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ABSTRACT

The stabllity of a hydraulic structure founded on permeable
goil has to be ensured agalnst uplift pressures and piping. The
problem of seepage under such structures belongs to a general class
of confined flow problems for which the method of solution by
conformal mapping was indicated by Pavl_ovsky (17) and Khosla {12).
These solutions are based on the assumption that the cutoffs are
absolutely impervious ahd flow takes place around them. In practice,
however, it has been found impossible to provide a leakage free
cutof £ pile below the foundation, unless '}t is made of concrete and
constructed monolithically with the gpron, In steel shd;;}iieq_leakage
may be due to improper interlocking or corrosion of sheetpile. In
cagse of cast ;lnsim digphragms the leakage may take place through

faulty joints. Imperfections may also §ccur in case of gréut curtaing
| constructed using llines of groui: holes., Bralma (3) studied the effect
of ‘single opening in a fully penetrating single cutoff resting on
permeable soil of fiﬁii:e depth. Dachler (8) and Ambraseys (1) determined
the ef fect of leakage through a fully penetrating cutoff with several
equally spaced openings. | |

Intermediate filters or drains can be provided below hydraullc
structures founded on permeable soil to reduce uplift preéslmes
regulting in gpreciable savings. Melenshchenko (14) and Numerov(16)
determined the effect of drainage hole below an impervious floor.
Zamerin (21) obtained the effect of plane drainage on the flow below
a flat floor or a gingle overfall founded on infinite depth of
permeable soll,

In the present work the problem of seepage belovw flat floor ﬁ&th
two asymmetric cutoffs, founded on perm‘eable soil of infinite depth
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with a filter of any dimension has been solved with the help of
conformal mgpping. In addition solution baged on the same method
has been obtained for seepage below apron with a cutoff and a deep
drainage anywhere, The cutoff may be either on the upstream or
downstream end of floor. The conformal mapping in these problems has
a special feature in that there are more than one continuous edquipoten-
tial and impervious surfaces. The solution indicates that provigion of
£ilter or drainage of even small dimensions reduces pressures consi-
derably along the entire profile of the structure, Further reduction
in pressure with increase in length of filter or depth of drain is
less"a; compared to initial reduction. The wlift pressures decrease
'on the downstream side and .‘mcrease on the wpstream side as the filiter
or drain is ghifted towards downstream. The filter should be locatd:l
such that ‘total uplift on the floor downgtream of the gateline is
minimum, With the increase in the depth of downstream cutoff uplift
pressures increase only élong the floor downstream of the filter.
Thé observed pressurcs, bel ow thleloor with two end cutoffs, in the
portidn upstrean of the drain are very close to those theoretically
calcul ated for this ports.qn neglecting d?vmstrean cutof f, The 6bser§ed
pressures along the floor downstream of|the drain are slightly less
than those theoretically calculated neglécting upstream cutoff. The
uplift pressures for floor with two end @itoffs and a deep drain can,
therefore, be calculated for \\osti-ean portion neglecting downstream
cut&ff and for downstream portlon neglecting the wstream cutoff,

The equations obtained have been uled for computation of
pressures at key points. The results have%een plotted in the form
of design curves. ',

The solution of seepage below a flé floor\with central leakey
| cutoff founded on permeable soil of 1nfinLo depth ‘9“ been obtained
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with the help of conformal mapping. The cutoff is assumed to have
single opening anywhere, It Is seen that wlift pressures increase
along the downstream portion of the floor and decrease along the
wstrean portion of the floor with the existence of opening &n the
cutoff, resulting in smaller drop in pressures across the cutoff.

The pressure drop reduces as the opening approaches the top of the
cutoff. When the opening is at the top of cutoff pressure drop across
the cutoff is nil, The solution indicates that even for a small
leakage at any level, the wlift pressures along the floor approach
values close to those obtained neglecting portion of cutoff below the
opening. The seepage discharge passing through the opening is maximum
when it is located at about O.4 of the depth of cutoff. The seepage
discharge increases with increase in the area of the opening and with
decrease in the length of floor.
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NOTATION

The following symbols are used:

a = transform~tion parameter

-

b= len?th of floor with end cutoff or cutoffs.

~

k
M
m

m

= hal

floor length in case of central cutoff

by= distance of drain or filter from upstream cutoff

d =

=~

or downstream cutoff, i{f no upstream cutoff.
depth of central cutoff, #

depth of upstream cutoff ' =

depth to the top of opening in central cutoff.

depth of downstream cutof £ '
depth to the bottom of opening in central cutoff.
incomplete elliptic integral of second kind. |
E{x/2,m) = complete elliptic integral of second kind

B(x/2,m')= assoclated complete elliptic integral of
second kind .

elliptic integral of first kind.
constant

Head 4n the filter or drain measured above downstream
water level.

Head in the upstream bed measured above downstream
water level.

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

F(7t/2,m" )= Associated complete elliptie integral
of first kind.

coefficlent of percolation.
Constant
modulus of elliptic &ntegrals

/{ -m2 = co-modulus of elliptic integral

N = Constant

p.pl = transformation parameters

q = discharge per unlt width nomil to the direction of flow
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Sn u = elliptic sine of argument u

t =1+ is = complex varlable resenting auxilia
# s%-infinite pla:zg i ? =

w =94+ id = complex variable representing rectangul ar
flow fleld, | presenting ?

z =x+ 1y = complex variable representing physical plane
«? = Paramoter of elliptic integral of third kind

B,r,6= transfomation parameters \

L = ?g +i?’) = ciamplex variable reioresenting auxiliary semi-infinite
plane ‘

2 v 2 0= transformation parameters
ﬂ(cy,«z.m)-.-, incomplete elliptic integral of third.ki\nd(y = anu )
M=T(x/2, «®>m ) = comlete elliptic integral of third kind

=T (x/2, «®m') = assoclated complete elliptic integral of
third kind

§ o0 = transformation parameters.
P = potential function '
_ C?"" argument of elliptic functions.

$ @ gtream function
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CHAPTER 1}

INTROUCTION
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l. INTRODUCTION,

1.0 The design of hydraullc stmcﬁures founded on permesble soils
presaents problems of complex nature. Besides testing such structures
for forces due to surface flow, thoi.v!13 stability against forces caused
by percolating water has to be ensure}j. Requirements of seepage control
determine the final design and dimensions of hydraulic structures.
Water seeps under the foundations of these structures, and past thelr
abutments on the flanks. Seepage flow exerts a pressure on the struce-
ture and tends to wash away the soil under it leading to plping.
Excessive uplift pressures and piping are often the cause of damage
to structures. A study of the causes of failures of gtructures founded
on permeable soils would indicate that most of the fallures may be
attributed to the destructive effects of seepage. The importance of
proper design and planning of hydraulic structures founded on permeable

soils is, therefbra obvious.,

1.1  The problem of seepage under a hydraulic structure belongs to
a general class of confined flow problems for which a method of
solution by conformal transformations wa} indicated by Pavlovsky (17)
and Khosla {12) . Basad on conformal t:r:an%;f ormation, general soclutiong
for various boundaries have been given by Muskat (15), Harr (11),
Aravin and Numerov(2), Polubarinova Kochina (18), and Garg and Chawla
( 6,7,9). These solutions are applicable for flat floor with an
a'symmetric cutof f, inclned floor or inclined cutoff, depressed floor
with symmetric or asymmetric cutoff, and finite pervious reaches,
These cases have been solved by assuming finite and infinite depth of
‘permeable soll. Some of these solutions !';‘gwe been obtained for
anisotropic soil also,

*
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1.2 It is seen that the design emginser has sometimes to provide
pervious floor or plane drainage in prder to economise in the design
of structure, Also even though a cuteff is meant to be as perfectly
| impervious as possible, due to congtjuctional uncertainties involved
in the fleld, there may be some leak%ge through it. The leakage in
sheetpiling cutoff may be due to impioper interlocking or corrosion .
of sheetpiles. Performance of such sheetpiles has been observed on
five completed dams of Missouri River and has been found relatively
ineffective for controlling under seepage. The head loss acmss‘the
sheetplling has been inijtially low but this has increased vx'&th time

as the piling gradually tightened. (13). In case of cast insijttj
diaphragms the leakage may take place through faulty construction
Joints, Imperfection may also occur in case of grout curtains

- constructed using lines of grout holes (_1) . The d,a;sién enginecer must
~also take into account the possibility of leakage. |

1.3 A solution of considerable importance was obtained by
MeleshcherKo (14) and Numerov (16) wherein they included the ef fect
of one or two drainage holes In the otherwise impervious floor. The
effect of plane dralnage connected to downstream bed in case of
seepage below a flat spron or a single overfall founded on infinite
depth of permeable soil was obtained by Zamarin (21). Sangal (20)
determined the extent of reduction in pressure: affacted by a flét
and deep fllter of particﬁlax: dimensions below the foundation of a
barrage with the help of electrical analogy model. No solution was
t1)l now available to determine the effect of plane drainage located

anywhere between the two cutoffs,

1.4 As for the possibility of leakage ‘through cutoffs, Dachler (8)
and Mnbraseys (1) determined the effect o leakege through a fully
penetrating cutoff with several equallyvskaced openings under a very
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long floer resting on finite depth of permeable soil by an spproximate
analytical method, Ambraseys detemi;\,ec} the effect of the leakage area
and the width of the cutoff on the elficlency of the cutoff. The
efficiency of the cutoff of negligible width drops to about % even
for a leakage area less than 1¥. Althugh the efficiency of the
cutoff, improves with the increase in fts width, the overall efficiency
falls below 20% for 8% open area oven if the width of cutoff i3 1/5
of its depth., Ambraseys did not study the effect of leakage on the
uplift prossures below the floor on either side of the cutoff.

Brahma (3) studied the effect o\f single opening in a fully penetrating
single cutoff resting on permeable soil of finite depth, His studies
indicate that the quantity of seepage through the opening of a
particular size depends uwpon its location., The influence of location
i3 more pronounced when the size of the opening is greater. The exit
gradient drops rapidly when opening 1s shifted from top to slightly
below it. Further lowering of the opening has l1ittle affect on the
value of exlt gradient, The drop in value of exit gradient is again
comp aratively rapid when opening 1s shifted down near the impermeable
boundary. Ramdurgatah (19) slso studied the effect of leaskage through
a central cutoff founded on finite depth of permeable stratum on three
dimensional electrical analogy model. Thiy study indicates that uplift
pressure on the downstream of the‘»cutoff%increase as a result of
leakage through cutoff (10). No solution @as till now available to
determine the effect of leakage through a cutoff in an infinite depth
of permeable spilo

1.5 In this thesis an attempt has been made to study both these
effocts ( drainage in floor and leakage through cutoffs) separately
in a more general form., The cases with th'i;‘r following boundary
conditions’have been studied: '\d

(i) Flat floor with two unedual cutoffs aml a plane drainage of any
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dimensions located anywhere between the two cutoffs founded on
tnfinite depth of permeable soil {Chgpter II ).
) i

l
(1) Flat floor with a single cutoffiand a deep drainage founded on
infinite depth of permeable soil, cutof f may be either on the
upstrean or downstream side of the drainage. (Chapter III ).

(1ii) Flat floor with a central leaky cutoff founded on infinite depth
of permeable soil, The cutoff is assumed to have a single opening
anywhere (Chapter IV ).

The solution to these problemé is obtained with the help of
conformal mapping. In the course of integration of transformation
equations standard results given by Byrd and Friedman(4) have been
made use. of, These integrations resulted into elliptic functions of
all the three kinds. These functidns werel evaluated on digital

computer for which a subroutine programme was developed.

With a view to verify the analytical results, the uplift
pressure;s along the profile of a hydraullc structures with the above
bouhdary condition were also determined on an electrical analogy
model-(Qhapter v).
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THEORE TICAL SOLUTION FOR INTERMEDIATE ~FILTERS
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CHAPTER II
THEORETICAL SOLUTION
FOR INTERMEIL ATE LTERS

1

2.1 LAYOUT,BOUNDARY CONDITIONS ANDMETHOD OF SOLUTION,

Consider an impervious floor B of length b'founded on a seml-
infinite homogeneous permeable soil structure as shown in Fig. 2.1(a).
The floor has a cutoff C' D' of depth dy, at the.upstream end of the |
floor, and a cutoff E D, of depth d- , at the downstream end. The
floor 1s underlain by an intermediate filter F G of length f , at a
distance by from the upstream cutoff ( i,e. AG=by). On the upstream
and downstream of the floor is pervious bed extending upto infinity.
The prvcfile is represented in zeplane as shown in Fig. 2.1(a).

The velocity potential @ of the flow through the pervious
medium under this floor satisfies the two dimensional Laplace's
equation: |

¢ =0 , ..{2.01)
In the present case @ = ~ kh where h is the head, and k is coefficient
of percclvation.

Without loss of generality we shall take h = O on the downgtream
water level, and measured above it h = H{ as the head in the _filzer
and h = H, as the head in the upstream bad. Then on the wpstream bed
M, ¢ =« kHy and on the downstream bed B4, ¢ = O,

The foundation profile A p' c' F forms the inner boundary of
the upstream flow and therefore can be -taien as the streamline ¥ = 0,
where ® 1s the stream function. The lower profile of the fi%ter FG
is an eQuipotential ® = -« kHy. The foundation profile GEDB forms the

inner boundary of the downstream flow a d may be taken as the
streamline § = q, where q Is the discharge per unit widtlt normal to
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the direction of flow, drained through the intermediate filter. Star-
ting from somevhere at the upstream end the streamline ¥ = q would
meet the floor GEDB in some point J where it would divide into two
streamlines, one along JG emerging at G and the other along JEDB
emerging at B. The potential along the floor GJEDB would be maximum
at J. The location of the point J would depend upon the relative
~values of Hy and Hp. As the value of Hy increases the point J moves
towards G and for a particular value of Hy , J may coincide with G,
In case Hy is increased beyond this valﬁe part of the seepage water
emerg;ing in the filtex ;anuld percolate downstream below the ’foundaticn.
profile GEDB, Intermediate filters which are provided to reduce
uplift pressures on the downstream portion of the floor would seldom
be drained at such a high level, "l’he analysis 1is, theréfoz;e, limited
to the former case, | i T
wl =%+ 19) re;;ﬁsents the complex potential. Condiﬂons in
the weplane are as shown in Fig. 2.1 (d). The region of complex
seepage potential is the ares in the weplane between the two vertical
lines M ( @ = = kHy) and B4 (@ = 0) and bounded sbove by the lines
AE(® = 0), FG (@ = - kHy ), and GIJEDB ( ® = q ). ="
To obtain the mapping from the z-plane to the weplane both the
profile of structure &in the zeplane and the éonplex seepage potential
in the weplane have been transformed into the lower half of the same
semi-infinite teplane tising Schwarz-Christoffel transformation. T-he
transformation of the weplane onto gemi-inf inife t-plane has been
obtained through an auxillary T eplane with the help of bilinear
transformation.
The following relatlons are thus obtalned ’
z = £ (t) {2.02)
w=FI(S) (2.03)
and T = Fy(t) S (2.04)
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Combining Eas. 2.02, 2,03 and 2.04
z = £(t) = £ Faml Fp~l (W) (2.03)

and w= Fy F» £1(2) (2.,06)

where z= x + 1y represents the physical plane, t = r + 1 5 represents
the intermediate semi-infinite plane, S =&+ iv) represents an
auxiliary semi-infinite plane, and w= & + 19 represents the flow field,

5,2  THEORETICAL SOLUTION
2.2,1 First Operation z = £(t)

In this operation the profile of the hydrailic structure in
z-plane is transformed onto the real axis of the t-plane, On the
t-plane the points A and c' are placed at zero and + 1. The points
p',F,G,E,D and B 1lie at N ,0 , ¢ , & , A, and p respectively. These
six positions are to be determined.

