(1)=0 

175 CONTINUE 

10=1,41 

PHI(1)=0.0 ;1,.0).EX(1)=) 

DO 220 I=1,4,,48C 

IF(I.GT.(s14-L+4)) GO TO 135 

K=(I-L).11( 1+4)+1 

18;  PHI(K)=0.i 

T:4DEXCK)=1 

GO TO 220 

1PS  IF(a3.E0.0) GO TO 195 

IF(1.GT.(N14-r3+5+0) GO TO 215 

IF(N2,E0.4 GO TO 190 

TF(I.E11.(N1+1J+.5)) K=U:1+M21-41)*(M4-4)+JK1-44.1 

TF(I.(;T.( ,N11.5+1.4))1(=K+N+4 

GO TO 180 

IF(1.E(1.(N1+1,1-5))i(=($1+5)t(v+4)+L 

IF(T.E0.(i.1+L+6)) K=K+,W1 

IF(I.GT.(N1+L+6)) 6=K+M+4 

GO TO 180 

05  IF(I.EQ.(:414-1,+5)) K=(t4+N2+N4+5)*(M+4)+JK1+L 

IF(I.t.0.(1.1+L+6)) 

TW.GT.(N11-Li-6)) i<=htt4 

GO TO 210 

2rs  IF(1.EN.(41+N34.1J+6)) K=(N1+N2tt43+r4+5)*(Mt4)+JK1+L 

1r(1.0.(,1th3+b+7)) K=K+JK2 

IF(I.GT.((.1.03+1,47)) $.=r+t.+i 

21(  PHI(K)=100.0 

ItDEX(K)=1 

22 	CONTILUE 

RITOR“ 

E" D 
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C  SOR:OuTINE FOP CALCULATING FINAL RESULTS AT KEY POINTS 

C ,c*************;*****4***4**********************m**4#**** 
SHHROUTINt KESUI,T (Din 

COMMON/6/ X(2200),N(2200),N1(4400,3),INDEX(2200) 

CO1M0t,/E/ P11(2200,40),F(22040 

CommO,JF/K1,1(2,K3,K4,K5,F6,K7 

CrmmOL/G/pBID1,PHIC,PHIE,RHID,PHIJ.XJ,YJ,GE 

PKJO=F(K3);PHIF=F(K4);PBIC=F(Kb);PHIDI=F(K7) 

Gc=0.c140*(F($2)-F(K1))/Y(K2) 

PHIJ=r(K5) 

I=KS ; YJ=0.0  

2c 

IF(X(1).GE.X(F4)) GO TO 3u 

TF(e(i).1,c:.PhId) GG TO 50 

PHIJ=F(I) 

XJ=Y(I) 

GO TM 2) 

30  I=K4-1 

4v  I=/il 

IF (F(I).ut.PHIJ) GO TO Si; 

PHIu=F(I) ; XJ=X(I) ;YJ=Y(1) 

GO TO 4o 

5. X0=XJ/0 YJ=YJ/O 

RETUR; 

E;b 
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