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

__t_:!__z____M (2 -M)(A =t )

at /) (6t )(n 1)

dz =3} -)‘lAL"‘()\\ */\L)t- t2

, . , (2.07)
A1) 8et ) (u-t)
Along the upstresm cutoff AD'C', 0¢t<}
Integrating Eq. 2.07 in this region
M 1 1
. dt t dt
D ond
1 | SH1-6)(8-4)(u - 4] *h) | /A=Y (6-2) (p=¢)

_f t2 dt
| /HI-606 -0 a-t) —l]
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Making use of standard formulae (4, Eds. 253.11 ,340 and 336 )

=a [- Mav Vo + (A +2) {6 Vo - (6 - 1)v1} -

. (2.08)

{62 Vo -2 8(8-1) W + (8§ -1)2 Vo}
E
where Vo = F (@, my ) = elliptic integral of the first kind
Vi =T (9, « ,m)= elliptic integral of the third kind

1
20’ 1) ( n2 - e&")

Vo = [ etls E (@,my) +(m§ - cs? )V‘:’,

+(2 2 m2 + 2 «3 2 )V py ﬁ sn u ¢cn u ‘dﬂ»U
q m ‘q“\ll. 1_"(%5“2“

E(?‘,gﬁl)a ellip'tic integral of the second kind

sn u =//mi‘l't’§

$ -t

Cnu a/-:t-;(j..-;%.) , : | (2.‘39)
- 5 - t ’

dn u J.EL.‘L)_L_._;)_

{u-1 ) 8-¢)
g =--Sin"1 6 (1 -%)

= ol i | N (2.10)
my = ,’g-((f-‘:f—%— {2.11)
u-
2, 1 | o
< 5 (2.19)

e (2.13)
/—(u -1) |
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on substituting for my, c(f , Snu, Cnu and dn u

1 B ' ?
V9 = m Lé(f»f»*l)ﬁ(?,m) "5(5'1) Vo “( 5'1) (u*3 54'1) Vl

- 8y () -t -t] (2.14)
& (e o

substitution of values of Vy ,V3 and V» &in Eq. 2.08 ylelds
b4
ﬁ;‘i == [— A A F(‘?.ml)-l-( >‘| + }‘2.) {6F(‘?,m1)-(6-1)ﬁ(?, ‘{. ml)}

- As(er1)F(@m) - 56 w-1E(G m)+

(s - 1) 6o +1 I(Q 492 smp)* 2= Bl -1)‘/-."(1“*-)(“'*-) ] (2.18)

8(u-1)(5-1)
At point D', t =2{, y = dy, therefore,
d
B—é-i-a - My F(%' ml) + (X +2) { 8F (9 » m) -
(8-1)M (Pt “%t ml)}' —é— s(8+1) F(@p', ml)-'%-* 5(n-2)E(Pp’ ,m)

r 205-1) (e + 6 w0 (9, B m)

1 a1y /2 (LAt adg) ( '.-16
e 1.)/5 (i g L=, ) 210

where @p' = sin"/.bi.l:'_).‘.l.%.
o Con

Also at point A, y =0, t = 0, therefore
¢ =n/2

and
0 = « MA Kyt A +h) {6!(1-(8-1)“1} - %.6(&1)!(1-%-5(;:—1)5

+ 4 (821) (54107 (2,17)
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where Ky = F(n/2,m) = complete elliptic integral of. the
1 /2vmy firat king, o g

E = E(n/2,m) =complete elliptic integral of the
second kind.

Wy =0 (1:/2,d,f,m])=coulpléte elliptic fntegral of third kind.

Along the floor between the two cutoffs C' FGIE14 <5

Integrating Eq. 2.07 slong the floor betwoen the two cutoffs

t

—--W--x MJ & SN : ' . dt
= =Mby - - ; < f\'k e -
1../t('c-l)( 5-8)( 1 -t) )1_/*:(’1:—15(6-1:)(;.; S b

. £2, gt

A j NS IO

1
Making use of standard formulae { 4, Eds. 254.10,340 and 336 )
t

-5 a{. My Vg + (x,wl)vl-—vz] (2.18)
l .
where V, = F ( P m )
Vl ﬂﬂ ( ? ng.gml)
= l 2 ' 2. 23 b
" agn g L2 S A

| | «* onucn¥ dnt
H2 2, 12+ 2 - £o32) Ve 2 v

(e Ond
_1‘(2 sne u
gt oty oo
sn u r-:/—:%t t-“l
‘ 5 -~ T (2.19)
Cnu 5“/"""-‘—-“—“( 1 T




™ ll -
= s1n'yl—6-%(§-§-§—4;—- . (2420
e (2.21)

2 o 81
9=

(2.22)

On substituting the values of mi ’ c(?,_ y SNy, Cnu, and dn u

Vo = - 3 b{u-1)E(@ym) - 3-8 Fgym) +

+-g-(u+a+1m<q, € m) e 2 -/m-;Nt-nt‘:u-ms—t?‘ (2,23)‘

substitution of values of Vo, Vi and Vo in Eq. 2.18 yields

gy = M Hpm+e 20T ) L5 (-1)E(Qm) )
+ 3-8 Hgm) - -+ 1T & um )

L _/ Sy (t-1) (u-£) (5 <) ( 2'.?4)
2 o g

At point E, x = b , t=B and therefore § = /2,

and nTI'" (S-~A2 0K + F 8lu-1) E' + 2 (2), v25 e80T, (2.25)

where xi== F(x/2 , m{ )

E'= E(n/2, mi )
and T‘l,_sﬂ('a/z. qg,m]'_)

Along downstream cutoff EDB S ¢ u
Integrating P.q. 2,07 along downstrean cutoff.

) N . t dt
v -H'h /(n-t)(t-ﬁ)( t-1)¢ +M)j-/(“—“““’°'5”'°'ﬂr

_J - 2. dt_ "‘

AT FU AN FUL Y i
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Making use of standard fomulae { 4, Eqs. 256.11, 340, 336 )
’im[.mh Vet A ) (811 + o) -1 vz ey

Mgl
+ (5.0)2 v;.}] | | (2.26)
£

where VomF(¢ ., m)

W =T1(Q, <2 ym, )

'r A e - Z) [“g EQumy) Huf- o )V, +

e(; snuU ¢nu dnu

(2 n2 +2 Zriam? )V, - - T
- sn*= u

-t

o Jle=)(x 8
<l s Py

e ue /Tt O8] (2.27)
- Au-8 Y(t - 1)

. . At le 1]

e 1)

, /(e -5) | s

o "l s 2.28)
? .Sin (e-8)}(t - 1)
2 = -8 (2.)
3 TR §

with these values of parameters

Ve ':.3'('5%”1')'2" [G(u-l) E(P,my) ~(8-2) (u-1) Vg +(8-1) (u+8-3) vy

- - “t-s)t (0 - t) ‘ '..3
Bla ”/s -1 ( & -1 J | (2.30)
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On substituting for Vo, V1 and Vo , Eq 2.26 reduces to

3 A, w0 | (6D THE,E m)+e(g m)]
Mgl

+ <& 8(u-1)E (9 ,mﬂ-{-%-(ﬁ-l)(n-l)-l} P ymy)

;!u-l) £{ t-8) (u-tl; (2.31)

+ .}é.(s-l)(u%*l) ) (¢ r"‘% omy)= '%'./ t-1

At point D, t =AY = dg ’ therefore

~9~2-=)‘»7‘2 Fg Jmp)~{2+2,) {_ (8-1) Ti{g, "% ma)+ F((?D’ml)}
Mgl

+ 48 (D) (G, um)- {-;g- (8-1)(-1)-1} Flg,,m)

Dalu=1) (he =8 (b= 22)  (9.32

4 ..2;_.(5..1) (g+5+1) “ (C?D Q%’ ml)' %..; PR}

: (H*l)(x1~5) : :'3
in which C?n =l Sin " oo D) (2.33)

Also at point B, y = 0, t=p , therefore ?ﬂ/?
0= M MmKy-(2 + A) {(5-1)“3 +Kl} +—$—&(u~1)8-{ %—45-1)(&1-1)-1}141

+ A (8-1) (ras)) T (2.34)

where 11, =1\ (n/2 , «% ,ml)
Adding Eds. 2.17 and 2.34

N+ Ay = .._&..‘.taéf_l.. o (2.33)

SUbStitUti“g Eq. 2,35 in Eq. 2.34
o K - ~' ' . ) ’
2 K,

Kq
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From Eds. 2.3% and 2,36

1
el )
nom Mmoo (HEOELN2_ 5{,,( Ki-B 4y, _E } (2.37)
k 2 . Ky Xy

From Eqs, 2.35 and 2,37

N o= {u 46+ 1) %_.l..%-(u-t&ﬂ)a- 25{ p(®1-E) , ...§..} (2,38)

4 Kl

-

: b, .
+6+41) . 14 .1 2_ Kya

Substituting the values of 2, and A,in Eqs. 2.16 and 2.24 and
combining

R . ' ) (t-1){ u -t} (6-t) |
| ("KI 1)F(C? tm1)+ E(‘? 'm}. )“-—/ X 5(oel) (2.40)

£ Al m)-zlg m) +/}, (1 -x)u -2)

5 (p-10(8 -2
- . /‘( t-ﬂal
where?»: Sin” v ]

LTS
Gy = sSin 1../ (s -9 1}

From Eqs. 2.16 and 2.25 after sgubstituting the values of > and A,

X
K-

=

E
} (= ~1) Ky + g -
-;i- - -8 . (2.41)

E_ 20120 (e -2,)
X3 K X smy) -E (cyouml) + RIS

]



- 15 -
Similarly from Ed. 216 and 2,32 after substituting the values
of %\ and 5.

( %‘_-&6)( u "})
B > =
4y B(%.ml)--ﬁp‘%'l) —/6(u-1)(9~x~1)

(2.42)

d =
l(l'%)(“"%)
-E- ’ - ) .
¥ F (@ my)-E(Q,’ ym1) +_/ 1) (6o
At point F, x = by« f, t=0 , therefore from Eq. 2.40
B ' ' (0=1) (u=0) (8-0)
by (K{"‘” F (9, ym)+E( P om1)~_/ —— ) .
dl = i ' . : (2¢43)
- ; oy 9‘)( 1-?‘;)( H-?‘;) ‘
R Fgy vm) -2 ¢ ym) "-/ 8 u =138 -2) ’
- _1 6( f - 1 ) f
_uwhich% sin /a(a = |
: |
similarly at paiat G, x =by , t=%, therefore from Eq. 2,40 i
!
b ( - 1)F ( vml)"‘ B( :ml) (f-1)(u-9 )(6-7) y
1 Ky s B ./ 55 (u-1) (2&4)

F A A0 Gulaad "\
'1%" . % o) B9, ,my) ".-/ 8u-1)(d-2)" ,\
_inwhichC?zSin‘l/M o\

- 1) |
Bqs. 2.38, 2.39 , 2.41 to 2,44 enable to determine the values of '
Noe A2 dyu,andy respectively. , r B - E \

2,2.2 Second Operation w= #1(% ) ' o
In this operation the flow fleld in weplane I Fig. 2.1(dﬂ

1s transformed onto the semi~infinite S -plane E’ig. 2.1 (c)]

The points B, A and F are mapped InT-plane at + @0, O and + 1 N
respectively. The points M, G and J 15e at = p , a and py respectively.
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The transformation of polygon MAFGIEM in w-plane onto
T-plane is gien by
(p1 -¥ )
S+ p) /3-8 e-%)
Alona the portion AD' C' F, 04S<1 -,

Integrating Eq. 2.45 from O to¥ in this region.

=T =N

{py -T)d¥
(5 +p)_L£T1-X(a -%)

cb-tkanNJ

o

Making use of standard formulae ( 4, Eqs, 233.19 and 340.01 )

@+ kHo = -%?3 [(P],*p)Tr (@, «@ ,ms) PF (g,mo) |

where ¢ = sin=l /=

m2 = "—-l--—
__,/ a
2 1
q = - v
4 p
92 = i--m-?-u——-
/ &

At point, F, ® = = kM and T =1 , therefore
, N | B

in which ﬂa,ﬁﬂ( x/2, «2 o )
Ko = F( n/2, mp )

From Eq. 2.51
pk(Hy, - ¥ )

Ngy wm -
(Pl'* pﬂTq -pK2

(2.45)

(5.46)
(2.47)
(5.48)
(2';49)

(2.50)

(2.51)

(2.52)
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Along the portion F G, 14SL A

Integrating Eg. 2.45 in the portion from 1 toS

s
J (P1'§ ) df
L (5+p) I a -2

3
1) S s =8

i

Making use of standard formulae ( 4, Eas. 235, 18 and 340.03.)

ib ai\’?&z.t e Mg, 4§-m2) -‘31_ F(cf,mg) ] (2;;53)

where als=1 ) \
. B .
o e 1 ATE (2.54)
@ = Lel)p : (2.55)
a(l + p) |

aw]
_A’* : *‘»./“"‘"""" (2.56)
At point G, ¥ = q and¥= a, therefore 2.53 reduces to

. =m2[-P% +p 'ﬂ‘ - l KQ] r (2.57)

where, q is the discharge through the filter,
{
ﬂs?—‘“(ﬁ,’?, “’g ’ mé )

and K5 = F(n/2, mé )
Substituting the value of Ngo, from Eq. 2.52 in Eq., 2.57

q___ plppp)ls -Py(14p)Ky

a 1 | (2.58)
k(i B) (1) [(eyp )T, 9K |
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Alona_the portion GJ E DB, A 4LS&Q

Integr%tim Eq. 2,45 in this portion from a to ¥

- (pp -5) dr

Making ugse of standard formulae (4, Eqs. 237.18 and 34C.01 )

Py-1
¢ + k) = Ngg

1+ p

(1+p)( atp)

1 e
in whichQ= sin-}_/ 3;_ ;

£ s LB

6 atp

At point B, =0 ,fﬁo@ andg)zn/z. therefors

P1- 1 (a=1)(Py +p )
kHy = Ngg [W K2 - ﬂéj

(1+p)(a + p)

where |\.= T1( n/2, er% y T )

From Eqs. 2.52 and 2.63

K Q ymp) - (a-1) (Py+p) T

Hy p[(p]_-l)(a*p)l(g -(a-1) (Py#p)TY
H -1 (14p) (rp) [Tpr+ )Ty -0k |

The value of Py can be detexmined from Eq. 2.64

o) ’(ﬂp)Kv)nC]‘I‘ Ko + Cy rTL*-F pl &-1)[1,

P platp)Ks - Cy r“t*- pla=2)11,

in which r = -—-—-i—-
Hy- Hy

and C1 = (1+p)(atp)

(2.59)

?,u(% ,m)] (2.;30)

(2.61)

(2.62)

{2.64)

(2.65

(2.68)

(2.67)
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2.2.3 Third OperationS =Fg (t)
The transformation of T~plane onto the t-plane is obtained
with the help of the following bilinear transformation

. .t :" "‘; ; (2.68)
¢ (y =- : '
or ‘
t = —— f“d (2069)
- o + u-o

At point G, S=a and t =, therefare

e o) (2.70)
o(p=~5)
At point M, $= - p and t =0, therefore
g0
: 2.71
p = - (2.71)

2.3 UPLIFT PRESSURES

2.3.1 Uplift Pressures below upstream floor, ap' ¢ Fs
The uplift pressures below upstream floor can be determined
from Eq. 2.46 after substituting the value of Ngo

®+ kHy (p;‘*{))“( (?o(g lm?)"PF(? omﬁ) (2,‘72) :

k(Hp-Hy)  (py#p) TT~pKo

or

‘ - | ' & . 1. ' ..
E‘i = pLK?‘ '%;rF(? omsz)] ~(pytp) ﬁ“‘r’-ﬁim?'“‘% 'm?):] (2.73)
Hy (pfp)“or‘ pK?

where § = sin~l /%

.

and » is given by Eq. 2.66 (2.74)
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In case the release in the filter is provided at the downstream

water level, H = O , therefore r = 0 and Eq. 2.73 reduces to

°* P[KZ‘F((Y 'maﬂ - (p1+p) [ﬂ; -1 (cf.df,mﬂ_l

(é.m)
k2 (py+p) Tl -0k,

The values of p, P} , mp ,§and § are given by Egs. 2.71,
2,65, 2448, 2.74 and 2.68 regpectively. g
At point D', t =, therefore from Eq. 2,68

th - i -0 )

{2,76)
3(1‘1 ‘?\,) ’
and so from Eq. 2.74 ‘
ANy -a)
' g A0 (2.77)
?D "/ d( u “}‘l) '
and from Eq. 2.73
Opy p[K" -F( gy "m?)] - (py+ p) Eb,—ﬂ (%"«3 .m?)]
kH | _
9 (py+ )10y = pKo
At point é‘ st =1, so from Eq 2,68
?C' = “ - & (2-79)

¢ (u=-1)

/B =o |
(fé =Siﬂ.l m (2080)

et "[K?'F‘?’a ;“‘9)] - (py+p) Eﬂ,«- Tﬂ%;qﬁ ,mQ{}

- - (2.81)
i (py+ p) TT4- pKo

2.32 Uplift pressures below downstream floor, GJ E D C:

The uplift pressures below the downstream floor can be
determined from Eq., 2.60 after substituting the value of Ngp
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suly b (py-1){ 3#p) F(@,me) - 1) (py#p) (9. 2,mp)
MiFy)  (L+p) (awp)

(282)
(py+p) TN 4-pKo)

[T- a .
where @ =gin-1 T- 1 ' (2.83

In case the release in the filter 1s provided at the downstream

water level, Hy = 0, Eq 2,82 reduces to

o 5 (py-1) Ca#p) F(9,mo) - a-1) (py +p) (g ,Z,m,) (25
kg (14p) (a+p) (py*p) T4 =Ko

The values of p, py , My , § and ¥ are given by Eqs. 2.71 , 2.65, 2.48,
2.83 and 2.68 respectively.
At point E, t =Swm

bY Sl - o)

E = TP (2.85

= a | o

Fe = 51,,-1._/‘ — (2.86

CF E = | P (plﬁl) ( a"‘P) P( (PEng)i( 8-1) (pl'i'p)ﬂ' (cfe .e%.mg) (2"87
kHp (1+p) ( a+p) (py+p) WAr ~pK ,

At point D, t= ), '

Sp w Lafe o) e

D e(“ -7\1) ) . ' . (2088

. D- a o

Pp  wgtn-l / zr 7 | (2.89

| (py =1 (24p) F( @ ,mp)-(a-1) (py+p) TT( ;«2. ) -
CF.D _ P 1 %o Dot b0)

By (14p) (avp) (py*o) T, -Pa
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The maximum preasure below the downstream floor occurs at
soint J, whereS = p;. The pressure at J can be determined from
Eq 2.84 after substituting the value of 4, and other parameters.
The value of 9,7 is determined from Eq. 2.83

@3 p (py=1)(atp) F(Q_,ms) ~(a-1) (py+p) T ( qay,«g. o)
kHy (1+4p)(atp) ‘PJ.*PWA, “pKo.

(29

In case the water level at the filter is increased above
the downstream bed the Quantity of seepage inte the intermediate
filter decreases and the point of maximum pressure J moves towards G,
and the two may ultimately coincide. At this stage the maximum
uplift préssure i1s equal to the head in the filter. If the head in
the filter increases seepage takes place from the intermediate
filter to the downstream bed, the maximum uplift pressure continuing
to be the game. L

The critical value of Hj/Hp at which J coincides with G is
obtained from Eq 2,64 by substituting pi:a

Hy p(a-1) {Kg - We]

(2.93)
B pla-p-2)Keor(14p)( atp) 1T, -pla-1) Tlg

2.4 RESULTS.

The equations derived above have been used for computations
of wllft preggures. These calculations involve the use of elliptic



functions of all the three kinds which were corﬁputed on fhe digital
computer {Appendix II ) bacause tables for the reduired range were
not available., In order to facilitate the use of above equations for
finding wlift pressures at key points, values have been computed for
different combinations of variables invelved and plotted in the form
of curves. The analysis has been made for s floor with two end
cutoffs and intermediate filter, The actual profile of a structure
mostly conforms to this geometry. It is, therefore, not necessary to
break up the actual profile into elementry profiles, and the results
obtained have can be directly used for practical design. As will be
seen interpolation of values is very eagy and accurate and can be

safely adopted for design.

The uplift pressures at key polints were calculated for assumed
values of & and u and various values of ¢ and Pso as to cover all the

possible dimensions of a structura., The curves cover the values

-%i-ﬂ 5,10,13 and 20, '%‘= 1, 2 and 3, £/d; from 0.0 to 1.0 anywhere

between the two cutoffs. The uplift pressures at'D, E, c'y D' and J are
given. The locatlon of J is also given,

| The uplift pressures at D, E, C', D' and J have been plotted

in Figs. 2.2, 2.3, 2.4, 2.5, and 2.6. The location of point J has

been given in Fig. 2,7. |
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CHAPTER I

THEORETICAL SOLUTION FOR DEEP FILTER DRAIN
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CH®PTER III

THEORETICAL SOLUTION FOR DERP FILTER DRAIN

3.1 LAYOUT AND BOUNDARY CONIITIONS.

Consider an impervious floor A B of length b founded on a
semi~infinite homogencous permeable soll structure with a single

cutoff. A deep filter of depth f has been provided at a distance by

from the cutoff. Two cases have been considered: ,
(1) cutoff of depth dj at the wstream end Eig. 3.1(3):]

(1i)cutoff of depth dy at the downstream end E’ig. 3.2( a)] + On

| gither side of the floor, pervious bed extends upto infinity. Aldng ‘
the downstream bed B M vwe assume the potential ¢ = 0. Then along the
upstrea;p bed AM the potential is @ = -kH, were %.is‘the upstream
head measured above the downstream water level, _

The foundation profile A D' ¢' F G J B forms the inrer boundaxry
in case of floor Ath upstream c utoff (Fig. 3.1) and AFGJIEDB
for;n_s the inner boundary in case of floor whth downstream cutoff
( Fig. 3.2). This inner boundary baundary reprasents stream-line $ = O
upto filter draln i.e., between ‘A and F and streamline ¥ = q between
G and B where q is the discharge per unit length normal to the
direction of flow, drained through the filter drain, Either‘ face of _
the filter FF' or F' G, is an equi-potential with & = « kHy, where Hy
is the head in filter measured above the downstream water level., T-he
potential along the floor downstresm of the filter drain is maximum at
some point J because the flow along the floor wstresm of this point
is towards the filter whereas on the other side it is towards downstream.
As already indicated in chgpter II, the location of the point J would
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depend upon the relative values of Hy and H, . As the value of Hy
increases the point J moves towards G and for a particular value of
Hy, J may coincide with G. In case Hy is Increased beyond thig value
part of the seepage water emerging in the filter would percolate
downstrém below the foundation profile, Intemediate drains which
are provided to reduce uplift pressures on tha dewnstream portion of
the floor would geldom be drained at such a high level. The analysis
15, therefore, limited to the former Case. The method as indicated
in chapter I1 has been adopted for solution.

-

3.2 THEORETICAL SOLUTION FOR FLOCR WITH UPSTREM CUTOFF,

3.2.1 First opeoration z = £(t)

In this operation the profile of the structure in the z-plane

is transformed onto the real axls of the t-plane (Fig. 3.1), The

points A and c' are placed 8t O and + 1. The points D', F, F', G and

’ B lie at My, & A ¢ and ¥ . The values of these fivé trangfomation
p arameters have to be determined. ‘

The transformation mapping of z-plane onto the t-plane is given
by Eq. 2,07, The mapping from A to G &s identical with the mapping in
chgpter II from A to B except that we have to. substitute by for b, and
£ for dm. Also the points F, F' and G correspond respectively to points
E,D and B in chapter II. Eqs. 2.41 and 2,42 tske the fomm

(E-- 1) k! + E :
2 =K : (3.01)

o — ,
5 /7\,(1 20w -2))
-E-i. F (%} omy ) - E( % 'ml) +__f {u - 1) & "2")
| _ B , ‘—/ 7‘,_( (/\7:-6 )(u ”}\L) A
;. B4 4my) A3 Fg/m) 6 (u -1 )(2~17) (3.02)
dy ‘

E ~ (1 “AMu -2))
Ky F9gomt)-El g, 'm1)+~/ 8 (g - 1)(5 =2,)
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AN
(2=8)( 2-1)

where QF: =Sin”

Along the floor G B LeLY

Integrating Eq. 2.07 along this portion

4 ‘ ' x

Xeby J dt J t. dt
» YA . - (Nith
. AT TR ) L SEED (8 (),

*

2
4 [ Bkt e T
L S (68) (¢ - p)
Making use of standard formulae (4, Eqs. 258.11, 340,336)

X

“E’g%"' gE‘ Ny Vg =>4 A) {(;z.-é)vQ + 8 v;} +{ 52 v;, +2 8{§h-8) W
| + (1-5)2 vg}] : ~ (3.09)
where V; 1) F(IQ ,:mi) | | |

Vo =TIy . )

X | l | | ‘/‘ . | -
Yo & 2(%_’_1)(“,% -“—?’ [ ‘*3 E(9 my) *{mf - ﬁg) Vo

: «* sn u Cnu DM
2 12 2 .ol ahd e TF
+ (2 02 + 242 -} 302 ) Wy - T o2a

u = /:5(1:‘:1)
Sn U *—T_——ut~6) ‘

u Lty -8 ) {3.04
Cn ”—/ Ll.';t -‘6 ) ' )

o _ Juee)en)
an -/(,u-»mt-“a)
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8 (t - u) (3.05)
”Si“'l-/ = 8) |

\ )
m =/

@ = B (3.06)
7 5

On gubstituting the values of mi ’ c@[ y Snu, Chnu, and dn u

o= m{ 8(u-8)El ¢ ym)- 8{u-1)E(Q ymg )-Riu-5)(36-yu-1)

[a(u 1) (t-u)(t - 1)’6} (a..ov)
“(@ ‘% 'ml ) + t -8

Substitution of values of Vg , Vy and Vs in Eq. 3._03 yields

x—

! NP el h o A {e -8 )T &% ,m)+ 8F ;')
Moy =Ny LF(C?,ml) (N4 z){ K G?‘@ 1 \ @ ml}

+ - 808 E (g m) - L 5(u-1)E( g .m1)+ 5 (u-8) (u+641)

' 8(pel){teu)(t-1)¢ (3.08)
Mg, G m )+ ‘%’J/ : (t-—a;‘

Substituting the values of >\,\ s 2o and Mgy from Eqs. 2.38, 2.39 and
2.16 respectively, we obtain,

' \ t(t-u)(t -1 )
xhy (10 ) g m)-z (g ) *—/6 (u-1) (£ =5 )

{3,.09)

G E K Y-E(0 ,m) + A, (1-?&)(7&&;7\1)
Ky m R G 8(i- 1)(8-7)
At point B, t =~4 and x = b, therefore _
P , /T |
-bl ( 1 "K’i) P( Q@ .ml) -E ( qe ’ml) 5(““1)(Y‘5) (3 .10)

dj

?‘|(1'?‘\)(N“7‘))
T("i ®o, mp)-E (g om) "'—/ 6(u-1 )(8-7))




where %s sin-1 _/ i (rj :g;

3.2.2 Second operation w= F} ()

The layouts of the w-plane and § -plane in this case are
{dentlcal with the corresponding layouts in chapter II and therefore
the transformation is identical. All the equations derived in section

2,2.2 remain valid in the present case.
3,2.3 Third operation S =Fo(t)

The transformation of S-plane onto t-plane is obtained with
the help of bilinear transformation,

g ¢ 7. 5)
8(Y- t)

2~

{3.11)

or
8YS

{3.12)
Y +Y =8

t

At point G, S=a and te , therefore,

(Y - )

R . . (3.13)
5( Y = u)

a=

At point M, S=. p and t =X therefore

p = ig_.é.. & C (3.14)

3.2.4 Uplift Pressures

The uplift pressures below the upstream floor, A D' C' F
can be determined from Eq. 2.73 or 2.75, The values of p, Py, ms ,
9 and § are given by Eqs. 3.14, 2,65, 2.48, 2.74 and 3,11 respectively.
The pressures at D' and C' for the case Hy = O are given below
_‘_SE__ - _DE(?‘ FQy .mzﬂ~ (py+p) EL‘: - Ty .*3 ' ’mg)} ' (3';‘15)
. (pr4pYl.~oKA




‘m‘

MY 8)
K- ~1 L (3.16)
where 43 Sin 50T - )
Pc! [Kp -F(fy:.mp)] -{p3*p) [TT - (g, .m9)] (5.17)
ki (py+ p) Ty -PK2
Y-8 '
where ‘?c: =sin~1 5 (7-1) (3.18)

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

33 THEORETICAL SOLUTION FOR FLOOR WITH DOWNSTREAMM CUTOFE,

3.3.1 First operation z = £ (t)

In this operation the profile of the structure in the z-plane
1s transfommed onto the real axis of the t-plane {(Fig. 3.2). The
points B and E are placed at O and + 1. The points D,G, #',F and A lie
at N, & 4 A, » and Y. The values of these five transformation
parameters are to be determineds

The mapping of the z-plane onto the t-plane is given by
BEq. 2,07 and is identical to that obtained in 3.2,1 except that
direction of €low in zeplane in relatfon to boundaries has been
reversed or keeping the direction of flow the same, the profile of
the structure has been reversed. Also the points A,D',C' and F in
section 3.2 are replaced by B,D,E and G respectively. The points G
and B are' replaced by F and A respectively. Eqs. 3,01,3.02, 3.09 and
3.19 take the form,

by {-é--l) Ky + E' .-
5 (3.19)

MNAL =N) (=)
S(e-1)(8-2)

5 F9, m)-El q om) +



nSOQ

£ 7\7_(?‘7."' ) -2) .
f Bl g om)- - Flg. 'm’-):/ Slu -1 ) (2.1 (3.20)
d 2 (1 -2) (e -2)
F; Fig, e -eg,m ) 0/ (- 1) s -2
' He - t - 1)
E H ' '
x<by (1 - Y;)F( 9 'ml) E( g ’ml)t/ 6 (1 -1)( ¢ - ‘5) (3.,21)
dy " | Ao b Ll Y0( u;%)
E -E{ @ ,m) ' : )
-k-i- F( f?b:ml) ( C?D m + & ( g -1 ) ( & ..?x,)
, : v ¥ ) V(Y J(Y=1)
ot i o Ll = S e L s T

%

MNAL A e 1))
B A 1 ! !
oy F“)DD my)- E ( C,S)D M) *-/5 (b =1 ) 8 -2)

(- (2w 8 )
(p - 8)(x=-1)

Bk = )
B Si”*l-/ (5 -2)

8( ¢t «p) ' :
= -1 ' \

wherecy'u Sin~1
F

The remaining parameters are defined in section 2.2.1
3.3.2 Second Operation weFy ()
The layouts of weplane and the ¥ -plane in this case are

identical with corresponding layouts in chapter II and therefore the |
trangformation is identical. All the equations derived in section » 2.2
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remain valid in the prosent ¢3se also.
3.3.3 Third Operation S =Fo(t)

The transformation ofS -plane onto t-plane, in this case 1s
obtained vith the help of bilinear transformation.

o _wl¥st) (3.23)
t{Y-u) |
or ..
t = ﬂ:( . ‘ ’ (3.24)
N QTR ETT

At point.G, S= a and t =8, therefore

.a#An(i("s) e | | ey (3.25)

8 {Y~u)

At point M K== - p and t =X , therefore

p ™ _u | (:3.‘26)~

3.3.4 Uplift Prossures

The uplift pressures below the wstream floor A F for the case
Hy = O can be dotemined frem Eq. 2,75. The valuesr_gf P, .'pl, My @ and
S are given by Eqs, 3426, 2.65 , 2.48, 2.74 and 3.23 respectively, T-he
corresponding pressures below the downstream floor GIEDBis given
by Eq. 2.84. The pressures at J, E, and D are given 'by

(1) {ap) F(g, jmy) ~{ a-L)(py+p) TT (G, 5 4mo)
(py4p) T4 -pKo | “

¢ P '



eo  p (py-1) (atp) K@ \mo)=(a-1)(py4p) TT (g .«g.m?) .
kHy  (l4p)(atP) (py+p) T ~pKo
where ?J =gin~d LS
P~ &
Sp =2 © MY - 1)
= -1 B 2 cmmmimoaeman
G‘}E Si# ./S’E-l i (Y -u)
; ~a (}/-)L))
= 'l/ D . ,‘gD = ..E'_____.__,___
§p =stn T MY )

3.4 RESQULTSE

The equations derived in paras 3.2 and 3.3 have been used for
computations of uplift pressures. The values of upllift pressures have
been computed for different combinations of varisbles involved and
plotted in the form of design curves. The curves cover the values of
b/dy or b/dy upto 20, £/dy = 0.2 to 3.0 , £/dp = 0.2 to 1.0 ,b)/dy=4
to 10 and by/dp = 1 to 4. The pressures at J, and D' and ¢' or D and E
have been plotted. The location of J is also given,

Those curves have been plotted for simple profiles consisting
of a flat floor with g cutoff at upstream or downstrean end and a deep
drain anywhere along the floor. In an actual problem of hydraulic
structure, the foundastion profile ig more complex. But it can be

reduced to simple elementary profile and pressures at key points
determined,
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CH®TER 1V
LEAKAGE THROUGH CUTOFF

4.1 FORMULATION OF THE PROBLEM,LAYOUT, AND BOUNDARY CONDITIONS.

Consider an impervious floor A B of length 2b vdth a central
cutoff C D of depth d, resting on a permeable soil of infinite depth.
There s a contimuous gpening Dy Do in the cutoff due to reasons |
mentioned in para 1.2, at a depth dy and the width of opening is
do-d] . On the wpstréam and downstream of the floor is pervious bed
extending wpto infinity, The profile ie¢ represented in z-plane as
shown in Rig. 4.1 {3).

The head on the downstream water level is assumed as zero and
me asured above it, H is taken as the haad on the upstream bed.
Therefore ¢ = - kH on the upstrean bed AM and & = O on the downstream
bed, where ¢ 45 potential function and k is coefficient of percolation,
The foundation profile AED) C B forms the inner boundary of the flow
and represents the stresmline $ = O, The opening Dy D» &n the cutoff
15 an equipotential ¢ = - -%*i due to symmetry. D D is impervious

cutoff below the opening and represents a streanline ® = q , where q
1s the discharge passing through the opening. Due to symmetry potene
tial at D is also -kH/2. The foundation profile and other boundaries
have been shown in weplane in Fig. 4,1 (c).

Both the profile of the structure in the z-plana and the flow
field in the w-plane can be transformed on the lower half of S -plane. .~
The problem can be solved by combining the two relations obtained thus.
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4,2 THEORETICAL SOLUTION
4.2.1 First Operation z = £(5 )

“In this operation the pmfile of the structure in z-plane is
transformed onto tha real axis of the S -plane. The points ¢, D and
E are placed at + 1 , 0 and - 1, due to symmetry and the points Do,Dl

and B lie at ¢ , B and,
: The transformation edquation that maps zepl ane onto the¥ -plgne

is gifan by K
z‘-qjgﬁl | (4.01)
or |
This gives f: 1l (_gg.)z | = T . (a.03) |
ey 4 (-%-)2 | '(4.05) |

where Y)Bys o0 ,

4.2,2 Second Operation w= £ (5) ,
In this operastion the wplane is transformed onto the T-plane,

The points of stagnaﬂon Dg and D3 are placed at + o and - ¢, The

transformation equation is given by |

| (3" 02 o
:; - J‘§‘~9‘)(~§"—ﬁ2; (ve.TY) 409
Substituting - t
Eq 4.06 reduces to
- d"‘ Le-2) (4.07)

"% S (-8 (t-62) (2 -t )¢
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Along the lower impervious portion of cutoff D Dy , 04549,

Integrating Eq. 4.07 in this region

J dt

@ +kH/2 = A

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

d + kH/2 3829'[‘.{\_{“ ((f o“f Om)"F(¢ .m)}' 0.2 F(Q gm)‘l

—

(Y= )(gY)
FY-37)

where ¢ =sin-l

(Y- g2 )p2
(Y- ¢™)p2

&= - A=

Y -

2
Ji1-94)p2

3 =

At point Dy , @ =- kH/2 , S=+ £ and § =x/2 therefore
Eq 4008?191d8

r Kae
0’2:“! mE&

where K = F(%/2 ,m)

M=/, € )

- % "
21 ) /=020t (e ) (82t (V% ¢)

(4.08)
(4.09)

{4.10)
(4.11)

{4.12)

(4.13)
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Along the gap in cutoff -D» Dy , S’Lféﬁ .

Integrating Eq¢ 4,07 in this region

N t
$(-q) = A -[ — x/ T
) = — S——— STty e (7 | eeveseee e ———
24 3 g\- J( t_ym)(Bzht)(.{'\—'t ) ,91__ ../t( t- ?z)(ﬁzot}(\(l;t)“

Making use of standard formula (4, éqs. 254,02 and 254,00 )

w . ‘ |
- q ,._._,53[? W(‘?oé tm’ )~ 0'2' F(q) om, )-! (4‘14)
where(?zsin‘l/ B2 (¥~ ¢ ) ' (4.15)
{82.' PL)CL | | :
‘w'= S1-m% (4.16)
2= B d '(4‘;17)
2 pe
At point Dy , $=0,5 =+8 and @ = 1/2 therefore
Eq. 4,14 yields, :
. M. Fa/ :
q= __.29._.[? T, <2’ J (4.18)

where K'= F ©/2, n' )
WL"H( 1‘/2, “gs m’ )

Along the upper impervious portion of cutoff and floor D,CB PLSLY

Integrating Eq. 4.07 in this region N

] t -~
o+ kH/2 = B [ E at_ s T a = |
- 99 (2-82) (1--t) o flt-9) (2B (Y-t
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Making use of standard formulae { 4, Eqs. 256.13 and 256.00)

€+ kH/2 cgﬂ-t ¢ F g .m).+(62 -) (g, m=? Hg .m)] (4.19)

where & =sin~} (‘(:— 4l 3‘:..{2) (4.20)
(Y- g3 (S~ 9*)
V- 82 (4.21)
9 CKE Sa

At point B, ® = 0, $=+7 and § = x/2, therefore Eq. 4.19 ylelds

Kk _ Mg B (6" o2 YK + ( p2 _;)ﬂ’a (4.22)
2 2 | ¥

wherﬁTLr-“( n/2, "g , M)

Elininating Mg between Eqs. 4.22 and 4,18 , we get

g Pl (4.23)

- e .
y 2 [("sf'- ¢2) K +(p2 - ),
4.3 UPLLFT PRESSURES ]
Uplift pressure along the portion Dy C B 1s given by
2+ : - ok | SRS
o _ (F-eARgmp? -9 )M lp ) 1
kH

2[( ¢ - oK + (p2 - ¢ )TT;‘

in which (g.m and etg are defined in Eqs. 4.20 , 4.10 and 4.21 ,
Pressure at polnt C is glven by
F g2 (825 2 -
:fq"' M- oAEg mulpRs ) g, voGy m) > (a2s)
2[(5*- ek + (p2 -9 )T, ]




(Y=¢") (1~ B2)
(v (1~ ™)

(4.26)

in which l?c =sin~1

Pressure along lower impervious portion of cutoff D Dy , ig obtained
from Eq. 4.8 |

pu 2 .
_o  -ehHg w'THg, &y n) RER

a o[ (= et ks 62 1]

‘where 6} is defined by Eq. 4.09. At point Dg where pressure is minimum
on the downstream side of the cutoff, it is given by

Opy AT g W TUG, R, m) (4.28)
3 ? .

2((?-«2)K + { g2 -?L)TE]

‘ e pr 2 |
where S0 =sin"’1_/ :31_ G (4.29)

A4  BRESULTS

~ The equations derived In paras 4.2 and 4.3 ¢an be used for
computations of uplift pregsures and the seepage discharge through the
opening in the cutoff., The values of uplift presgures at key points
and the seepage disehargg through the opening have bgen computed for

different values of varlables imvolved and plotted in the form of curves.

Pressures at the Junction of floor and cutoff and seepage
through the opening have been plotted in Figs. 4.2 and 4.3 for various
values of d/b , locations of gpening, and theﬂratio;gpening in the
cutof f to its total depth = 0,01, 0.050 and 0.10.
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CH®TER V
EXP ERIMENTAL VERY FICATION

9. TEST CONDI TIONS

The results obtalned from theoretical solution have been
verified on two dimenslonal electrical analogy model for various
boundary conditions to determine the validity of theoretical rasults
and extend their q:pncabilitv. The theoretically ealculated _uplift
pressures were compared with those observed on model for b/dy = 10,

15 and 20, do/d} =1 and 2, for various locations. an& lengths of filter,
‘Since the agreement between 'F.he theoretically cglcul ated pressures and
those obtained on the model is very close, only the following lluse
trative examples have been givems |

A. INTERMEDIATE EILTER

§) Depth of upstream cutoff = dy
i1) Depth of downstream cutoff = dy and 2d1
113) Length of floor between two cutoffs = 10 df
iv) Length of filter = 0.5d)
v) Distance of downstream end of the '
filter from upstream cutoff, = 5,984

B, DEEP FILTER DRATN WITH UPSTREM CUTOEF

1) Depth of upstrean cutoff

11) Length of floor ' d
844) Depth of drain , = 0 N 31
- iv) Distance of drain from upstream end = 5 dy

'~ C. DEB FILTER DRAIN WITH DOWNSTREAM CUTOFF

1) Depth of downstream cutoff = d

4i) Length of floor = i
111) Depth of drain = 0.5 d:,
iv) Distance of drain from downstream = 5 do

cutoff
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D. DEEP FILTER WITH TWO END CUTOFFS

i) Depth of upstream cutoff = d
§i) Depth of downstream cutoff = do
ii11) Length of floor between two cutoffs’ = 10 dﬁ
iv) Depth of drain = 0.8 d)
v) Distance of drain from wpstrean cuteff =5 dj

5.2 EXPERIMENTAL SET UP,

5,2.1 The experimental set up consisted of two dimensional elactrical
analogy tray of size 1.15m x 0.56m. The model of the structure |
consisted of a flat floor with two end cutoffs in case A and an end
cutoff at upstream or downstream end in cases B and C. The model of
the structure was prepared o scale and fitted in the tray. The floor
profile was made of seasoned wood and cutoffs were made of perspex.
The upstream and downstream pervious reaches were simulated by.l.5mm
thick copper plates. The filter or dralnage was represented by copper
plate fixed in the corresponding position. The boundary of the tray
had a diameter of 3b eo that it represented considerable depth of
perme sble strata below foundstlon and the theoretical rssults corres-
ponding to the infinite depth of permeable strata could be compared
with the experimental results. The depth of electrolyte was kept 2.5em.

Simple tap water was used to represent permeable foundation.

5.2.2 The surfaces of the copper plates representing upstream and
downstream pervious reaches were carefully cleaned before'expériments
to reduce contact resistance. The probe was alse made of copper to
reduce the galvanic effect and sny reversible potential difference.
The plates were fed a low voltage ( about 20V) to attenuate some of
the side effects. Amplifier system wag added to increase the sensiti.
vity of the set up. The frequency of the current was ralsed to audlo
range ( 1000 cycles/sec) to increase the inductive reactance and the

vepacitive susceptance, and to improve measurement accuracy.
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Morecover, audio frequencies eliminste electrolysis and reduce the
ef fects of polarization, contact resistances on the plates, and other

side phenomena. The model and experimental set wp are shown in Fig.5.l.

5.3 RESULTS

5.3.1 The theoretically calcul ated upli_ft pressures and those
observed on electrical anslogy model for the case A, when the floor

has two end cutoffs and an intermediste filter are givan in Table 5.1
and plotted in Fig. 5.2. The calculated and observed uplift pressures

for the cases B and C, when the floor has cutoff at the wstream or at
the downstream end and a deep drainage are given in Table 5.2 and
plotted in Fig. 5.3. Aperusal of Table 5.1 and 5.2 and Fig;. 5.2 ’;to
5.3 indicates that the observed pressures are very close to the
theoretically calculated values.

!

' B
5.3.2 The uplift pressures have also been measured for the case v{\en'
the floor has teo end cutoffs and a deep drainage at a distance of

\
)

solution has been worked out for these boundary conditions when floor

5 dy from the upstream end and given in Table 5.2. No theoretical

has two end cutoffs and a deep drainage in between. However, it has
been seen that the theoxeticany caléul ated pressures along the floor
and cﬁtoff upstream of the drainage‘ vdthout‘_dawnstman cutoff, are{_clos'e
to those observed at the corresponding points with two end cutoffs.

(See Table S Fig. 5.4 ). The calcul ated pfessures» along the floor

and cutoff downstream of the drainage without upstream cutoff, differ

slightly from those observed at the corresponding points with twio !
end cutoffs, |
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TABLE 5.1

VERI FICATION OF THEORETICAL PRESSURES
INTERMEDI ATE FILTER

Test Conditions:

1) Depth of upstream cutoff = dy
13) Depth of downstream cutoff = d
131) Length of floor between cutoffs = 10 dy
iv) Length of filter = 0,5 dé'
v) Distance of filter from upstream end = 5,98 dy
Points } Coordinates withl Pressures with Pressures with
_{ origin at ! da/dy= 1.0 do/dy = 2.0
wstream floor .
end .
%
v | Theoretd- {Observed JTheoretically! Observed
x/d1 ! v/d1 cally lon model jecalculated ! on model
S ! % caleul ae ‘ H
0.0 0.,43% 0.926 0.920 0.927 L 0.92%
0.0 0.599 0.89% 0.890 0.896 0.890
D'. 0.0 1,000  0.760 0.744 0.763 0.747
0.0 0. 601 0.670 0.666 0.674 0.666
0.0 0.437 0.660 0,660 0.664 - 0.660
c' 0.0 0.000 0.650  0.635 0.654 0.638
-39 0.000 0.361 0.353 0.366 0.353
5,27 0,000 0.143 0,135 0.143 0.145
6.18 0.000 0.099 0.100 0.111 - 0,111
8.75  0.000 0.170 0.160 0,209 © 0,193
B' 10.00 0,000 0.156  0.1%0 0.207 0,210
0.00 0,436 0.1526 0.150 0.206 0.190
0.00 0.600 0.1493  0.146 0,200 0.19
D 0.00 1.000 0.1149 0,117 0.162 0.160
0.00 0.600 0.052% 0.050 0.074 0.074

0.00 0.414 0.0353 0.03% 0.050 0.0%0
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TABLE 5,2

VERI FICATION OF THEORETICAL PRESSURES
DEEP DRAIN

Poin'ts, Coordinates with Pres sures with {Pressures with }Observed
origin at upstrean end jdownstresm end [pressures wi
wstream floor (cutoff cutoff b/de=10, ftwo end
end b/ d =10 g/dF by/de=5,£/de=0.5 f cutsf fs for

l= » b/dl’lo '
b}/ dl-'b d«p/ d
*
x/dy , y/d1 Calcu-, Obser- |Calcu-. , Obser-
o ¢ O flated , vad on {lated , ved on

X /ﬁ? [ deQ ¢ MO del y Mo dQl

0.0  0.43 0918 0.913 - 3 0,910

0.0 0,600 0.884 0.875 - - ¢.880

0.0 0.714 0.858 0.848 - - 0.845
D' 0,0 1,000 0.73¢ 0.73 - - 0,741

0.0 0.714 0.644 0.630 v - 0,620

000 q&a 0Q632 °¢616 - - 00&2

0.0 0.436 0.621 0.603 - - 0 .592
c' 0.0 0000 0,609 0.504 1,000 1'.ooo 0.587

1.0 0,000 0,553 0.553 0. 700 0,713 0,342

30 0.000 0,368 0.340 0.427 (0.430 0 3%0

4,0 0.000  0.227 0.240 0.280 0,280 0,211

5.0 0.000 0,000 0,000 6.000 0.000 O 000

6.5 0.000 0.140 0.130 0,163 0.164 0,139

7.0 0000 0.46 0.135 0,180 0,174 0,149

8 .85 0.000 0.110 0.100 0.160 0.163 0.137

9.85 0.000 0042 0,035 O 153 0‘ 150 .128

E 10,00 0,000 0.000 0,000 0.153 0.148 0#128
1000 0,436  «~ . - 0.150 0.144 0.126
10,00 0,600 - - 0.147 0.140 0124

D 10,00 1.000 - - 0.113 0,107 0,097
L0.00 0.714 - - O 063 0,059 0,049
1000 0,600 - - 0.081 0.048 (.04}
1000 0.43% - - 0.029

~-—“-“—~--~---“u_-~“u

0.036 0.034

L
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B
TABLE 6.1

EFFECT OF LENGTH OF FILTER

Coordinates with }Uplift ressureés with filter Uplift
origin at the b/dy=10 b]_/dl- .O,Go/d]_ﬂl 0 piessures

junction of I without
upstrean cutoff filter
and floor |
= ~ . ~ }
_xa V| y/a  Mf/gg=0.05) 05 { 1.0 I
0,00 0.436 0,932 0926  0.0%2  0.942
0.600 0.903 0.895 0.889 0,919
0.714 0.881 0.871 0.863  0.899
0’ 1.000 0.780 0,760 0,745  0.814
0.714 0.700 0.681 0.660 0,758
0.600 0.609 0.670 0.649  0.748
c' 000 0.000 0.681 0.650 d 627  0.735
2.834 0 000 o.sao 0.464 0,421 0,611
4.923 0.000 0.341 0,227 0.084 0,504
5.000 0.000 0.000 0,000 0,000 0.449
6.168 0000 0.167 0.094 0075  0.441
7.871 0.000 0.232 0.180 0.157 0.351
'  10.000 0,000 0,190 0,156 0,140 265
0.436 0.186 0.153 0.137 0.258
0 .600 0.181 0.149 - 0.134 0,251
D 1,000 '0,137 0,115 0,04 O 186
0,600 0,062 0,052 0,048 0,082

0.414 0,041 0,035 0,032 6 0558 -
0.312 0.031 0.026 0024 0.041
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and 29.0 to 12.5%, of the total differential head respectively. The
decrease in pressure at a distance of 7,5 d] from upstream cutoff

( the approximate location of maximm rise of pressure downstream of
the filter ) has been plotted against length of filter in Fig, 6.1(a),
which indicates that with the provision of filter, pressures reduce
considerably from those without filter but the decrease in pressures
with subsequent increase in the length of filter is less. The uplift

pressures also deCrease along the floor upstream of the filter,

6.1.2 Effect of filter locations Im order to detemine the effect
of location of filter the uplift pressures for b/dy =10 do/d3=1.0,
£/d1=0.5, and b}/d1=4.0, 5.0 and 5.77 hawe been given in Table 6.2
and plotted in Fig. 6.2. The wplift pregsures without filter have also
been given, A perusal of this figure indicates that uplift pressures
decrease on the downstream side and increase on the up.st;'aamAside as
the filter is moved from upstream to the downstream side, For examples,
in the case presented In Fig. 6.2, the maximum pressure downstream of
the filter changes fram 23.7 to 17.99%% as the filter is moved from
4.0d) to 5.77 dy from the upstream end. The pressures along the outer
faces of the cutoffs are ndt ‘af fected sppreciably with the change in
location of filter, The filter shauld, therefore, be located down-
stream of the gateline such that the total area of wlift on the floor
downstream of the gateline is minimum, A few trial locations would _
give the optimum location of the filter. A perusal of Fig. 2.2 to 2.8
also indicates that uplift pressures at the tip of downstresm cutoff
decroase with the movement of filter towards E; however, this trend
continues upto a certain point beyond which the pressure at D starts
increasing if filter is moved further downstream.

6.1.3 Effect of downstream cutoff deptht In order to determine the
effect of depth of downstream cutoff, the wlift presgures have been
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TABLE 6.2

EFFECT OF LOCATION OF FILTER

Coordinates with

Calcul ated press

ures with f’ilter! Uplift

|
origin at the % b/d3=10, ds/dy=1.0,f/dy = 0,5 pressures
junction of vithout
upstream cutof £ i £ilter
and floor i !
1 ¥ .
x/dy Vo y/aq bb /d = 50 | 6.0 |
0.00 0.436 .915_ 0.921 0,926 0,942
0,600 0.870 0.888 0.895 0.919
0.714 0.851 0.862 0.871 0.899
D' 1.ooo 0.720 0.743 0.760 0.814
O +600 0.610 0.645 0’ 670 0.748
0.436 0.597 0.634 0.660 0.74)
c' 0.0 0.000 0.584 o 1623 o 650 0,738
4.000 - 0.000 .234 0.361 Q ,.575
6 000 - 0.236 0.100 o ~000 0.449
6.168 - 0,237 0,170 0.094 = ° 0.441
7.87) - 0.215 0,200 0.180 0.351
E 10.00 O'.GOO 0.172 0.165 0.156 0,265
0.436 0.168 0.161 0.153 0.258
0,600 0.164 0.157 0.149 0,251
D 1.000 0,124 0,120 0.115 0,186
0,600 0.056 0.054 0,052 ‘0,082
0414 0.037 - 04036 0.035 0.0%5%
0.028 0.027 0.026 0.041

0A12
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calculated for b/d)=10, £/d1= 0,5, by/d) = 6.0, and two different
values of do/d} viz, d»/d}=1.0 and 2.0. The calculated pressures with
filter and without filter have been given’ in Table 6.3 and plotted
in Fig, 6.3. Aperusal of the figure indicates that uplift pressures
increase with the increase in the depth of downstream cutof £ only
along the floor downstream of the filter, The wplift p;-essures along
the floor and cutoff upstream of the filter are p;acticallyvuneffected
by the increase in the depth of downstream cutoff. With the increase
in depth of downstream cutoff from dy to 2d) , the wplift pressures
along the downstream portion of the vfloor increase by wpto 5.1%,
whereas the maximum difference upstream of the filter is 0.4% only.
This indicates thaﬁ the cutoff on the otherside of the filter can

be neglected for-conputing'uplift pressures below floor.

6.1.4 The maximum pressures along the downstrean portion of floor
and the downstream eutoff oceur at J, The miximum pressure reduces
intially when' filter 1s moved towards E. But after a certain location
of filter it starts increasing as in case of pressure at D. wa{vever.
thig trend does not have design significance as the reversal occures
when the point of maximum pressure has siready shiffed fram the floor
to the imer face of the cutoeff.

6.2 DEE DRAIN

A'deep drain would consist of a continuous trench éf small width
filled back with pervious material, As in case of 1ﬁtermediate filter,
the pressures rise again downstream of the deep‘ drain depénding on its
, dépth and location. The influence of both these factors has been studied

The theoretical study has been made for one cutoff with deep drai
edther at the uwstream ¢nd or at the downstrean end, When there are are

two cutoffs, the results can be superimposed with negligible error
as shown later.
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TABLE 6.3

EFFECT OF DEPTH OF DOWNSTREM CUTOFF

Kex Coordinates with § Calculated Pressures
points | origin at the b/d3=10,b3/d1=5.98
Junction of
upstream cutoff

SN W GG WA SR W A WS el N W N et B BN e ot gy W WS

| and floor do/dy=I0 dp/dy= 2.0
] ) ' .
i without twith filter lwithout 'with filter
/A 1 v/a MfiTter 1/de0.4985 | filter }f/d)=0.4985
- 0.435 0942 092 0,945 0,927
0.599° 0.919 = 0.80%  0.922 0,896
p' 1.000 0.814 0,760 0.825 0,763
0.601 0,748 - 0,6 0,762  0.674
0.437°  0.74L - 0.660  0.755  0.664
c' . 0,000 0.00  0.73 0,650 0.749 0,654
3.900 - ' 0,555 0,361 0.583 0,366
5270 - 0486 0.143 0525 0,143
6}1% “ 0’0439 ‘ O'Q099 0'0483 0,9111
8.780 .~ - 0.310 0,170  0.38%  0.209
E 10.000 = 0.265 °  0.156 = 0,370  0.207

-

D \Qwbo \.0 ®y2.0 00186 00115 0 0256 0.162

~_"n““-“w"u“"‘“_“ﬂu-““u“~~~~“~~~~~“
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A, Upstream cutoff.

6.2,1 Effect of depth of drain: It is seen from Flgs. 3.3 and 3.4
that the uplift pressures at C' and D' i.e. at the junction of floor
and upstream cutoff and at the tip of the cutoff decrease with the
increase in the depth of drainage. The ulift pressures along the
upstream cutoff and floor, for b/d) =10, by/dy = 5.0, and £/d1 = 0.2,
0.5 and 1.0 have been given in Table 6.4 and plotted in Fig.6.4 to
determine the effect of increase in the depth of drainage over the
entire length of floor. A perusal of Fig. 6.4 indicates that with the
| Increase in the depth of drainage the pressures decrease both along
the floor and the cutoff. The reduction in pressures is more in the
downstream portion of floor than &n the upstream portion. As in the
case of hox:izdntal filter the provision of drainage reduces pressures
considerably frem those when no draingge is provided. The decrease in
pressures with subsequent increase in depth of drainage in lees. This
is clearly 1ndicated by the relation between f/dy, and the dec:;ease in
pressures plotted in Fig. 6.4 (a).

6.2,2 Effecﬁ’a’f locations The uplift pressures along the flogr and
the cutoff for b/dy = 10, £/dy= 0.5 and by/dy= 4.0, 5.0 and 5.77 have
been given in Table 6.5 and plotted in Fig. 6.5. It is geen that
uplift pressures increase on the floor upstream of the drainage and
decrease on the floor downstream of it, with the shifting of drainage
‘towards downstream. The increase in the upstream portion is more than

the decr'ease on the downstream portion, to-a= 1097 97

B. Downstream cutoff: Cl A5t Y OF ROUK-

g

6.2.3 Effect of depth: The uplift pressures along the floor and cutoff
for the case when cutoff is provided at the downstream end of the floor,
for b/dg = 10, by/dy = 5.0 and differ#nt depths of drain, £/dy = 0,2,0.%
and 1.0 have been given in Table 6.6 and plotted in Fig. 6.6. A perusal ¢
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TABLE 6.4

EFFECT OF DEPTH OF DRAINAGE WITH UPSTREAY CUTOFF

Coordinates with Calcul ated pressures with drainage} Calcul ated

origin at the b/ d1=10 by/dy = 5.0 pressures
.‘iun:tion Oftoff 1 ‘ - — wit?ix out
upstream cu drainasge
3 Floor f/d1=0.2 ] 0.5 ' 1.0 i rainsg
' ' 4
x/d ty/q | ) f "
0.000 0.436 0.922 - 0,918 .914 0,939
0,600 0,890 0.884 o.a're 0914
0.714 0.865 0.857 0.850 10,849
D' 1,000 0,748 0.734 0,720 ' 0,806
0.714 0.663 0.644 o’ 625 0,769
0,600 0,652 0.632 0,612 0.736
0.436 0 642 0.621 0 .600 "0.728
c' 0'.000 0.000 0,631 0,609 0,593 0,721
3.000 - 0.410 6.368 0.233 * 0,579
4 000 - 04267 0,227 0'.194 0523
5 000 - 0.000 0,000 0,000 0,467
6 .500 - 0,185 0,140 0,103 o 382
7000 - 0.186 0.146 0.113 0,353
84850 - 0.130 0.110 o.o9o ' 04208
9,850 - 0.043 0042 0 040 0.057
B 10 .00 -~ 0.000 0.000 0.000 ' - 0.000
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TABLE 6.5

EFFECT OF LOCATION OF DRAINAGE WITH UPSTREM CUTOFF

Coor ginaggg of Calcul ated pressures with drainage C:ii\;‘ljg::d
points w b/d o= \0 LIk 2 0.8 without
origin at the i JAv=\O , T/ 2 O RS '
junction of i - drainage
upstream cutoff
‘and floor l , ’ - , _
x/d) b y/di  Yb)/d=4.02] 5.0 577
0,000 0436 0.911 0.918 0:922  0.9%
0 +600 - 04874 0.884 0,890 0.914
0,714 04845 01857 0.865  0.849
p' 1,000 0.710 0.734 0,749 0.806
| 0714 04609 04644 0,665 0,760
0 0600 °a595 0 0'632 , 0 0654 0736
0.436 0.582 0.621 0.644 0 J728
¢! 0.000 0.000 0569 o‘;so9 0,633 0,721
‘ 3.000 "o . 0 ¢263 ¢3 68 d .420 0576
4 -000 - 6 5000 0 0227 Q¢316 0523
5 .000 - 0.133 0,000 0.183 0.467
6500 - 04170 - 0,140 0,900 0,382
7m0 - 0 0168 0146 0110 0353
8 +850 - 0.118 0,110 0 105 0.205
9 .850 - 0.045 0 042 0.042 0.057
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Fig. 6.6 indicates that uplift pressures decrease throughout the length
of floor with increase in depth of drainage. The reduction in uplift
pressures with increase in the depth of drainage is mo're on the down-

stream side than on the upstrean side,

6.2.4 Effect of locatlon: The Uplj.ft pressures alon-g j:ha floor for
b/dp = 10, £/dy = 0.5 and various locations of drain, by/ds = 4.0, 5.0
and 5.77 have been given in Table 6,7 and plotted in Fig. 6,7, A pe‘rUsal
of the figure indicates that the pressures decrease on the &ownstraam
and increase on the upstream with the shifting of filter to the
downstream, I

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

6,2.5 Deep drain with two cutoffsr The tplift pressures along the
floor and cutoff for the foundation profile having two end cutoffs
énc{ & deep drainage as ebsm.ed on the model have been plotted in
Fig., 54. The theoretically calculated pressures for single cutoff
at upstream or at dovnstream end of the floor with a deep drainage
have also béen plotted in the same figure, It is seen that uplift
pressures dbgerved al'ong the upstt‘eam cutoff and along floor upto
the drainage are very close to thoseﬁ_thedreticany calculgted for this
portion neglecting downstream cutoff, In case of intermediste filter
also 1t was seen that the increcase in the depth of downstresm cutoff
does not affect the wlift pressures on the other side of the filtar,

The observed mlift‘pressures along the downstream cutoff snd
the floor downstream of the drain differ & only slightly from those
calculated theoretically neglecting upstream cutoff, It is, tharefore,
gseen that provision of downstream cutoff has practically no effect on

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

EFFECT OF LOCATION OF DRAINAGE WI TH DOWNSTREM CUTOFF

Coordinates of

Calcul ated pressures with drainage Calcul ated
points with /p

b/ds=10, £

otn o th do= 0.5 : ]p:{:gguies
origin a o ' W u
upgtream floor ' lfilter
en

]

by/dp=4.02 1 5.0 | 577 |

§ vens | reume venaant vasreans)

' .
x/do 1§ y/do

e [

0.100 ~ 0,000 0933 0.915 0,890 0964

1.000 0,000 04730 0,708 0.667 0.806
3.000 0,000 0.482 0.415 0,330 0,640
3,500 0,000 0.430 0.364 0.223 0'.606
5,000 0000 0.246 0,000 0.143 0,528
6,000 0000 0.000 0.145 0.195 0.473
7000 0,000 0.10 "~ 0.7 0,203 0 .423

E 16.000 0000 0.141 0,158 0.161 0,27
0.436 0.139 0154 0.157 0,272

0.600. 0.136 0.147 0.153 0.264

0.714 0.133 0.143 0.149 0.231

D 1,000 0.106 0.113 0,117 0,194
0414 0,060 0.628 0,065 0.15Y

0.600 0.049 0.091 0,053 0.086

0.436 0.035 0.036 0.037 0.061

¢

B 10,000 0,000 0 D00 0.0C0 0.000 0,000
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reduces the pressures downstream of the drainage to a small extent.

The effect of upstream cutoff on pressures downstream of drainage has
béen studied in some detail, The decrease in pressures at D,E and J
with the provision of cutoff at upstream end from those without .
upstream cutoff have been plotted for b/dy = 10, by/dy = 5, £/d =0.5,
and various depths of upstream cutoff viz. dy/ds = 0.50, 1.0 and 2.0
in Fig. 6.8 A perugal of this figure indlcates that the reduction in
ptessures'at D, E and J increases wdith increase in the values of
d1/dg. The decrease in pressures at D,E and J for b/do = 10, £/dy =0.5,
dy/ds = 1.0 and by/dy =1,2,3 4 and 5 have slso been plotted in

Fig. 6.8, It 15 seen that as the drainage approaches the downstream
cutof £ the effect of upstream cutoff in reducing the pressures at B,E.
and J reduces, It 1s also seen that reduction in pressures at D,E and J
is not more than 4% of the total differential head when upstream cutoff
‘upto twice the depth of downstream cutoff is provided. Actually, the
depth of upstream cutoff is seldom likely to exceed that of the downe
stream cutoff in which case the error st J is limited to 2.5% of the
differential head. The wplift pressures for floor with two end cutoffs
and intermediaste deep drainage ¢an, therefore, be calculated for
‘upstream pprtion neglecting downstream cutoff: an_d for ‘domgtraan portion
by neglecting upstream'cutoff. This may result in an error, less than
2.%% of the total differential head, in the uplift.pressures along the
downstream floor only. The error would give pressures on the higher
side, and would thus be on the safe side,

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

6.3 LEAY CUTOFF

This problem has been gtudied for a central cutoff under a
flat floor with a single opening of varying size and location along
the cutoff, As in other cases, an inflinite depth of permeable stratum
has been assumed. This helps in quantitative assessment of the effect
of leakage on uplift presgures, though it is recognised that these
conditions do not represent the more complex ;1tUation in actual works.

6.3.1 Uplift Pressurest It is seen from Figs 4.2 Ato 4.2¢that with the
existence of an opening in the cutoff the uplift pressures increase
‘below the floor on the downstream side and decrease bslow the floor
on the upstrean side. The increase in the pressures on the downstream
and daecrease on the upstream ig more 4f gap is nearer the floor. For
d/b = 0,2, the pressure at Cris 43,85 of the differential head when
thero is no opening. The pressures at C, for 1¥ opening at a_depth
0.3, 0.6 and 0.9 of the total cutoff depth rise to 46.55, 45,3 and
44, % of differential head respectively. The pressure at C, for an
opening of wldth 0¥ of the total depth of cutoff located at a depth
of 0.3, 0.6 and 0,9 of the total depth of cuteff depth rise to 47.5,
45,9 and 44.4X of total differential head. The pressure at C for any
size of opening at the junction of floor and the cutoff rises to 50K
of the differential pressures. In case the portion of the cutoff below
the opening is completely neglected ér qonsi@rid inef factive the,
pressures at C for d/b= 0.2 and dyj/d = 0.3, 0.6 and 0.9 work out to
48,1, 46,2 and 44,3 of differential head. The pressures with perfect
cutoff, with cutoff having 1, 5 and 10¥ open area at dy/d = 0.3, 0.6
and 0.9 and for the case when the portion of cutoff below the opening
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is neglected have been plotted in Fig, 6,10. A perusal of £ho figure
indicates that even a small opening brings pressures at C close the
value which would be obtained when cutoff below the opening is neglected
It 4s gseen that even 10¥ opening at any level results in uplift
pressures rising to values close to those obtained neglecting portion

of éutoff below opening, It ig therefore necessary to ensure the
imperviousness of at least wper part of the cutoff to ensure the
stability of the structure.

’ The effect of leakage through the opening is more pronounced

when the length of floor increases.

6.3.2 Seepage Discharge: l\perusal of Pigs. 4.4 indicates that the
maximum seepage discharge passes through the opening when it is

located at about 0.4 of the depth of cutoff. Ths leakage dischargo is
minimum when the opening is at the lowest end of the cutoff. The

seep age discharge also reduces with decrease in the size of the opening
and with increase in length of floor.

643.3 Cutoff Efficlency: The influence of location, area of lezkage
\and the length of floor on efficiency of the cutoff has been shown in

| Fig. 6.11. The efficiency of the leaky cutoff has been taken as the
ratio of the head d¥0p across the leaky cutoff to that across a .
perfect cutoff, other varlables remaining the gme. A perusal of PFig.6.1
indicates that efficlency of the cutoff :educes as the Opening
approaches the top of cutoff., The £loor length does not affect the
cutoff efficiency significantly unless it s very small, The cutoff

ef ficlency reduces with the increase in the size of the opening.
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CHPTER VI

CONCLUSIONS AND RECOMM ENDATIONS

7.0 Exact solutions have been obtained for the problems of two
dimensional seepage flow below a hydraulic structure founded on
permeable soil of infinite depth with the help of conformal mapping
for the following boundary conditions:

(a) Flat floor with two end cutoffs and a hordzontal filter of any
length located anywhere between the two cutoffs.

(b) Flat floor with a single cutoff and a deep drain, The cutoff
may be efther on the upstream or downstream end of the floor.

(¢) FRlat floor with a central leaky cutoff., The cutoff is assumed
to have a single opening anywhere,

The equations derived have been used for computation ef
pressures at the key points. The results have been plotted in the
form of design curves., The effect of v arious parameters on the uplift

pressures has been studied and is {ndicated below.
7.1 INTERMEDI ATE FILTER,

7.1 As discussed in Chapter VI the uplift pressures reduce
considerably along the entire profile of the structure with the
provision of fiiter of even very small length, Further reduction in
pressures with the increase in the length of filter is less as compared‘
to the initial reduction. The maximum reduction in pressure takes place
nesr the filter ( Para 6.1.1 and Fig. 6.1 ).

7¢1.2 The uplift pressures decrease on the downstream side and
increase on the upstremm as the filter is moved from upstream to

the downstream side. The filter should bs located such that the total
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uplift on the floor downstream of the gateline is minimm (Para 6.1,2
and Pi.g- 602)‘

7.1.3 With the increase in the depth of downstream cutoff, the uplift
pressures increase only along the flodr-downstream of the filter. The
uplift pressures along the floor upstrean of the filter are uneffected
by the increase in the depth of downstream cutoff. (Pars 6.1.3 and
Fig. 6.3 )

7.2 [EEP DRAIN

7.2.1 With the increase in the depth of the drain the uplift pressures
decrease along the entire floor length. As in the case of 1ntermediata
filter, the provision of deep drain of even a small depth reduces »
pressures considerably from those when no drainage 1s provided. Further
reduction in the uplift pressures w1th the increase in the depth of
drain is less as compared to 1n£t151 decraas& (Para 6.2.1 and 6.2.3,
and Figs. 6.4 and 6.6 ). | R

722 The uplift preésures increase along the flodr wstream of the
drain and decrease along the floor downstream of the drain with the
shifting of drain towards downstream. The drain should be located such
that the total uplift on the floor downstream of the gateline is
minimum ( Para 6,2.2 and 6.2.4, and Figs. 6.5 and 6.6 )

7.2.3 In the case of floor with two end cutoffs and a deep drain, the
observed préssures along the floor upstream of the drain are very ¢lose
to those fhéoretically calcul ated for this portion neglecting downstream
cutoffe Thé observed pressures along the floor downstream of the drain
are slightly less than those theorstically calculated for the portion
neglecting wpstream cutoff. The uplift pressures for floor with two end
cutoffs and a deep drain can, therefore, be calculated for upstream
portion neglecting downstream cutoff and for downstream portion neglec-

ting the upstream cutoff. (Para 6.2.5 and Figs 5.4, 6.8 and 6.9 ).
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This will not involve errors exceeding 2.5% of the total head.

763 LEAXY CUTOFF,

7+3.1 The uplift pressures increase along the downstream portion
and decrease along the upstream portion of the floor with the existence
of opening in the central cutoff. Even for small opening at any level,
the uplift pressures along the floor approach values close to those
obtained neglecting portion of cutoff below the opening. (Para 6.3.1).
It ig, therefore, evident that a leak near the top of the pile would
make it more or less ineffective. A leak neasr the battom would have
much less affect in the present case of infinite depth of pervious
medium. The influence of location and area of leakage on " efficiency“
of cutoff has been shown in Fig. 6,11, The efficiency of the leaky
cutoff has been taken as the ;;tio of the head drOp across the leaky
cutoff to that across a perfect cutoff, other variables remaining
the same. i . [

. g s

7+3.2 The maximun seepage discharge passes}througﬂ-the opening when
it is located at about 0.4 of the depth of cutoff. The seepage .
discharge increases with the increase in tge’arqajqf’tha opening and

with decrease in the length of the floor.(Para 6.3.2).

7.4 RECOMMENDATIONS.

7.4.1 Intermediate filter or deep dralnage should be provided below
hydraulic structures to reduce uplift pressure and thereby af ford
reduction in the cost of structure, The filter should be relied upon
for release of ulift pressures below hydraulic structures founded on
permeable soils. In fact, a lot of reliance is placed on proper
functioning of filters in case of earth and rockfill dams, even though
in case of earth dams, it is not possible to take remedisl measures

if a filter gets choked up, whereas remedial measures can be taken uw



-62-

in case of filters Selow'hydraulic structures. Constant watch can be
kept on the behaviour of filter by providing plezometeric pipes and
keeping a record of the seepage flow through the filter, In case some &
holes get choked it would be possible to drill fresh holes. Failurej,’j\
of an earth dam due to choking of filter inside it would normally%/i
1ead to much greater loss of property and possibly aven human %ﬁées.

as compared to the loss due to failure of a hydraulic strUctg;i‘on
pervious foundationse If the filters are properly designed and -
constructed and normal vigilance §s maintained, thera should, of course,
be no possibility of fallure. But the risk, if ahy;'being.much lass
than that being accepted In case of'eérth dams should be acceptable

for these structures. -

7+4+2 In actual practice.the'fiiter would neither‘be hofizgngél
without depth nor deep vithout any width as a;suﬁed in the theorotical
solution., However, for c;esign purposes it would be safe to ass{me the
filter to be horizontal only in case its depth is small in comparison
to. the depth of the cutoff. In case the depth of filter or drain ig
comparable to the depth of cutoff it may be considered as a deep drain,

7.4.3 Leakage of any size through the cutoff results in_préséUres
nearly equal to those obtained neglecting the portion of cutoff below

the opening, The impermeability of the upper part of the cutoff should,
therefore, be ensured.

7.4.4 The design procedure based on the present work has been
‘111lustrated by an actual example in appendix I. This proé,gdure is
recormended for the design of similar Hydraulic structures.

7.8  SCOPE FOR RJRTHER WORK

The work presented in thesis may be extended as follows:

”/ta) Theoretical solution of seepage below a £lat floor with two end
Y,

P
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cutoffs and intermediate filter resting on permesble soil of
finite depth.

(b) Analytical solution for seepage below 2 £lat £loor with two
end cutoffs and a deep drain founded on finite or infinite depth of

permeable subsoil.

(c) The effect of single opening in cutoff at the end of a flat'
floor resting on finite and infinite depth of permesble soil, on the

uplift pressures and exit gradient.

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

pressures and axit gradients.
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APPENDIX I

JLLUSTRATIVE EXAMPLE,

Consider a low dam founded on an infinite depth of pervious
material. Length of impervious floor s 60.0m, depths of upstream
and downstream cutoffs are 6,0m, The gateline is located at 30m from
the upstream end of floor (Fig.I-1). The design procedure both for
horizontal filter and for deep drain is gi&en below: |

Horizontal Filters

The uplift pressures were determined from Figs. 2,2 to 2.6 and
plotted in Flg.I-2 for 3.0m long filter located at 24,30,36 and 48m
from the upstream end of the floor. The total uplift pressures
downgtream of the gate line were worked out for these locations of
 the filter, These have been plotted against locations in Fig.I-4. The
total wlift downstream of the gate line 1e deen to be minimum when
the filter ig located at a distance of about 36m from the upstream
end of the flooxr. |

The uplift pressures were also determined for various lengths
filter located at 36,0m from the upstream end of the floor and plotted
in Fig. I-4, Although pressures reduce with the increase in the length
of the filter but the decrease in the pressures beyond 3.0m length of .
filter is not appreciable. |

The uplift pressures without £ilter have also been plotted
in Pig, I-2, It ig seenLthat provision of 3.0m long filter reduces
total uplift pressures Sn the flﬁor downstream of the gate line to
39.35% of the total Uplift in this portion without £ilter, The

provision of filter would, therefore, result in very considerable saving
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Deep Draln:

The uplift pressures at D' and C' were also determined from
Figs. 3.3, 3.4 respectively neglecting downstream cutoff and '
pressures qt D, E and J were determined from Figs. 3.7, 3.8 and 3.9
respectively neglecting upstream cutoff for 3.0m deep drain located
at 24, 30, 36 and 48m from the uypstream end of the floor (Fig.I-3).
The total uwplift pressures dpmtrean of the gateline were worked out
for these locations and plotted in Fig. I-4. The total uplift is seen
to be minimum when the filter 4is located at a distance of about 36ém
from the upstream end of the floor.

The uplift pressures were also determined for various depths
of drain located at 36.0m fram the wstream end of the floor and
plotted in Fig,I-4, Although the total wlift reduces with the
increase in the depth of the drain but the reduction in wplift
beyond 3.0m depth of drain is not significant. Moreover the 'e‘)gc'avation
greater than 3.0m may present dewatering problem in the fiield.

With the provision of 3.0m deep drain at 36.0 m from upstream
end of the floor of the total uplift downstream of the gateline
reduces to 37.89% of the total uplift without drainage. It is seen
that reduction in the total uplift downstream of the gateline is |
slightly more in case 3.0m deep drain as compared to thatv vdt'h |
horizontal filter of 3.0m lengthe. But the convenience and economy of
construction would normally favour a horigontal drain in comparison

to a deep drain.



—

39VYNIVYO 4330 H1IM 34YNSS3dd 141740 £ -T 914
1 . | 330402 |,
E(uh_mu»om».m\ﬂoo_i I | wv3yls-dn
9 ,0 v
| ! °
: ./. _ i) 02
\. .
—d // //\J] o-v
\ — 0'S N
L 09

B »\.ATo.m =tp/ta
N\

ov

09

08

00l

H 40 LN3283d NI 34NSS3dd 1311dN



[ -— ————— oy

50

« P ’ .
w TOTAL UPLIFT WITHOUT =
< | FILTER .. 7278 |
4 , i
w . :
© 50 Lo ‘ ' i
: (.
w v | i
s : |
- HORIZONTAL FILTER l i
. ,
40 b-— < e- {
Z N
< 1\ !
- i
w ! ¢
- N _ A
6 30 - - — v —
2 ] : b “—*"""_"d“ (
2 VERTICAL DRAIN -= !
= K | i
o [ ’ i
= 20 | SR = B hr = bl
3 4 5 6 7 8
by/ dy

FIG. I-41(a) UPLIFT FOR DIFFERENT LOCATIONS
b/dy=10 , da/ dy=1 ., £/d4=0:5

30 r—~——— -

! .
" \
VERTICAL DRAIN —3\\\

20 — L - - L —

TOTAL UPLIFT IN METRES OF WATER

}
10 |
0 05 1-0
{/dy

FIG. I-4(b) UPLIFT FOR DIFFERENTFILTER SIZES
b/d1= 10, b1/d1= 5 dz/d,"‘" ]




APPENDI X 1II

COMPUTER PROGRAME



- 66 -

MPENDIX II

FORTRAIN SOURCE PROGRAMMES

Following computer programmes, used for the computstion of
uplift pressures and location of the point in physical plane for
agssumed values of parameters, are listed:

(1) Intermediate filter with two end cutoffs
(i1 De@ drain with wpstream cutoff
(444 drain with downstream cutoff
Lexy central cutoff

In addition followlng subroutines were developed for the

computation of elliptic integrals of firét' second and third kinds.,
(v) Subroutine DEFUN ( for ell gtic integrals of first and

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

The elliptic integrals of first and sscond kinds are calculated
by suming up certain terms of infinite series ( 4,Bds. 902.00 and
903.00) such that desired accuracy was obtained.

The computation of elliptic integral of the third kind
involves Lambda function, Zeta function and the Theta functions. The
latter requires evaluation by means of infinite series. In additiéﬁ\
to t‘m argument 4 and the modulus g, this integrals depends alse t}n‘
the parameter «2. Following are the possible cases accordingky to the
~ values of «2, }

" Circular cases

Case I 3 O0<-q2lk and k<-§
Case II: kgl and k2 L&

 Hyperbolic cases

Case IITt O <«2 <k2
Case IV ¢ 1< a2/ o)

The programme includes all the above cases including spec"i"ai' |
values. The relations given by Byrd snd Friedman ( 4,Eqs, 431.01, | \

432.01,433.01,434.01,435.01, and 430,01 ) have been utilised. -
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INTERMEDIATE FILTER WITH TWO END CUTOFFS

DEL=8 JEMU=M 4 TE1=T ,TE2=Q

READ 2029DEL+EMUSTELSTE2

FORMAT (4F1045)

G=0,40001

PI=3,1415926

Cl=(DEL+EMU+140)/240

C2=Cl#Cl

XK= (EMU=DEL) /(DEL*(EMU=1401})

CXK=1e0=XK

PHI=PI1/240

CALL DEFUN(PHIsXKsGoUsCKyCKD9EU»CEoCED)

C3=22,0%DEL* (EMU*(CK~CE)+CE) /CK
ELD1=045%{C1-SQRTF1C2-C3))
ELD22045%(C14SQRTF(C2=C3))

PHI=ATANF (SQRTF ( (DEL#({140~ELD1) ) /{ELD1#{DEL=1401} )}
CALL DEFUN(PHIsXKsGsUsCKsCKDsEUSCESCED)
DD1=(DEL#*(EMU=1.0)*(DEL-ELDL))

DD=CE#U/CK~EU+SQRTF (ELD1%(1+0=ELD1) #(EMU~ELD1)/DD1)
BD1=({CKD*{CE/CK=140)+CED)/DD

PHI=ATANF (SQRTF ( (EMU=140)* (ELD2~DEL)/ ( (DEL~140)#(EMU~ELD2))))

- CALL DEFUN(PHI sXK9GsU9sCKsCKD»EUsCELCED)
- DD2=SQRTF(ELD2#(ELD2~DEL)# (EMU-ELD2)/ (DEL%#({EMU~140)#(ELD2«160)))
D2D1=(CE*U/CK-EU+DD2) /DD

XK=CXK

PHI=ATANF (SQRTF (DEL*(TE1-140)/(DEL~TE1)})

CALL DEFUN(PHIsXKsGoUsCKsCKDsEUSCELCED)
XD=SQRTF{(TE1=1e0)*(EMU~TEL) *#(DEL~TEL )/ (TEL#DEL*(EMU~1401}))
X1D1=( (CED/CKD«140)*U+EU~XD) /DD
PHI=ATANF(SQRTF(DEL*(TE2-1+0)/(DEL-TEZ) })

CALL DEFUN(PHI»XKsGsUsCKyCKDsEUsCE»CED)
XD1=SQRTF((TE2~140)#(EMU-TEZ)*#(DEL-TE2) /(TE2HDEL#(EMU-140)))
X2D1=( (CED/CKD~140) *#U+EU-XD1) /DD

FD1=X2D1=X1D1
PRINT203+DELIEMUSTE1»TE2,BD14D2D19X1D14X2D1,FD1
FORMAT (1X99F1045)

A=TE2# (EMU-TEL) /(TE1#(EMU~TE2))

P=(EMU~-TE1)/TE1

XK=140/A

ALFA=(1e0+P)/(A+P)

PHI=P] /2.0

CALL EFUN(PHIyXKsALFA»GyUsCKyCKDyEUSCEyCEDyPYE»CPYE)
OP= (A+P) #CK=(A=1+0)*CPYE '
Pl=(P#*(A~1+0)®#CPYE+CK#(A+P})/DP

READ 211sToNN

FORMAT (F10e5+515)

ZIsT#(EMU~TEL)/(TEI®(EMU-T))

[F(TE1-T)25192519252

[F(TE2=T1253,42714271



252

253

260
254

255

256
257

258

259

269

- 270

271
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PHI=ATANF{(SQRTF(ZI/(1e0-2I)))

XK=140/A

ALFA=-140/P

CALL EFUN(PHI9sXKyALFA»GyUsCKoCKDWEUSCE»CED9PYE »CPYE)
CT=(P+P1l)*%CPYE~P*CK

PHIX=( (P+P1)#{CPYE~-PYE)}~-P#(CK~U))/C7

GO TO 260

Ca=P/((A+P)*#(1.,0+P))

PHI=ATANF{SQRTF((ZI=A)/ (A=140)))

XK=1,0/A

ALFA2(1e0+P)/{A+P)

CALL EFUN(PHI’XK9ALFA’G’UiCKoCKDsEU9CE’CEDoPYE,CPYE)
PHIX=C4* ((A+P)#(Pl=140)#U=~(A«1,0)*(P1+P)#PYE)/CT
LOCATION Z-PLANE

IF(T=1,0)25492554256

PHI=ATANF (SQRTF(DEL*(1e0«T)/(TH(DEL~140))))

XK= (EMU=-DEL)/{DEL*(EMU~140))

CALL DEFUN(PHI3XKyGolUsCKyCKD9EUSCELCED)

"YD1=({CE#U/CK~EU+SQRTF (T#(1e0~T) *#(EMU~T)/ (DEL*(EMU-140) *(DEL~T))))

YD1=YD1/DD

GD1=0,0

GO TO 269

YD1=0,0

GD1=0.0

GO TO 269

IF(DEL~T)259,2584257

YDl“QoO

PHIsSATANF (SQRTF{DEL*(T=1.0)/¢(DEL~T)))

XK= (EMU=DEL) /(DEL*(EMU~1.0))

XK=140~XK

CALL DEFUN(PHI¢XKsGaUsCKyCKDyEUCE9CED)

GDsSQRTF((T-1e0 ) #(EMU~T)®(DEL=T)/ (THDEL*%(EMU~140)))
GDl=( (CED/CKD=1.0)%U+EU=GD) /DD

GO TO 269

YD1=040

GD1=BD1

GO TO 269
PHI=ATANF{(SQRTF(({EMU=1e0) % (T=DEL)/((DEL=140)#(EMU~T))}}
XK={EMU=DEL)/({DEL*(EMU~1.0))

CALL DEFUN(PHI#XKsGsUsCKsCKD9EUCESCED) A
YD1e(CE*U/CK=EU+SQRTF{T*(T~DEL ) *(EMU~ T)/(DEL*(EMU—loOI*(T‘loOIJ))
YD1=YD1/DD

GD1sBU1

PRINT 270 ToPHIXsGD1yYD1

FORMAT(1X94F1045)

IF(NN=1)2104201+201

END
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DEEP _DRAIN WITH UPSTREAM CUTOFF

DEL=8 y EMU=Py ZEB=

READ 202 sDEL oEMUZEB

FORMAT(3F10.5)

PRINT 204sDELEMUSZEB

FORMAT (1X93F10e5)

6=0.00001

PI=3,1415926

Cl=(DEL+EMU+1.0)/240

C2=C1#C1

XK= (EMU-DEL) /(DEL*¥({EMU~1,.,0))

CxXK=1le0~XK

PHI=P1/240

CALL DEFUN(PHIsXK9GolUsCKyCKDsEUCEZCED)
C3=2.0%DEL®{EMU* (CK-CE)+CE) /CK
ELD1=0e5%(C1-SQRTF(C2=C3))
ELD2=0.5%(C1+SQRTF(C2-C3))

PHI =ATANF (SQRTF ((DEL#(140-~ELD1))/(ELD1%(DEL=140))))
CALL DEFUN(PHI 2 XKsGoUsCKyCKD9EUCEWSCED)
DDL=(DEL*(EMU=1,0)*(DEL=-ELD1))
DD=CE#U/CK-EU+SQRTF(ELD1*(1le0~ELD1) #(EMU~-ELD1)/DD1)
BD1=(CKD*¥(CE/CK=140)+CED)/DD

PHI =ATANF (SQRTF( (EMU=1+0)*{ELD2-DEL )/ ((DEL=1e0) *(EMU-ELD2))))
CALL DEFUN(PHIsXKsGsUsCKsCKD»EUCE»CED)
DD2=SQRTF(ELD2*(ELD2~DEL) ¥ (EMU-ELD2)/ (DEL*(EMU=1+0)* (ELD2=140)))
D2D1=(CE#U/CK~EU+DD2) /DD
ENP=SQRTF(ZEB*(ZEB~1eQ)#(ZEB-EMU) 7/ (DEL%(EMU-1,0)%(ZEB-DEL)))
XK=CXK
PHI=ATANF(SQRTF(DEL*(ZEB-EMU) /{ 2ZEB* (EMU~DEL) ) })
CALL DEFUN(PHI +XK9GoUsCKyCKD4EUSCELCED)

B2D1=( (CED/CKD=140)*#U+EU=-ENP) /DD
B2D1=ABSF(B2D1)+B8D1

A=EMU* (ZEB-DEL)/(DEL*{ZEB-EMU))

P=(ZEB-DEL) /DEL

XK=140/A

ALFA=(1+0+P)/(A+P)

PHI=PI/2e0

CALL EFUN(PHIsXKsALFAsGoUsCKyCKDSEUSCEZCEDWPYESCPYE)
DP=(A+P)¥CK~=(A-1.0)*CPYE
Pl=(P*(A-140)*CPYE+CK*(A+P))/DP

PRINT 207,BD1sD2D1+82D1

FORMAT(1Xs3F10e5)

READ211sToNN

FORMAT(F1045,15})

IF(T=-DEL)251,42534253

PRESSURE UPSTREAM PORTION

XK=1s0/A

ALFA=~140/P

Z1=T*(ZEB-DEL)/(DEL*(ZEB-T))

PHI=ATANF (SQRTF(ZI/(140-21)))
CALL EFUN(PHIsXKsALFA9GoUsCKyCKDEUIWCEsCEDSPYESCPYE)

CT=(P+P1l)*CPYE-P*CK
PHIX=( (P+P1)*(CPYE-PYE)-P*(CK~U))/CT
GO TO 260 '
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260
254

255

256
297

258

259

269
270
27

« 70

PRESSURE DOWNSTREAM PORTION

Ca=P/((A4P)®{1,0+P})

PHI=P1/240

XK=1e0/A

ALFA==140/P

CALL EFUN(PHI¢XK3sALFA9GoUsCKoCKD9EUSCE9CEDIPYEWCPYE)
CTn )P P1#2CPYE~-P®CK

ZI=nTH(ZEB~DEL)/(DEL*{ZEB=T))
PHI=ATANF(SQRTF((ZI=A)/(A~10)}))

XK=1,0/A .

ALFA=(1s04P)/(A+P)

CALL EFUNIPHIoXK9ALFA»GyUsCKyCKDoEU9CEWCEDIPYESCPYE)
PHIX=C4# ({A+P)#(P1=140)%U={A=140)%(PL1+P)*#PYE)/CT
LOCATION I[N Z-PLANE

IF(T=1,0)25492559256

PHI=ATANF (SQRYF(DEL*{1e0=T)/(T#(DEL~1+01)))

XK= { EMU=~DEL ) 7/{DEL*{EMU~140))}

CALL DEFUN(PHI s XKsGoUsCKyCKD9EULCEYCED)
YD1a(CE#U/CK~EU+SQRTF(TH(1a0~TI®(EMU~T )/ (DEL®(EMU~1e0) *¥(DEL~T))))
YD1=YD1/0D

XD120.,0

GO TO 269

YD1=0.0

XD1=040

GO TO 269

IF{DEL-T)250,2584257

YD1=0,0

XK=C XK

PHIsATANF(SQRTF(DEL*{T~140)/(DEL~T)))

CALL DEFUN(PHI +XKsGoUsCKoyCKDyEULCEWCED)
GD=SQRTF((T=1a0)*{(EMU=T ) #(DEL=T)/ (THDEL®{EMU=140)))
XD1=({CED/CKD=140)#U+EU=GD) /DD

GO TO 269

YD1=20,0

XD1=BD1

GO TO 269
ENP=SQRTIF(T#(T=1+0)%(T~EMU)/(DEL*(EMU~140)%(T=-DEL}))
XK=CXK :
PHI=ATANF({SQRTF(DEL*( T=EMU) Z/{ T#(EMU-DEL) ) )}

CALL DEFUN(PHI ¢XKsGoUyCKyCKDyEUsCEWCED)

XD1l={ (CED/CKD=140)#U+EU~ENP } /DD+8D1

YD1=0,0

PRINT 270¢T9PHIX9XD1sYD1

FORMAT(1Xs4F10e5)

IF(NN-1)210+2019201

END
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C C DEEP DRAIN WITH DOWN STREAM CUTOFF e
C C DELs=S,EMusMy2EB=Y

201 READ 202sDEL yEMU+ZEB

202 FORMAT(3F1045)
PRINT 204+sDELEMUSZEB

204 FORMAT(1X93F10e5)
G=0,00001
PI=341415926
Cl=s (DEL+EMU+140)7240
C2=C1#C1
XK= (EMU=DEL) /(DEL*(EMU~140))
CXK=1le0=XK
PHI=PI/240
CALL DEFUN(PHIsXKoGsUsCKoCKD9EUsCE$CED)
C322,0%DEL* (EMU¥* (CK=CE)+CE) /CK
ELD1=20s5#{C1-SQRTF{C2~C3))
ELD230,5#(C1+SQRTF(C2~C3))
PHI=ATANF (SQRTF((DEL*(1, O“ELDI))/(ELDl*(DEL“l.O)))l
CALL DEFUN(PHIoXKsGsoUsCKoCKD9EU9CE4CED)
DDl=a(DEL*{EMU=1,0)%(DEL=-ELDY})
DD=CE*U/CK-EU+SQRTF{ELDI*(1e O0=ELD1)* (EMU~ELD1)/DD1)
BD1=(CKD#{CE/CK~140}+CED)/DD
PHI=ATANF({ SQRTF((EMU=10)#(ELD2=DEL)/ ((DEL=140)*(EMU-ELD2))))
CALL DEFUN{PHI9XKsGsUsCKyCKDyEUsCELCED)
DD2=SQRTF(ELD2#(ELD2~-DEL ) # (EMU~ELD2)/ (DEL*(EMU~10)*¥(ELD2=140)))
D2D1= (CE®U/CK=EU+DD2) /DD
ENP=SQRTF{ZEB#(ZEB=1s Q)% (ZEB=EMU)/(DEL®(EMU=1,0)%{ZEB~DEL)})
XK=CXK
PHI=ATANF {SQRTF(DEL#{ZEB- EMU)/(ZEB*(EMU-DEL))))
CALL DEFUN(PHIsXKsGsUsCKyCKD 9EUCEHCED)
B2D1l=( (CED/CKD~1+0)#U+EU=~ENP) /DD
B2D1=ABSF({B2D1)+BD1
ABEMU*(ZEB‘DEL)/(DEL*(ZEB“EMU))
PeEMU/ (ZEB~EMU)
XK=1,0/A
ALFA=2{1.04P)/(A+P)
PHI=P[/240
CALL EFUN(PHIsXKsALFA» G!UQCK!CKDQEU’CE’CEDOPYE CPYE)
DP= (A+P) ¥CK=(A=1+0)*¥CPYE
Pl= (P#(A=1,0)*CPYE+CK*(A+P) ) /DP
PRINT 207,8D1+D2D1+82D1

207 FORMAT({1X»3F10e5)

210 READ2LI1sToNN . - ' 1
211 FORMAT(F10e5415)
C PRESSURE UPSTREAM PORTION
IF(T=DEL)25342539251
251  XK=1.0/A
ALFA==1.0/P

ZI=EMU%(ZEB=T)/(T*(ZEB-EMU))
PHI=ATANF (SQRTF(Z1/(1e0=Z1))})
CALL EFUNIPHIsXK9ALFAsGyU»CK9CKD9EUsCE2»CEDSPYESCPYE)

C7=(P+P1)*CPYE~P*CK
PHIX=( (P+P1)%{CPYE=PYE)~P¥ (CK=U))/CT
GO TO 260
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C PRESSURE DOWNSTREAM PORTION
253 C4=P/({(A+P)%*(1.,04P))

PHI=PI/240
XK=1.0/A
ALFA=-1,0/P
CALL EFUN(PHIsXK9sALFA9GoUsCKsCKDIEU9CEWCEDIPYESCPYE)
C7=)PP1¥#CPYE~P*CK
L1=EMUR(ZEB=T )/ (TH*(ZEB=EMU))
PHI=ATANF(SQRTF(({ZI=-A)/{A~1.0)))
XK=1.0/A
ALFA>(1e0+P)/(A+P)
CALL EFUN(PHIoXKsALFA9GoUsCKoCKN9EUSCE»CEDSPYECPYE)
PHIX=C4% ((A+P)#(Pl=140)%U~(A=1,0)*(P1+P)*PYE)/CT

C LOCATION IN Z2-PLANE

260 IF(T=140)254,2554256

254 PHI=ATANF(SQRTF(DEL*(1e¢0~T)/(T*(DEL-1e0))))
XK= (EMU=DEL)/(DEL*(EMU=140))
CALL DEFUN(PHIsXKsGoUsCKyCKDyEUCEWCED)
YD1=(CE*U/CK-EU+SQRTF(T*(1eQ=T)* (EMU- T)/(DEL*(EMU“I.O)*(DEL =T))))
YD1=YD1/DD

XD1=040
GO TO 269

255 YD1=0s0
XD1=2040
GO TO 269

256 IF(DEL=T)259+2585257

257 YD1=0.0 !
XK=CXK '
PHI =ATANF (SQRTF(DEL#(T-1.0)/{DEL-T)})
CALL DEFUN(PHI»XKsGsUsCKyCKDyEU»CEH»CED)
GD=SQRTF((T=1e0) ¥ (EMU-T)# (DEL=T )/ (T*DEL*(EMU=-140)))
XD1=({CED/CKD=1.0)*U+EU=GD) /DD
GO TO 269

"t <258 YD1=2040

XD1=8D1
GO TO 269
259 ENP=SQRTF(T*(T-1e0)*(T=EMU)/(DELX¥(EMU~140)%(T=DEL)))
XK=CXK '
PHI=ATANF (SQRTF (DEL*(T=EMU)/ (T*# (EMU-DEL))))
CALL DEFUN(PHI»XKsGaUsCKyCKD9EUSCE,CED)
XDl=( (CED/CKD=1.0)*U+EU=ENP) /DD+BD1
YD1=040
269 PRINT 270sTsPHIXsXD1sYD1
270 FORMAT(1X94F1045)
271 IF(NN-1)210+201»201
END
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C € LEAKY CUTOFF

1

11

2

READ 2y BOD
FORMAT (F1045)
G=0,0001
PI=3,1415926
GAMA=1,0+B0D*B0OD
DO 23 1=1,»10
XI=1
D1D=1.,0~X1/1040
BETA=1,0=D1D#D1D
GAP=0.01
D2D=GAP+D1D
RO=1,0~D2D*D2D .
XK= (GAMA- BETA)*RO/(BETA*(GAMA-RO))
ALFAs-RO/{GAMA-RO)
PHI=PI1/2.0
CALL EFUN(PHIZXKsALFAsGsUsCKsCKDsEUSCE»CEDSPYESCPYE)
S1G=GAMA#* (CK~CPYE)/CK
ALFAs (GAMA=BETA) 7/ (GAMA~RO}
XK= { GAMA~BETA)}*RO/ (BETA*® (GAMA=RO) )
PHI=ATANF (SQRTF({ {GAMA=RO)*(1.0~BETA)/ { (GAMA~1,0)*(BETA~RO))})
CALL EFUN(PHIsXKsALFAsGyUsCK9CKD9EUSCEsCED9yPYEL»CPYE)
EMGH=045/{CK*(RO-S1G)+CPYE*(BETA~RO))
PHIC=EMGH#*( (RO~S1G)*(CK~U)+(BETA-RO)*(CPYE-PYE))
XK= ({BETA=~RO)*GAMA/ (BETA#{GAMA-RO) )
ALFA= (BETA-RO)/BETA
PHI=PI/2e0
CALL EFUN(PHIsXKyALFA»GyUsCKyCKD» EU;CE;CEQ;PYE CPYE)
QOKHsEMGH#*( S1G*CK~-RO#CPYE)
PRINT119SIGsROsBETA9GAMA,BODsD1D+D2D»GAP»PHIC,QOKHsEMGH
FORMAT(1X311F10e5)
DO 20 N=1,5
XN=N
X0D=(XN/5,0) *ROD

_ T=l,0+4X0D%*X0D

18
20

21
22

23

PHI=ATANF { SQRTF ( (GAMA-RO ) *(T~-BETA)/{ (GAMA~T)*(BETA=-RQ})))
XK= (GAMA=BETA)*RO/(BETA%({GAMA=RO) }
ALFA=(GAMA-BETA)/(GAMA=RO)

CALL EFUN(PHIZXK»ALFA»GoUsCKoCKDIEUSCE9CEDIPYE»CPYE)
PHIF=2EMGH*®( (RO-S1G)*(CK~U)+(BETA-RO)*(CPYE-PYE))
PRINT 18»NsXODyPHIF

FORMAT (1X915492F1545)

CONTINUE

IF(GAP=0,05)21922+23

GAP=0005

GO 10 3

GAP=0,10

GO TO 3

CONTINUE

GO TO 1

END
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SUBROUTINE DEFUN(PHI s XK9sGsUsCKsCKDIEUSCE»CED)
SK=SQRTF(XK)
PI=341415926
M=-]
P=PHI
EK=XK
EKD=140-EK
IF(PHI=-PI/240)192s1
1 M=-=]
GO TO 17
M=Q
U=0 o0
EU=0.0
17 P=PHI
3 A=l o0
Bzxl,0
S=pP
F=pP
E=P
N=1
4 XN=N
YN=2#N-1
IN=2%N
S=S#YN/ZN-COSF(P)¥(SINF(P))#¥YN/ZN
A=AREK¥YN/ZN
B=B#*EK*( XN=1+5) /XN
F=F+A#S
EaE+B#*S
CHECK=ABSF (A#S)
IF(CHECK=G)64695
5 N=zN+1
GO TO 4
6 IF(M)T798.9
7 U=F
EUsE
P=P1/2.0
M=M+1
GO TO 3
8 CK=F
CE=E
EK=EKD
M=M+1
GO TO 3
9 CKD=F
CED=E
RETURN
END
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SUBROUTINE EFUN(PHI»XKsALFA»GyUsCKyCKDsEUsCESCEDSPYE»CPYE)
SK=SQRTF(XK)
PI1=3,14159265

Mzal

P=PHI

EK=XK

EKD=14~EK

A=l,

Bzl

s=p

F=p

E=pP

N=1

XN =N

YN=2#N=1

ZN=2%N _
S=S*YN/ZN~COSF(PI®(SINF(P) ) ¥*Y{/ZN
A=A®EK*YN/ZN

B=B*EK¥* (XN-=145) /XN
FaF+A*S

E=E+B*S

CHEK=ABSF (A%S)

IF{CHEK=G) 69695
N=N+1

GO TO 4

IF(M) T899

U=F

EU=E

P=P1/2e

M=aM+1

GO TO 3

CK=F

CE=E

EK=EKD

M=M+1

1POMI9)3 10510511

CKD=F

CED=E

IFCALFA) 10191044109
IF({~ALFA=SK) 10251059103
Jz=2
TH=ATANF ( SQRTF (ALFA/ (=XK) ) )
GO TO 118

J--1

TH=ATANF (SQRTF {1 0/(~ALFA)))
GO TO 118

J=4

PYE=U

CPYE=CK

GO 10 20
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108 J=b
IF(PHI=P1/2.0) 10691075107

106 AT2SQRTF(1e=XK*SINF(PHI)®#SINF(PHI))
PYE=U/2¢+ATANF( (le=ALFA)#SINF(PHI)/(COSF(PHII*AT))/{2+s#*{1e~ALFA))
GO 7O 108

107 PYE=CK/2e+PI/(&e*{1e~ALFA))

108 CPYE=CK/2e4P1/(44%(1s=ALFA))
GO TO 20

109 IF(ALFA=XK) 110s111,112

110 J=0
TH=ATANF (SQRTF (ALFA/ (XK=ALFA)))
EK= XK
GO TO 118

111 J=5
ATESQRTF(1e=XKR®SINF(PHI ) ®*SINF{PHI)}
PYE=( EU=~XK#SINF(PHI ) *COSF(PHI)/AT)/EKD

CPYE=CE/EKD
GO TO 20

112 IF(ALFA~SK) 11391054114

113 J=1
TH=ATANF {SQRTF ( LALFA=XK)/ {XK¥(1e~ALFA))))
GO TO 118

114  IF(ALFA~le) 11591169117

115 J=2
TH=ATANF (SQRTF ((1le=ALFA)/{ALFA=XK}))
GO TO 118

116 Js1

ATaSQRTF(1e~XK®SINF(PHI)#SINF(PHI))
PYE=U=( EU~SINF(PHI)®*AT/COSF{PKI)}/EKD
CPYE=1000.0
GO TO 20
117 J=3 /
THaATANF(1le/SQRTF{ALFA=14))
EK=XK
118 P=TH
M=sM+1
GO TO 3
11 EK=XK
UT=F
EUT=E
C VsPI®U/(24%CK)
WP I*#UT/(24%CK)
PE=PI#CKD/(2+%CK)
Q=EXPF (=24 %PE}
SUMN=0.0
SUMD=0,4,0
SUM'OOO
N=1
12 XN=N
NSsN*N
XVa2e #XN*YV
IF(J) 12191249125



121 IF(J+1) 12251239124
122 XWz=2e #XN*W

GO TO 128

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

124 XW=2q ¥XN*W
XP=2qy #XN®PE

SINHE{EXPF (2e#XP)=1a )/ (2 *#EXPF{XP))
SUM=SUM4SINFIXV)I®SINF (XW )/ (XN®SINH)
CHEK=ABSF(SINF(XV)#SINF(XW)/{(XN*#SINH))
IF({CHEK=G) 16916915

125 IF{(J=2) 12651279134

126 XW=2 e X XNNW
GO TO 128

127 XW22 HXNR{PE~W)

128 SINHE(EXPF (2¢#XW)=1e )/ (2 *EXPF(XW))}
COSH=(EXPF{2e#XW)+1a )/ (2+*EXPF (XW))
IF(J) 12991325132

129 NH=N/ 2
IF(N=2#NH) 13091309131

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

131 SUMN=2SUMN+Q#*¥NS#SINF (XV)#*SINH
SUMD=SUMD-Q##NS*#COSF XV )*#COSH
GO TO 133

132 SUMN=SUMN+Q®##NS*#SINF ( XV)*SINH
SUMD=SUMD+Q##NS*#COSF (XV)*COSH

133 CHEK=ABSF (Q¥#NS*SINF{XV)#SINH)
IF(CHEK=G) 141415

14 = CHEK=ABSF (Q##NS*COSF ( XV )*COSH)
IF(CHEK~G) 16916915

15 N=N+1
GO TO 12

134 XW=2, #XNWW
XP =24 #XN¥PE

SINH:(EXPF{Z.*XP)-I.)/(Zo*EXPF(XP)l
SUM=SUM+Q® % XN¥SINF(XW)I¥SINF(XV )/ (XN#STINH)
CHEK=ABSF (Q##¥XN®SINF ( XI/) *SINF(XV)/(XN#SINH) )

IF(CHEK~G) 16916915
16 IF(J) 13691359136
135 QN=5UM
ELM=EUT~CE®#UT/CK

D=SQRTF (ALFA¥[1le—~ALFA) ®{XK~ALFA))
PYE=U+ALFA#® (U*ELM=-QN) /D
CPYE=CK+ALFA® (CK#ELM) /D
GO 7O 20

136 IF(J=3) 138,137»138



137

138

139

140

141
142

143

20

I

WPVaW+V

WMVaW~V

QN=0 e 5*ALOG(SINF (WPV}/SINF (WMV ) )+SUM
ELM=EUT~CE®UT/CK

D=SQRTF{ALFA¥{ALFA=1e) #(ALFA=XK))
PYE==ALFA*{U*ELM=QN) /D
CPYE=~ALFA*{CK*#ELM)/D

G0 TO0 20

D=2 #CK*¥SQRTF(ALFA%(1s~ALFA)*{ALFA~XK))
ELMz (CE#UT+CK*EUT=-CK*¥UT)#2,4/PI

SUM=2 ¢ % SUMN/ (1e+24%SUMD)

[F(J+1} 13951405141

QN=24 #CK*ATANF [ SUM) /P] .
PYE=U®XK/(XK=ALFA)=PI*ALFA*¥ (UXELM+QN) /D
CPYEaCK*®XK/ (XK=ALFA)=PI*ALFA*{CK*ELM) /D
GO T0 20
AN=U+2 o #CK¥ATANF (SUM) /P1
PYEaU/(1la=ALFA)+PIRALFA%(U*ELM~QN) /D
CPYE=CK/{le~ALFA)+PI*ALFA* (CK*ELM=CK) /D
GO 70 20

IF(J=1) 14251424143

QN=2, #*CK#ATANF (SUM) /P1
PYE=ALFA#PI*(UXELM=-QN) /D
CPYE=ALFA®PI#(CK#*ELM) /D

GO TO 20

QON=U=2 4 ®CK*ATANF (SUM) /P1
PYE=U+PI#ALFA*(QN-U*ELM) /D
CPYE=CK+PI#ALFA®(CK~CK*ELM) /D
RETURN
END
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